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Summary

During the last two decades, the theoretical developments regarding neoclassical transport
in stellarators have enhanced the interest in many aspects of the fast-ion physics in
these devices. This work is devoted to the study of the dynamics of fast ions and to
the validation of fast-ion modelling codes in stellarators, which is fundamental when it
comes to interpreting experimental data and making preliminary predictions before the
realization of the experiments.

A detailed analysis of the calculated fast-ion distribution function has been performed
by means of the orbit-following Monte Carlo code ASCOT5 in different plasma scenarios
of the TJ-II stellarator. This distribution function is used to carry out the calculation
and validation of the electric current driven by the injection of neutral beams, usually
employed for plasma heating. The neutral-beam injection (NBI) system of TJ-II has been
simulated with the module of ASCOT5 beamlet-based neutral-beam injection (BBNBI).
This Monte Carlo code takes the operational parameters and the geometry of the neutral-
beam injectors and simulates the flight of the neutral particles towards the plasma as
well as their ionization process within it. ASCOT5, taking the fast ions generated with
BBNBI, the magnetic configuration, the plasma profiles and a model of the first wall
of TJ-II, solves the Fokker-Planck equation of the fast-ion distribution function with a
Monte Carlo method following the trajectories of the fast ions along the magnetic field
and simulating the energy transfer to the plasma (slowing-down). The calculated fast-ion
distribution function is then used to compute the neutral-beam current drive (NBCD),
which has two contributions: the current carried by the fast ions and the response of
the plasma electrons to this current. The former is calculated from the parallel velocity
moment of the distribution function, while the latter is derived by solving analytically
the drift-kinetic equation (DKE) for the plasma electrons at low collisionality. Together
with the estimates of NBCD, results of the shine-through, deposited power, and fast-ion
density are also presented for high-density TJ-II plasmas.

Next, the computational results of the shine-through fraction and NBCD have been
validated against experimental values gathered in selected plasma scenarios with both co-
and counter injectors separately. Measurements of the shine-through fraction, obtained
with thermographic imaging, and of the toroidal plasma current, measured with a
Rogowski coil, have been compared to the estimates of BBNBI and NBCD, respectively.
For the validation of the NBCD, we need to account for the contribution of the bootstrap
current to the toroidal current, which is calculated with the code DKES. The comparison
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SUMMARY

of the shine-through fractions shows agreement between simulations and experiments for
both injectors, while the comparison of the calculated toroidal plasma current and the
measured one shows agreement only for the counter-injector case. The possible causes of
the discrepancy observed for the co-injection cases are discussed.

Taking advantage of the expertise acquired with ASCOT5, a validation of a new
model (I',) for a fast evaluation of the fraction of prompt losses in stellarators was carried
out for different magnetic configurations of the Wendelstein 7-X stellarator (W7-X).
This has allowed to include it in the stellarator optimization suite of codes STELLOPT.
The prediction of the I', model has been tested with ASCOTS5 by following the orbits
of a population of fast ions uniformly distributed in phase space in several magnetic
configurations of the W7-X. The fraction of lost ions at £ = 1 ms has been compared
with the values given by I', showing quantitative agreement between the two methods.
This study has also demonstrated the better performance of I',, against other models,
such as I';, that are used extensively in stellarator optimization suites.

Lastly, the fast-ion loss fraction of a new quasi-isodynamic configuration optimized
for fast-ion confinement, obtained with STELLOPT, has been assessed following the
same techniques. The results show a very good confinement of fast ions at 5 = 1.5% that
becomes excellent at § = 4%. During a second phase of the optimization process, a set
of coils was designed for the new configuration. Despite the fact that a degradation of
the confinement was expected in this more realistic situation, the loss fraction given by
ASCOTS5 indicates that the configuration has preserved the good confinement of fast
ions at the plasma core.
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Preface

One of the greatest challenges of society is the chase for clean and sustainable energy
sources. The anthropogenic emissions of greenhouse gases (GHG) since the industrial
revolution, mainly due to the use of fossil fuels, have produced an increase of the global
temperatures of 1°C, which drives the appearance of extreme climatic events (storms,
droughts, floods, etc) that can have serious ecological and social effects for the forthcoming
generations. The common strategy adopted by countries concerned with the situation
is the substitution of GHG-emitting energy sources by cleaner ones, to avoid or reduce
the increase of the global temperatures. To date, the best candidates for this task have
been renewable energy sources (mainly solar, wind and hydro) and nuclear. However, the
lack of an energy storage makes that the inherent intermittency of the former ones is a
major drawback for overlapping the continously-increasing energy demand of society with
the energy production. Although, in principle, the stable energy production of nuclear
fission might act as a support for renewables, its use has been a matter of debate due
to problems such as its real costs, the management of radioactive waste, the potentially
harmful ecological damage in case of accidents or the development of nuclear weapons
using the same facilities that process nuclear fuel. However, the high energy density
of nuclear fission keeps it operating for the energy mix of most of the countries. The
little sister of nuclear energies, nuclear fusion, could have many the best of both worlds.
Contrary to nuclear fission, where the energy output is obtained from the mass deffect
between the reactants and the products (E = Amc?) created when splitting heavy atoms,
fusion energy is released (also from mass deffect) when two light atoms fuse (see figure
1(a)). Compared to renewables, fusion energy can be thought as the origin of all of
them, since the Sun (and all stars) are huge fusion reactors whose energy drives the
majority of the processes on Earth, from ocean flows to photosynthesis. Therefore, with
the development of a fusion reactor we would have an on-demand energy source with a
high-energy density. The advantages of nuclear fusion with respect to fission are clear:

unlike fission products, fusion ones are not radioactive; the technology can not be used
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PREFACE

with military purposes and the effect that a total accident would have in the ecosystem
is almost inexistent. This makes fusion a true candidate as an alternative energy source.
Nevertheless, despite fusion itself does not generate nuclear waste, the elements of the
first wall of the reactor become radioactive under neutron impacts and they must be
treated as short-life radioactive materials, as well as other elements of the device that
contain tritium. Nonetheless, fusion presents a huge technological and scientific challenge.
Since the 1950s, several laboratories around the globe have gathered efforts to develop
a fusion nuclear reactor but the extreme and complex conditions needed to create a
continuous source of fusion reactions makes the progress in this field a long-haul task
[1]. In order to fuse two nuclei, their thermal energy must overcome the Coulomb force
at distances of the order of the nucleus size, which makes nuclear fusion occur at such
high temperatures (~ 10° K) that the nuclei and the electrons are decoupled from each
other in a state of plasma. Because of these high temperatures, constructing a material
envelope to keep the plasma inside and withstand the large particle and energy fluxes
is a challenging task. In stars, the thermal expansion of the plasma is balanced by the
great gravitational force of the star. However, in a prospective reactor, the plasma can
not touch the plasma-facing wall of the device or it would melt. One method to tame the
plasma is making use of magnetic fields. The charged particles of the plasma follow the
magnetic field lines, which confines them to a great extent and paves the path to obtain
a controlled fusion-producing system provided that high densities and temperatures are

achieved.
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Figure 1: (a) Schematic DT fusion reaction. (b) Cross section of different fusion reactions
as a function of the center-of-mass energy of the collision . The DT reaction presents its
maximum cross section at lowest energies compared to other reactions, what makes it
very convenient for energy production.

The most accessible fusion reaction (see figure 1b) is D* + T* — He*"(3.5MeV) +
n°(14.1MeV), where two hydrogen isotopes (deuterium, D, and tritium, T") fuse to
give an alpha particle (He®") and a neutron (n°), which carries most of the kinetic energy
of the reaction. In a hypothetical magnetic confinement reactor, the energy of the alpha
particles will heat the plasma and maintain the fusion reactions while the neutrons will
escape and deposit their energy in the blanket modules of the reactor producing heat
that later will be transformed in electricity with turbines. Therefore, one of the crucial
challenges in this field is the good confinement of the fast alpha particles, so that they

leave all their energy in the plasma.

xx1






Acronyms

NBI Neutral Beam Injection

BBNBI Beamlet-Based Neutral Beam Injection
NBCD Neutral-Beam Current Drive

DKE Drift Kinetic Equation

ICRH Ion-Cyclotron Resonance Heating
ECRH Electron-Cyclotron Resonance Heating
MHD Magnetohydrodynamics

AE Alfvén Eigenmode

HPC High-Performance Computing

LNF Laboratorio Nacional Fusion

OH Ohmic Heating

FO Full Orbit

GC Guiding Center

CX Charge eXchange

PT Port Through

ST Shine Through

HIBP Heavy-lon-Beam Probe

NPA Neutral-Particle Analyzer

xxili



ACRONYMS

BS BootStrap (current)

DR Doppler Reflectometer

IRC InfraRed Camera

LCFS Last Closed magnetic Flux Surface
GHG Greenhouse Gases

ECCD Electron-Cyclotron Current Drive
ECE Electron-Cyclotron Emission

FILD Fast-Ion Loss Detector

MSE Motional Stark Effect

XX1v



Introduction

Ideally, the operation of magnetic-confinement fusion reactors requires that the high-
energetic alpha particles, product of the fusion reactions, stay confined the time it takes
them to transfer their full energy to the plasma (slowing-down time) to keep it hot.
In this case the plasma reaches the so-called ignition phase. However, the only active
experiment prepared to withstand fusion reactions from the nuclear safety point of view
is the JET tokamak, while the rest of the operational devices are devoted to study the
physics of fusion plasmas. Therefore, the study of fast ions in fusion plasmas is not only
restricted to fusion alphas in reactors, since they are used, for instance, to heat the
plasmas in fusion experiments. The most common sources of fast ions in experiments
(usually protons and deuterons) are neutral-beam injection (NBI) and ion-cyclotron
resonance heating (ICRH). The first one consists in injecting into the plasma a beam
of high-energetic neutral particles that, after getting ionized, leave their energy in the
plasma through collisions. The second method is based on coupling to the plasma an
electromagnetic wave that oscillates at the cyclotron frequency of the thermal ions. The
cyclotron motion of these ions resonates with the wave and increase their energy, which
will be transferred later to the rest of the plasma via collisions.

In addition to heating, fast ions can be used as knobs in plasma operation. For
instance, in steady-state scenarios in tokamaks, the current driven by the injection of the
neutral beam, inherent to NBI, is used to generate the stationary current that creates
the poloidal magnetic field needed for confinement.

In stellarator experiments, where a source of plasma current is not strictly needed for
confinement, NBI or ICRH are currently used for heating. As in the case of tokamaks,
the presence of NBI fast ions generates currents that modify the vacuum magnetic-
field configuration, which might cause undesirable effects in the plasma performance.
Moreover, the modification of the magnetic structure can open the way to the existence
of unstable magnetohydrodynamic (MHD) modes that could deteriorate the confinement.

Despite their undesired effects, fast ions can be also beneficial for stellarators. Another
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INTRODUCTION

always-present undesired source of current in stellarators is bootstrap current [2], which is
created by the neoclassical parallel transport of the thermal plasma species. This current

could be compensated with NBCD in search for current-free scenarios.

In the case of the TJ-II stellarator, NBI injection is needed to achieve high-density
plasmas. In this device, in non-balanced NBI operation, the NBCD is high enough so as
to produced strong modifications of the rotational-transform profile that, as mentioned
before, opens the way to the exitation of MHD shear Alfvén eigenmodes (AE). Previous
studies of AEs in TJ-II showing the strong change in the AE spectrum were the main
motivation to investigate the fast-ion distribution and the NBCD. Since AEs are triggered
by fast ions, the codes that model the dynamics of AEs, e.g. STELLGAP or FAR3D,
rely on parameters of the fast-ion population such as its pressure, density or energy
distribution. Besides, they also need the rotational-transform profile of the magnetic
configuration during plasma operation, which differs from the vacuum one mainly due
to NBCD. Until this thesis, no calculations/validations of the amount of NBCD or its
profile had been performed in TJ-II.

The calculation and validation of the NBCD has been the final goal of this project.
This task is complex and has involved theoretical and computational developments as
well as experiments to test the models. First, a deep knowledge of the neutral-beam
injector physics, which depends on specific details of the injector geometry and its
coupling to the vacuum vessel of TJ-II, is needed in order to understand the role of each
of the parameters characterizing the emitted neutral beam. The boundary conditions
imposed by TJ-II itself have been decisive for the precise quantification of the injected
power or its shine-through fraction. The good agreement between the predicted and
calculated shined-through fractions has assured the quality of the results. Secondly, the
many different physical phenomena involved in fast-ion studies, such as charge-exchange
(CX) processes, motion of particles in non-uniform electromagnetic fields or the kinetic
theory that describes the collisions of the fast ions with the thermal plasma, cover many
of the different disciplines of magnetic-confinement fusion. Thirdly, all this knowledge
needs to be implemented successfully into a code, for which the familiarity at script
level, the development of new capabilities, and the high-performance computing (HPC)
facilities to run it efficiently, are crucial for succeeding and gather as much information
as possible. Lastly, in order to check the model, its predictions have to be validated
against experimental measurements. Therefore, it is mandatory to understand how these
experiments are designed and performed as well as what information can be acquired

from the diversity of plasma diagnostics available.
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The structure of this work has been decided on the basis of providing sufficient
information so that the reader can follow a thread of reasoning through the many aspects
of the previous paragraph and the relationship between them with no intention of being

exhaustive with the details.

Chapter one provides a description of the magnetic-field topology needed to confine a
plasma and the different realizations that it can present. Chapter two is devoted to the
understading of the fundamental equations that govern the motion of the plasma particles
in such a field both from a single-particle perspective (Lagrangian dynamics) and from a
collective one (kinetic theory). Chapter three presents the relevant features of the TJ-11
stellarator, its heating systems and the main diagnostics used to obtain the experimental
plasma parameters needed in the simulations. In chapter four, we explain the procedure
followed to implement TJ-II NBI into the code ASCOT5 and how this code models the
NBI, the fast-ion trajectories and the obtainment of the fast-ion distribution function.
Chapter five is a detailed description of the theoretical model that calculates the NBCD
in stellarators. The model presented here is valid for the common conditions of fusion
plasmas provided that the fast-ion distribution function is known. In chapter six, we
present final computational results of the fast-ion distribution function simulated with
ASCOTS5 and the corresponding NBCD calculated according to the results presented in
chapter five, in a wide range of NBI TJ-II plasmas. Chapter seven is aimed at validating
the numerical calculation of NBCD in a set of plasma scenarios specifically designed to

perform such validation.

Then, in chapter eight, we have taken advantage of the knowledge acquired so far
about the capabilities of the ASCOT5 code to validate a new theoretical model for the
fast estimation of prompt losses in optimized stellarator configurations, via a model
developed at the Theory Unit of Laboratorio Nacional de Fusién (LNF). This new model
is aimed at providing a more precise value of such losses in suites of codes used for
optimizing stellarators. In addition, results of the evaluation of prompt losses in a new
stellarator configuration obtained with the optimization suites is presented. The new
configuration is framed in the search for a new and optimized stellarator device for
CIEMAT (Hic sunt dracones!).

The last chapter, nine, presents the general conclusions and relevance of the results

of the thesis in a broader view.

Finally, four appendices are included for a deeper insight of certain topics. The first
one details the expressions of the collision operator used in chapter five and defines the

quantities on which it depends. The second one describes the motion of the trapped
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particles in an inhomogeneous magnetic field, giving a more detailed explanation of the
fundamental dynamics behind the model presented in chapter eight. The third Appendix
describes the method developed recently at LNF to decouple the inductive and non-
inductive contributions to the experimental toroidal plasma current. This method is based
on the observations showing that the proximity of the plasma to the TJ-II coils produce
a coupling between the oscillations in coil currents and the plasma current that hides
the expected exponential evolution of the toroidal current when a non-inductive current
contribution (for instance NBCD) is created in the plasma. The last Appendix gives a
more detailed description of the charge-exchange processes that the fast ions undergo,
and its effects on the fast-ion distribution function, both in TJ-II and Wendelstein 7-X
(W7-X) stellarators.
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1. Magnetic-confinement fusion

The term magnetic confinement refers to the method used to contain a plasma in a
volume by means of a magnetic field. In a first approximation, when the charged particles
of the plasma feel the magnetic field, they lose one spatial degree of freedom, being the
two remaining the direction of the magnetic-field line and a phase angle around it. The
particle trajectories describe a helical motion whose axis is the field line, which confines
the particle in the direction perpendicular to it. The geometry of a device designed to
achieve magnetic confinement is determined by the structure of the magnetic field. Since
any magnetic field B must fulfill the Maxwell’s equation V - B = 0, a simple way to
create a closed confining region would be bending a solenoidal conductor bringing its
ends together to form a toroid. In this chapter, we describe the two existing concepts of
toroidal devices used as candidates for magnetic-confinement fusion reactors and we will

present the mathematical formalism used to describe their magnetic field structures.

1.1 Magnetic equilibrium

Let us consider a plasma embedded in a magnetic field. The model that describes the
macroscopic equilibrium and stability properties of such system is Magnetohydrodynamics
(MHD) [3]. The momentum-conservation equation in this framework is

\%
(1.1) n(aa—t+V-VV>:—Vp+V-H+J><B

where n is the plasma density,V is the plasma-flow velocity, p is the plasma pressure, IT
is the viscosity tensor, J is the plasma current, and B the magnetic field. If we consider
a steady-state (0/0t = 0) and flowless (V = 0) regime, we get the ideal force-balance
equation of MHD),

(1.2) JxB=Vp,

1



CHAPTER 1. MAGNETIC-CONFINEMENT FUSION

where we have assumed that the viscosity is small. From equation (1.2), three important

features can be deduced [4]:
e the lines of J and B lie in surfaces of constant pressure

e these surfaces must be topologically isomorphic to a torus, otherwise the tangent

vectorial fields defined on them (J and B) would vanished in at least one point!

e given this toroidal topology, a convenient reference system is (p, ¥, ¢), being ¢
and ¢ arbitrary poloidal and toroidal coordinates such that 1 increases by 27 in a

transversal turn around the torus and so does ¢ in a longitudinal turn.

Figure 1.1: Scheme of a general toroidal coordinate system where (1), 0, ¢) are the radial,
poloidal and toroidal coordinates, respectively. The nested surfaces are defined such that
the toroidal flux (¢) enclosed within them is constant (red surface). The poloidal flux ()
is defined as the magnetic flux passing through a surface of constant poloidal angle 6.

Let us define the toroidal and poloidal magnetic fluxes passing through constant ¢

and 1, surfaces, respectively, as.

1
1. = — B-dS
(1.9 =g | Beas,
1
1.4 = — B - dSy,.
( ) X o e Yo

If the constant pressure surfaces are nested, one can demonstrate that the toroidal flux,

1, flowing through the contour defined by the intersection of a constant pressure surface

IThis is stated by the so-called Hairy ball theorem.
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1.1. MAGNETIC EQUILIBRIUM

with a constant ¢y surface is the same for any . Thus, the constant pressure surfaces
are given the name of fluz surfaces®. In this case, new coordinate systems can be found
in which the magnetic field lines are straight, where the new radial, poloidal and toroidal
coordinates are {1, 0, ¢} (see figure 1.1). Here, 0, ¢ € [0,27) are the angular coordinates.
The different coordinates systems in which the magnetic field lines are straight are called
magnetic coordinate systems. In these coordinates [5], the magnetic field can be written

as
(1.5) B =V x V0 + Ve x Vy

A relevant quantity in magnetic confinement is the rotational transform, ¢, which is
defined as

(1.6) L= dx

and measures the number of poloidal turns a field line makes per each toroidal turn.

Using this definition, equation 1.5 can be expressed in Clebsch’s representation as
(1.7) B = V¢ x Va,

with a = 0 — 1¢. Instead of using the radial coordinate v, it is common in the magnetic-
fusion community the use of other coordinates such as the normalized magnetic flux,
s = /Yrors € [0, 1], where ¥ crs is the toroidal magnetic flux at the last closed flux
surface (LCFS) of the magnetic configuration, or the normalized plasma radius, defined

as p = /s. The expression of the magnetic field using the radial coordinate s becomes

(1.8) B= l/JLopsv.S X VCM,

A commonly used operator in magnetic confinement is the fluz-surface-average

operator, which averages the values of a given function on a fixed flux surface. For a
function h = h(s, 0, ¢) it is defined as

// h(s,0,¢)\/qdbdo
(1.9) (h) (s) =

/ / /g dbdd

where /g is the Jacobian of the metric space.

2The degenerate flux surface with limiting value of zero flux is called magnetic axis.
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CHAPTER 1. MAGNETIC-CONFINEMENT FUSION

Figure 1.2: Definitions of the quantities appearing in equation (1.10). The vectors N
and B are the normal and binormal vectors of the magnetic axis.

As it will be shown in chapter 2, when the magnetic field is inhomogeneous, the
trajectories of the particles do not follow exactly the magnetic field lines, but an extra
component perpendicular to the field line makes them “drift” away of the confinement
region [6]. This effect of the inhomogeneity of the magnetic field can be sorted out if the
net outward drift is compensated as the particle travel around the torus, which can be
achieved by generating rotational transform in the magnetic field. It can be demonstrated
by solving Maxwell’s equations V- B = 0 and V x B = pJ in a region close to the
magnetic axis that, for a large aspect ratio torus, the flux-surface cross sections are
ellipses and the rotational transform is given by the following expression® [4],

1[5 Tt dl
= — = hn—1)d — —
2 Jo [ (coshn —1) ’ coshn

(1.10) . Ny,,

where By is the magnetic field in the axis, 7 is the torsion of the axis, Ny, is the number

3This definition treats ¢ as a non-dimensional quantity that other authors name ¢, for whom ¢ is the
rotational transform angle, which is the poloidal angle a field line deviates from its starting position
after one toroidal turn. We decide to use only ¢ for simplicity of the notation.
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1.2. TOKAMAKS

of periods of the configuration and [ the distance along the magnetic axis. The quantity
n is defined so that the major radius of the ellipse is 7”2, the minor radius is re~"/2,
being 772 the area, and d(l) is the angle between the x-axis of the ellipse and the normal
vector of the magnetic axis (see figure 1.2). We can see from equation (1.10) that there

are three ways to generate rotational transform:
e with a toroidal plasma current in the direction of the field lines (J)
e rotating the poloidal cross section of the plasma along [ (d')
e with the torsion of the magnetic axis (1)

The decision on how to create the rotational transform defines the two big families of
magnetic-confinement devices developed so far: tokamaks and stellarators. In tokamaks,
the rotational transform is created exclusively by the plasma current, hence, they are
toroidally symmetric, making their design comparatively simpler than that of stellarators.
In general, stellarators use a combination of the three methods, which makes them much
more complicated conceptually but allows for exploring a much wider range of magnetic
configurations. In the next sections, the main features, pros and cons of each type of

device are briefly explained.

1.2 Tokamaks

The concept of a Tokamak [7] (after the Russian acronym for Toroidal chamber with
magnetic coils) was developed in the mid 1950s in the Soviet Union. The first attempts for
creating fusion reactions were based on straight solenoidal fusion devices which accelerated
particles to high energies and make them collide onto a deuterium blanket to produce
the fusion reactions. The approach of the tokamak design solved the problem of the
inefficiency of previous devices by bringing together the ends of the solenoid into a torus.
However, the bending of the solenoid causes a gradient of magnetic-field intensity from the
outer region of the torus towards the inner region, where the coils are closer to each other,
that make particles drift away and leave the device. This deleterious effect was overcome,
as explained in the previous section, by inducing a rotational transform of the field
(creating a poloidal field) generated solely with an inductive toroidal current produced
inside the plasma by an Ohmic transformer (the plasma itself acting as the secondary of
the transformer). The axisymmetry of tokamaks have very important benefits, such as

inherent high confinement of fast particles and simplicity from the engineering point of
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Figure 1.3: Schematic drawing of a tokamak design (a) and a picture of the interior of
JET (United Kingdom) (b).

view, that make them lead the way for reactor development. Actually, the International
Thermonuclear Experimental Reactor (ITER, the way in Latin), which will be the first

nuclear reactor to demonstrate the scientific viability of fusion as an energy source, will
be a tokamak.

Nonetheless, the high amount of current needed to create the poloidal field (~ 105A)

and its dependence on the plasma parameters can cause destabilization of the magnetic
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1.3. STELLARATORS

equilibria (disruptions), which, in turn, produces a sudden loss of confinement. Thus,
the plasma energy is rapidly transferred to the wall and can cause severe damages to
the device. In addition, inducing a constant current in the plasma needs a time-varying
current in the primary of the transformer, which allows only for an intermittent operation
of the device. Many efforts in the scientific side of tokamak research are devoted to
mitigate or avoid the disruptions allowing for safe operation, and to investigate steady-
state scenarios that do not depend on the OH induced current but on the current induced
by external heating and current-drive systems. Figure 1.3 shows a schematic drawing of
a tokamak with its main components and an actual picture of the JET tokamak, the

largest in operation.

1.3 Stellarators

In parallel to the development of the tokamaks, Lyman Spitzer proposed an alternative
way to generate a rotational transform without the need of induced plasma current, using
the rotation of the plasma cross section along the toroidal direction or with torsion of
the magnetic axis (terms proportional to d’ and 7 in equation (1.10)).

This solution is based on the design of a 3D magnetic configuration that inherently
has a poloidal field component created only with the external coils [8]. There are plenty
of different approaches to construct a stellarator depending on the arrangement and
shapes of the coils [9] (e.g heliotron, torsatron, heliac, helias, etc), which in general need
non-planar shapes that are much more complex than the planar coils of tokamaks. Since
stellarators, as opposed to tokamaks, do not rely on any externally created current to
build the magnetic field, they naturally allow for a disruptionless operation, which makes
them appealing for steady-state operation in a reactor. Figure 1.4 shows the plasma shape
and the distribution of coils of the two largest operating stellarators, W7X in Germany
and LHD in Japan. The complex 3D internal structure of stellarators is well illustrated in
figure 1.5. The main drawback of stellarators, however, is that trapped particles are not
naturally confined as they are in tokamaks. The term trapped particle refers to particles
that, rather than circulating freely around all the magnetic configuration, are constrained
to a small region due to magnetic mirroring (see Appendix D). These particles, in turn,
can be confined if their net radial drift is negative or zero (as in tokamaks) or unconfined
if it is positive (as in a generic stellarator). This feature is crucial from the reactor point
of view, where the trapped fusion-created alphas must remain confined for self-heating

efficiency and safety of the reactor.
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Figure 1.4: (a) Scheme of coil system and flux surfaces of W7-X [10] and, (b) LHD
stellarators. The rotational transform in W7-X is created by non-planar coils while in
LHD it is created by a set of two helical coils.

| Device | Location | Nyp | R[m] | a[m] | By[T] |

TJ-11 Madrid (Spain) 4 1.5 0.2 1
LHD Toki (Japan) 10 3.9 0.6 3
HSX Madison (USA) 4 1.2 | 0.15 14

Heliotron-J Kyoto (Japan) 4 1.2 0.2 1.5
CNT Columbia (USA) 2 | 03 | 015 02
CTH Auburn (USA) 2 | 075 | 029 | 0.7
W7-X Greifswald (Germany) | 5 5.5 | 0.55 3
SCR-1 Cartago (Costa Rica) | 2 | 0.24 | 0.05 | 0.04

Table 1.1: List of operating stellarators and main parameters of the configurations:
number of field periods (Ny,), major radius (R), minor radius (a) and magnetic field in
the axis (By).
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1.3. STELLARATORS

Relatively recent advances in the theory and development of optimized stellarator
configurations [11] have paved the way to stellarators with similar, or even better, alpha-
particle confinement than tokamaks. The steady-state nature, the absence of disruptions,
and the recent results regarding alpha-particle confinement places stellarators as a very
promising candidate for fusion reactors. In table 1.1, a list of stellarators in operation at

different countries and their configuration parameters are collected.

Figure 1.5: Pictures of the interior of W7-X in two toroidal locations, (a) and (b), and
of LHD (c). Courtesy of Max-Planck IPP and NIFS.






2. Charged-particle motion in an elec-

tromagnetic field

This chapter is devoted to show explicitly the physics that governs the motion of charged
particles in a magnetized plasma. We start with the single-particle motion in a general
electromagnetic field. Then, we derive the equations of motion of a particle in a static and
uniform electromagnetic field, since this result serves as a basis for the discussion of the
equations of motion in static non-uniform electromagnetic fields. Later on, the guiding-
center formalism will be presented as well as its corresponding equations. Afterwards,
we move on from the single-particle treatment to the dynamics of the particles as a
collectivity, which is discussed by means of the kinetic theory. Finally, the most common

model for the collisions between plasma particles are explained.

2.1 Equations of motion

In order to obtain the equations of motion of a charged particle in a general electromagnetic

field, we start from its Lagrangian [12], which is
(2.1) L(Z,Z,t) = L(r,v,F,V,t) = [qA(r,t) + mv] - ¥ — H(r,v,1),

where m and ¢ are the mass and charge of the particle, r and v are the position and velocity
vectors, I and v are their time derivatives, A(r,t) is the vector potential, B =V x A
is the magnetic field, H = %mzﬂ + q¢(r,t) is the Hamiltonian, ¢(r,t) is the electric
potential and ¢ is the time. The equations of motion are given by the Euler-Lagrange

equations [13]

d (0L\ oL
2.2 — =) - ===
(22) dt (az) 0z "
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CHAPTER 2. CHARGED-PARTICLE MOTION IN AN ELECTROMAGNETIC
FIELD

Applying equations (2.2) to the Lagrangian (2.1), we obtain the equations of motion of a

charged particle in an electromagnetic field

(2.3) r=v
(2.4) v =L(B(r,t) +v x B(x, 1))
m
: : 0A
where the electric field is defined as E = —V¢ — TR

2.1.1 Particle motion in static and uniform fields

The solution of the particle motion in uniform and static fields can give us a simplified
and useful idea of the dynamics of the particle. In this section, we solve the equations
(2.3) and (2.4) separating the motions parallel and perpendicular to the magnetic field.

With this aim, we project equation (2.4) along and across b to obtain
. q
2.5 =—F
(2.5) v =k
(26) VLZEELﬁ—QVLXB
m

where b = B /B is the unit vector along B, B the magnetic field intensity, v = v - b the
parallel velocity, £ = E - b the parallel component of the electric field, v, = v — UHB
the perpendicular velocity, E;, = E — E”f) the perpendicular component of the electric

field and 2 = ¢B/m the gyrofrequency. Equation (2.5) can be integrated directly to give
q

2.7 = —Eyt

(2.7) v = vjo + Byt

where vy is an integration constant. To solve equation (2.6), we substitute the relative
velocity w = v — vg into (2.6), where vp = E x B/B? is known as Ex B-drift. Thus,

equation (2.6) becomes
(2.8) w, —Qw, xb=0.

This is a linear system of differential equations whose solution is found defining an

orthonormal basis {€;}i—1 2,3 such that &; = b= €1 X €,. In this basis, the solution is
(2.9) w (1) = wy(cos(2 + a)é; — sin( + a)éy)

where w,; and « are constants. Then, the velocity of the particle is obtained from
equations (2.7) and (2.8) as

(2.10) v(t) = b+ v,

= (Uuo + iEHt> b+ v + w (cos(Qt 4+ a)é; — sin(QU + a)é,)
m

12



2.1. EQUATIONS OF MOTION

and, integrating equation (2.10), we get the trajectory of the particle
(2.11)  r(t) =ro + <UH0t + %E“ﬂ) b+ Vit + po(sin(Q + a)é; + cos(Q + a)éy),

where p;, = w, /€ is the Larmor radius of the particle. The motion that these equations
describe is a freely moving particle in the parallel direction (when Ej = 0), a constant
drift, vg, across the magnetic-field line and a fast rotation around it with a gyroradius
pr- It is important to notice that the rotation around the field line, known as gyromotion,
is the only movement that occurs at a small spatial scale (pr) and in a fast time scale.
In the next section, we will take advantage of this fact to rigorously reduce the 6D phase
space to a 5D one by expanding, up to a desired order, in the small and fast scales of the

gyromotion.

2.1.2 Particle motion in non-uniform fields

Although the motion derived in the previous section is only strictly valid for uniform
and time independent fields, it can be extended to fields whose variations are tiny in the
time and spatial scales of the gyromotion: Q~! and py. If we have a system of size L
(normally, in fusion plasmas, this size is chosen to be the plasma minor radius) and a
particle with a thermal velocity v, we can take as a time scale of the system the time it

takes the particle to cover a distance L,

(2.12) w*Hv(i).

Now, let the scales of variation of the fields be

E B OE 0B
2.13 E~ — B~ — — ~wE — ~wB
(2.13) VE~ T VB~ T ot ar Y
and consider that the plasma is magnetized if the magnetic field is strong enough so that

we can define a small parameter € as

(2.14) e="Etn =<1

We have to give an approximate value to both the parallel and perpendicular electric
fields. Assuming that the parallel potential energy of the particle is comparable to its

kinetic energy, the parallel electric field is ordered as

(2.15) B~ —*.
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Regarding the perpendicular electric field, an upper limit can be chosen so that it

compensates the magnetic force, hence
(2.16) E, ~vyB> E”.

In these limits, the position and velocity of the particle are ordered as:

(217) I'(t) = Iy +( U”Ot + iE'”Zf2 )B + VEt + pL(SiH ’)/él -+ cos ’7é2)
~~ ~— 2m ~— - -~ /,
~L JO > ~vgt ~el
~v2t2 /L
(2.18) v(t)= (v + iE”t)f) + veg +w,(cosye; — sinyéy)
~~ n ~— ~ )
o ~v2t/L o Y

where 7 = Qt 4+ «. Only the fifth term in r(¢) is small and it is dominated by the fast
time scale. On the contrary, v(t) is totally dominated by the fast time scale, because the
term in which it appears (fourth) has the same size than the others. In the next section

we will see how we can get rid of these small and fast scales.

2.1.3 Guiding-center motion

As we have seen in the previous section, the particle motion has a fast time scale whose
associated length scale is small. Thus, in case we want to calculate the trajectories of the
particles, we would need to integrate the equations of motion with enough resolution to
solve accurately the gyromotion. However, if the electromagnetic field fulfils the orderings
(2.14),(2.15),(2.16), we can find a new coordinate system (Ryg, v, itg,7,) in which the
slow time scales can be from the fast one. This is known as guiding-center formalism,
where the guiding center (GC) is the center of the particle’s helical trajectory around
the magnetic-field line (see figure 2.1). In order to obtain the equations of motion of the
guiding-center, we present a summary of the much more detailed description developed

in [12]. First, we must perform in the Lagrangian (2.1) the coordinate transformation®

given by
(2.19) r =Ry + ep(Ry, 114, 79)
" q
(2.20) V= Ullgb(Rg) + EP(Rgvﬂgv'Yg) x B(Ry)

where the gyroradius vector in the new coordiantes is given by

1 | 2mpuyg

(2.21) P= 1\ BR,)

IThe small parameter € is introduced here only to show explicitly the ordering of each of the terms
of the equations

(sin Vg1 (Rg) + cos VQéQ(Rg))
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2.1. EQUATIONS OF MOTION

Figure 2.1: Drawing of the orbit followed by a particle around a magnetic field line.
The coordinate system solidary with the movement and the gyroradius vector are also
represented

Here, R, is the guiding-center position, p, = mw? /2B and 7, are the magnetic moment
and the gyrophase associated to the guiding center, respectively. In these coordinates

and for stationary fields, the Lagrangian (2.1), up to first order in e, reads

q ~ .

(2.22) Eg(Rg, UVllgs Mg ’)/g) = [EAQ + mv”gbg + 6]_151) : Rg - H(O) - EH(l),
where
(2.23) Fﬁl) :%Vgém F€1g — mUllgvgf) P

q % q %

§(p-Vng)p X by + 3 <p-ngg~ <P X bg))Bg

1
(2.24) HO =§mvﬁg + uy By
(2.25) HY =g,

This Lagrangian still depends on ¢, but we can relax this dependence, provided that the
orderings of the electromagnetic field holds and that we are not interested in the detailed
description of the gyromotion, averaging on ¢,, which still allow us to see the effects of

the finite Larmor radius on average. Thus, defining the gyroaverage operator as

(2.26) (...>7:L/Oﬂ...dfy
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and applying it to (2.22) we get
(2.27)

R q ~
(Lg(Rg, Vgirgs tg))y = Lg = gAg + mu)gby+

1. A . _
em:Q (—vgé2g &y, — 5bb-V, x b)] R- m:%g ~H

with

|

1
(2.28) = —mvﬁg + 1y By + €qo,

2

The equations of motion for this Lagrangian are given by

- BZ * g 2

(229) Rg = ’U||gB—* + Eg X B* + O(G )
llg llg
2. = 1E*.
(2.30) Vg = Eg By +0(¢)
(2.31) ftg =0
o ~ By

(2.32) 4, =Q+R, (—vgegg &1y + gbg) +0(e)
with
(2.33) B: =B, + emg”gvg « b,
(2.34) E —E, - %VQBQ
(2.35) Bj, =B b,

2.2 Basics of kinetic theory

The individual charged particles of the plasma move in the electromagnetic field accord-
ingly to the equations presented in section 2.1. However, it is usual that one is interested
in the macroscopic properties of a certain kind of particles as a whole [14]. Let the
distribution function of some population of particles (test particles) be defined as f(r,v)

so that f(r,v)drdv is the number of particles® in the differential volume element of phase

2The distribution function can be also thought as a probability distribution. In that scheme, f(r,v)
represents the probability of finding a particle in a phase-space volume (r + dr, v + dv) and must be
normalized to one.
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space. The time evolution of that distribution function is given by Boltzmann’s equation,

a _of .of  .Of df
(2.36) a o e Yoy (dt)wu

where the last term is the contribution to the time evolution due to the collisions. When
including the equations of motion for stationary fields, and assuming that we are only
interested in the steady state of the system (0f/0t = 0), we get the Fokker-Planck

equation
af q of _
where
df _
(2.38) <%>wu =C(f)

is the collision operator. The simplification of assuming that the steady steady state
has been reached implies that the test particle population does not modify the global
system. Otherwise, the solution would be inconsistent. This does not mean that this
equation is restricted only to steady-state studies, since its solution can be used to feed
transport equations whose results, in turn, can be introduced in equation (2.37), iterating
this process until the solution of all the transport equations converge. Although the
distribution function is not a measurable magnitude itself, it contains all the information
needed to calculate any physical quantity. These are given by the different moments of

the distribution function. A few relevant ones are
(2.39) n = / f(r,v)
(2.40) V= /Vf(r v)dv,

(2.41) p= m/v V)*f(r,v)dv,

which are the density, the average flow and the pressure of the test-particle population.
In general, and more particularly in fusion research, because of the complexity of its

terms, equation (2.37) can only be solved with numerical methods.

2.2.1 Collision operator

In order to give a complete description of the distribution function (equation (2.37)),

we need an expression for its evolution due to the collisions. The main mechanism of
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CHAPTER 2. CHARGED-PARTICLE MOTION IN AN ELECTROMAGNETIC
FIELD

interaction between particles in a plasma is the Coulomb interaction. In a neutral gas, the
collisions between particles change their initial velocity vectors drastically, which makes
particles performed cracked trajectories similarly to pool balls. However, the charged
particles in a plasma undergo small and smooth deviations due to the long-range Coulomb
interaction. To model this interaction, we will define F'(v, Av) as the probability of a

particle to change its velocity from v to v + Av in a time At, provided that

(2.42) / Fv, AV)dAv = 1.

Then, the distribution function changes as

(2.43) flr,v,t+ At) = /f(r, v — Av,t)F(v — Av, Av)dAv.
Assuming that |Av| < |v|, we can expand equation (2.43) obtaining

(2.44)  f(r,v,t+ At) :/ (f(r,v, OF(v,Av) — V,(f(r,v,t)F(v,Av)) - Av
AvAvV

+ V.,V (f(r,v,t)F(v,Av)): - O(AvAvAv))dAv,

which can be reduced to

(2.45) FE, vt + AL =f(r,v,8) — V, - (f(r,v,1) (AV))

505 (v 220

where we have excluded terms of order higher than 2 and defined the average values of
Av and AvAv as

(2.46) (Av) = / AVE(v, Av)dAv
(2.47) (AVAV) = /AVAVF(V,AV)CZAV.

Now, we can present the expression for the collision operator

. flreyvit 4+ At) — f(r, v, t)
(248) Cif) = Jim, At

=—-V, - (Ff(r,v,t)+V, -V, - (Df(r,v,t)).

The first term of equation 2.48 produces a friction (average change in velocity), while

the second one a diffusion. The friction coefficient (F') and the diffusion tensor (D) are
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2.2. BASICS OF KINETIC THEORY

defined as
(Av)
(249 P A
. {AvAv)
(2.50) D= lim —a

The derivation of the explicit form of F and D for Coulomb collisions of particle species

a against species b can be found in [14]. These expressions are given by

(2:51) ISR IEE (1) [
(2.52) D, = ZDab - Z Cab /fb (— - —) v,

where m, and my; are the masses of species a and b, ¢, = nggln/\ab /€0, qo and g, are the
charges of species a and b, InA is the Coulomb logarithm (defined in Appendix A), f; is
the distribution function of species b, and u = v — v’.

If particle species b are in thermodynamic equilibrium, as in the case of the thermal

plasma, its distribution function is a Maxwellian given by

my 3/2 —TTLU2
(253) be(’U) =Ny (szb) exp ( 2Tb ) .

In this case, equation 2.51 and 2.52 become

(2.54) Fo=Y Fu=-) (1 + @> VsV
m
b b

a

vv \'A%
(2.55) D, = zb:Da,, = Dy + Do (1= 7).

with the scalar fiction and diffusion coefficients are given by

npCay  G(v/0p)

(2.56) Vap(V) = o
(2.57) Dy.ap(v) = ;;fab (v/vp)
(2.58) Dy aalv) = gt (erf(v/vb) - %G(U/Ub)) ,
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FIELD

where v, = /2T},/my, is the thermal velocity of species b, erf(z) = 2n/2 [" exp(—£2)d¢

is the error function, and the Chandrasekhar function, G(x), is given by

erf(z) — 2T exp(—1?)

(2.59) G(z) = VT

12

2.2.2 Langevin equations

A common way of solving the Fokker-Planck equation is recurring to the Langevin
approach, which can be divided in three steps. Firstly, following the methods of statistical
mechanics, one can demonstrate (see [15]) that the trajectories of the individual particles
whose distribution function is the solution of the Fokker-Planck equation are given by its
associated Langevin (stochastic) equations. This is, for a given Fokker-Planck equation,

such as (2.37), these trajectories are given by:

(2.60) dr = (v + g(E v x B)) dt,

(2.61) dv = Fdt + ( 2D, %% + /2D, (I o)) -dW.

Here, the term dW is the Wiener process (see [15]), which carries all the stochastic
dependence of the equation. Equation (2.60) is fully deterministic and describes the
trajectories of the particles. Equation (2.61), which describes the evolution of the velocity
vector of the particles, presents two terms: the first is deterministic and represents
the drag or friction against the plasma, the second one is stochastic and models the
diffusion in velocity space. The distribution function, f(r,v) can be calculated evolving
the Langevin equations (orbit-following) and reconstructing f(r, v) statistically from the
trajectories of the particles in phase space at every time step.

These equations determine the movement of the particles that we will simulate
in the following chapters. Equations (2.60) and (2.61) correspond to the case of full-
orbit trajectories, i.e. without averaging the gyrophase. The derivation of the analogous
equations for the guiding-center formalism is out of the scope of this work, because all
the simulations performed have been for the full-orbit (FO) treatment, and we refer to
reference [16] for a detailed description of the method to obtain the equations of motion

with collisions in the guiding-center approach.
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3. TJ-1I stellarator: heating systems

and diagnostics

The TJ-1I stellarator (see figure 3.1) is a four-period flexible heliac (R = 1.5 m, (a) < 0.22
m, By = 0.95 T) with high rotational transform and low magnetic shear [17]. Magnetic
configurations with central values of rotational transform from ¢(0) = 0.9 to ¢(0) = 2.2 are
available in the device. Figures 3.2 show two vertical cross-sections at different toroidal
angles ¢ and a 2D map of the magnetic field intensity inside the plasma calculated with
the VMEC code [18]. In this case ¢ and 6 are the angular coordinates as defined in the

Figure 3.1: TJ-II stellarator. The plasma confined inside the device is shown in dark
blue. Magnetic configuration coils (red and cyan) and half vacuum vessel (grey) are also
shown.

VMEC code (¢ is actually the cylindrical coordinate angle). The rotational transform
profile is shown in figure 3.3. The values of B and + shown in the figures are the ones

corresponding to the so-called standard magnetic configuration. Typical plasma densities

21
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Figure 3.2: (a) Vertical cross sections of the magnetic field intensity at ¢ = 0° and
¢ = 45°, (b) Magnetic field intensity evaluated all over the p = 0.46 flux surface.
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Figure 3.3: Rotational transform profile for the standard configuration.

3 and

and temperatures achieved in stationary conditions range from 0.5 to 1.5 x 10 m~
1.8 to 0.5 keV respectively. Plasma is created and heated by ECRH, NBI or a combination
of both. A brief description of both systems, with emphasis on the production of the

neutral beam inside the injector, is presented in the following sections.

3.1 ECRH system

Two 53.2 GHz gyrotrons, each of them generating up to 250 kW of EC power, heat the
plasma using second harmonic X-mode [19]. The power of each gyrotron is guided towards
the vacuum vessel by its corresponding quasi-optical transmission line. Two internal
steerable mirrors, one for each ECRH beam (ECRH1 and ECRH2), allow us to scan

the plasma toroidally and poloidally. The mirrors are located at stellarator-symmetric
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3.1. ECRH SYSTEM

positions! ensuring, in principle, electron-cyclotron driven current compensation when
launching parameters are equivalent. ECRH and NBI heating systems and their power

injection geometry are illustrated in figure 3.4.

Figure 3.4: TJ-II stellarator heating systems. The last mirror of each ECRH transmission
line is steerable. Both are located inside the vessel at stellarator-symmetric positions.
Neutral-beam sources launch their beams parallel and anti-parallel to the magnetic
field direction, which is mainly counter-clockwise when looking from above. NBI1 is the
co-injector.

IStellarator symmetry is defined as the transformation (R, ¢, z) — (R, —¢, —z) by which scalar and
vector fields transform as f(R, ¢,2) = f(R, —¢,—z) and [Fg, Fy, F,] = [-Fr, Fy, F].
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CHAPTER 3. TJ-II STELLARATOR: HEATING SYSTEMS AND DIAGNOSTICS

3.2 NBI system

The NBI heating system consists of two injectors, NBI1 and NBI2, each providing up to
700 kW of co- and counter sub-Alfvénic Hy beams (vpegm/va ~ 0.3 — 0.5 for line averaged
densities around 0.5 — 1.0 x 10* ¢m™3 with ion source currents up to 60 A and with
a maximum acceleration voltage of 34 kV [20]. As corresponds to tangential injection
(see figure 3.4), a high fraction of the fast ions have passing trajectories with a pitch
(¢ = vy /v) distribution of the born ions strongly peaked around { = 1 [21]. Although
they are technically identical, the focusing points of the injectors are also located at
stellarator symmetric positions. The beam produced by NBI1 (see figure 3.4) is directed
parallel to the magnetic field (co-injection) while the beam produced by NBI2 is directed
in the opposite direction (counter-injection). The production of the neutral beam starts

in the ion source of the injector (see figure 3.5).

lon source

Figure 3.5: Sketch of an NBI injector and its different components coupled to the TJ-II
vessel. The blue and red colors represent cold and accelerated particles, respectively.

There, pure-hydrogen gas is injected to generate a cold plasma (partially ionized
only) with an electric arch. The fraction of gas ionized by the arch is extracted from
the ion source and accelerated with a set of charged grids, resulting in an ion current
Iee composed of HT, HI, and H§L molecules at E,,q. = ¢Viee. Once the ion beam has
passed the last grid (grounded) of the ion source, it enters the neutralizer, which consists
essentially of a chamber containing hydrogen gas and an ion dump. Most of the beam (~
60%) gets neutralized by CX reactions with the background gas and the rest is deviated
to the ion dump using a bending magnet. In addition, the collisions with the gas make the

molecules resulting from the neutralization dissociate in H,, + Eyqp — n(H 4+ Epae/n)
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3.3. TJ-1I DIAGNOSTICS

to finally give a total neutral beam of hydrogen whose particle energy fractions? are
approximately 40%, 30%, 30% at energies Fruaz, Pmae/2, Emaz/3, respectively. The
neutral beam generated directs through the duct to the vacuum chamber of TJ-II (see
figure 3.5).

3.3 TJ-II Diagnostics

TJ-II is equipped with several diagnostics allowing us to fully characterize the plasma.
Among all the available diagnostics, the ones which are relevant, whose inputs are needed

to carry out fast-ions simulations, are:
e Microwave interferometer: provides the line integrated plasma density

e Thomson scattering [22]: measures the radial profiles of electron density and

temperature once per shot

e Heavy-ion-beam probes [23](HIBP): measure the radial profiles of plasma potential

at different toroidal locations among other quantities

e Doppler reflectometer [24]: provides the radial electric field in the outer region of

the plasma

e Profile reflectometry [25] and Helium beam [26]: provides plasma profiles in the

outer region of the plasma
e Neutral particle analyzer (NPA) [27]: gives the central ion temperature

e Radiation diagnostics: used to reconstruct the effective charge profiles (Z.ss) and

the density of neutrals in the plasma.

Other diagnostics [28], as the electron cyclotron emission radiometer (ECE), that traces
the time evolution of the plasma temperature or the Rogowski coils, used to measured

the toroidal plasma current are also available.

2These values depend on I,.. and V... In fact, some of the different combinations of the two
parameters can change the beam divergence to the extent of reducing significantly the efficiency of the

injector. The parameter directly related with the beam divergence is the perveance, P = I;../ Vagc/f
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4. Fast-ion modelling in TJ-II with
ASCOT5

The ASCOTS5 code [29-31] is an orbit-following Monte Carlo code whose main purpose is
to calculate the fast-ion distribution function®. The inputs taken by ASCOT5 are a model
of the vacuum vessel of the device, the components of the magnetic field and normalized
magnetic flux evaluated in a spatial grid, the plasma density, temperature and electric-
field profiles, and a representative initial distribution of the test particles. Taking all the
inputs together, ASCOTS5 solves the Fokker-Planck equation by integrating its associated
Langevin’s equations of motion (see equations (2.60) and (2.61)) in cylindrical coordinates,
accounting also for the collisions with the background plasma, The construction of the
distribution function is carried out statistically in runtime from the position and velocities
of the test particles.

As in fluid mechanics, the computation of the trajectories of a realistic number
of particles (~ 10%®) in the plasma is impossible in technical terms. This problem is
sorted out in Monte Carlo simulations using an artifact. Computationally, the population
of test particles can be substituted by a distribution of entities, markers, so that the
distribution of test particles is represented by a much smaller number of these artificial
markers, whose behaviour in the system is similar to the actual particles’s. The markers
are labelled with a weight (w) that accounts for the actual number of test particles
per second each marker represents. Hence, the total power carried by the test-particle
population is P = ZiN:o w; F;, where N is the number of markers and FE; their energies.
In practice, the number of test particles in the k** differential volume element of phase
space is Nj, = Zi]io w;(At);, where (At)g, is the time the i"*-marker has spent in the k"
volume element. The distribution of initial markers must characterize sufficiently well the
initial distribution of test particles so that the solution obtained from such population of

markers provides an accurate solution of the Fokker-Planck equation (2.37). Likewise,

TASCOTS5 can also be used for thermal particles or for the study of single-particle orbits.
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its number must be high enough to have a converged solution and reduce the statistical
erTor.

The independent orbit-following and slowing-down processes (equations (2.60) and
(2.61)) take the initial markers and evolve their equations of motions in the electromagnetic
field and the plasma. In a typical simulation of TJ-II plasmas, the full-orbit trajectories
of roughly 2 - 10° markers are followed. The trajectories are computed until they meet at
least one of the ending conditions, which are given also as input parameters. The time
discretization of the orbit has been chosen to be At = (€,;/20)~!, where Q; is the ion
gyrofrequency. Although there are several independent ending conditions implemented
in ASCOT5, the most commonly used are “thermalization” and “wall hit”. Markers
have been considered thermalized (i.e. they are no longer fast ions) when their energy is
reduce down to 27}, where T} is the thermal ion temperature, and the “wall hit” occurs
when the trajectory of the marker crosses one of the tiles of the wall mesh. Another
commonly used ending condition is the maximum radial coordinate, especially if one is
not interested in the wall hits or in the slowing-down process. This allows us to end the
trajectories of the markers when the radial drift moves the markers to a user-defined
value of the radial coordinate (p = 1 for the LCFS).

Figure 4.1: Computed trajectory of a marker in TJ-II.

One of the main differences with other analogous codes, and the reason to choose
ASCQOTS5 for this thesis, is that it is able to follow the complete gyro orbit of the markers,
without needing to invoke the guiding-center approximation?, which is not necessary
valid in small/low-field devices, such as TJ-II. In addition, ASCOT5 can also include

extra physical phenomena such as CX reactions or MHD activity. The diversity of inputs

2This approximation is valid only when the magnetic-field variation during one gyro orbit is small,
B/VB > pr-
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4.1. WALL MODEL

that ASCOTS5 needs makes necessary the use of other specific purpose codes. The choice
of these codes is not unique and there are many options available in the community. The
aim of this chapter is to make a detailed description of the procedure followed to obtain
the inputs for ASCOT5.

4.1 Wall model

ASCOTS5 can follow the initial markers up to the first wall of the device (same as the
vacuum vessel in the TJ-II case), therefore, a model of a first wall of the actual device
must be included in the simulations. The format of the model is a triangular mesh of
the first wall, which is enough, for instance, to evaluate the power loads to the tiles
corresponding to sensitive plasma facing components or to predict fast-ion loss detector
(FILD) performance using the ASCOT5 output. The wall input format is similar to the
STL file that, in our case, has been exported from the CAD files of the device (see figure
4.2). The triangular wall mesh used in the TJ-II simulations is composed of 303241 tiles.

Figure 4.2: Model of the TJ-II vacuum vessel.

4.2 Magnetic configuration

The input of the magnetic configuration in ASCOT) consists of four spatial 3D grids: one
for each component of the magnetic field and another for the normalized magnetic flux.
The former ones are used to compute the trajectories of the test particles, and the latter
for evaluating the radial positions of the markers, which are used in turn to evaluate
the radial plasma profiles or to finalize the marker’s trajectories at a predetermined
radial position (such as when they leave the plasma region at p = 1). This is a quite

common approach in slowing-down simulations. The grids of the magnetic configuration
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have been constructed from a magnetic-equilibrium calculation and a filamentary model
of the actual coils of the device with their corresponding currents. The coil system of
TJ-1T is composed of thirty two toroidal field circular-shaped coils (TF), two vertical field
circular-shaped coils, a circular coil (CC) and a helical coil (HX). Figure 4.3 shows the
TJ-II coils (left) and the filamentary model used to describe the magnetic field (right). It
is worth mentioning that all the coils of TJ-II are modeled by a single filament except

the helical one, which is modeled by ten filaments.

W
AN /ﬁl)
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BN ““'w A
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Figure 4.3: (a) Representation of the actual coils of TJ-IT and (b) their corresponding
filamentary model used to calculate the magnetic field outside the plasma region.

The widely used equilibrium-code VMEC [18], which solves equation (1.2), gives
the information to obtain the coordinates of the flux surfaces and the magnetic field
structure as a function of the normalized magnetic flux, s. However, this code only gives
information about equilibrium, which is defined only up to the LCFS. Then, for the
purpose of orbit-following codes that need to calculate the trajectories of the markers
beyond this boundary, another code must be used to calculate the magnetic field in the
region beyond the LCFS. The code EXTENDER [32] has been used with that aim. It
takes as input the VMEC equilibrium file and the model of the coils to give a cylindrical
grid with the components of the magnetic field in the whole volume of the device. In
figure 4.4, the result of EXTENDER for the intensity of the magnetic field is plotted on
the left and the normalized magnetic flux grid obtained from VMEC on the right, both
at o = 0.
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Figure 4.4: (a) Intensity of the magnetic field created by the coils (saturated to 2 T)
and position of the wall and LCFS (solid and dashed black lines). (b) Contours of the
normalized magnetic flux, the position of the wall and LCFS (solid and dashed black
lines). Both quantities correspond to the standard magnetic configuration of TJ-II at
¢ = 0. (c¢) Contours of magnetic-field intensity on the LCFS.

4.3 Plasma profiles

In order to account for the collisions, we need to include the radial profiles? of the thermal
plasma. These profiles must contain the electron and ion* densities, the electron and
ion temperatures, and the electric field. The source of all this information is generally
taken from plasma diagnostics or from transport codes. This thesis includes both kinds

of simulations: profiles obtained from experimental data and from the transport code

3 Actually, ASCOTS5 is able to calculate collisionless trajectories or even include 3D profiles.
4Several ion species (Z < 9) can be included
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ASTRA [33]. In figure 4.5, a typical example of NBI plasma profiles is shown.
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Figure 4.5: (a) Densities and temperature plasma profiles of the thermal species. (b)
Radial electric-field profile.

4.4 BBNBI: Initial distribution of NBI markers

The Monte Carlo code BBNBI (beamlet-based neutral beam injection) [34, 35] is a module
of the ASCOT5 code that simulates the initial markers representing the population of
newly born fast ions created by the NBI. Starting from geometric models of the actual
injectors, BBNBI follows the ballistic trajectories of the neutral particles and simulates

their ionization process within the plasma.

4.4.1 Geometric model of the injector

The actual elements of the injectors needed to model the NBI are the last grid of the
injector, figure 4.6, and the scrapers (duct or window port) that the neutrals might come
across in their trajectory towards the plasma. The NBI is modelled in BBNBI with a set
of sub-beams (beamlets) whose origins lie in the last grid (represented as the last red line
of the ion source in figure 3.5) and point at the focus of the injector (see figure 4.7). The
finite size of the holes of the grid is taken into account distributing the power of each
beamlet according to a normal distribution N(0,4.), where . is the divergence angle
(see, for instance, [20]). The rest of the NBI parameters included in the model are the

injected species, total injected power, full energy of the beam and the particle fractions.

32



4.4. BBNBI: INITTAL DISTRIBUTION OF NBI MARKERS

The markers will follow ballistic trajectories until they hit any obstacle or they enter the

plasma, where the ionization process takes place.

)
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Figure 4.6: Picture and technical drawing of the grounded grids of the TJ-II injectors.

4.4.2 Jonization model

Once the neutral marker has entered the plasma, the ionization process is modelled

cumulatively. The probability of ionization is given as

(4.1) Pl) = 1— exp ( /0 l nea(l’)dl’)

where [ is the distance that the marker has covered and o is the ionization rate. This

quantity is obtained from an analytical fit of experimental data, known as Suzuki’s model
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Figure 4.7: Cartoon of the beamlet divergence.

[36], and its expression is

10—16

g :Al (]. + AQE + A3€2)[1 + []. — exp(—A4N)]A5 (A6 + A7€ + ASSQ)]

(4.2)
(14 AgU + A U?)

where ¢ = In(EkeV/am.u]), N = n./10", U = In(T.[keV]) and {A;}}2, are fitting
coefficients. In practice, a threshold is chosen randomly from a uniform /[0, 1) distribution
and if P reaches this threshold before the neutral collides with the vacuum vessel, it
ionizes creating a fast-ion marker. In addition, if the marker exits the plasma and hits the
wall without being ionizing, it is considered as shine-through. The total injected power is
then sorted between the ionized makers and the shine-through ones. In figure 4.8, we can
see a picture of the markers created by BBNBI inside the LCFS of a TJ-II plasma.

0.0 -
02 04 0.6 , 12 1.0 0.8

B []’1]] 0.8 10 19 LB 1.6 1. X lﬂﬂ
Figure 4.8: 3D distribution of initial markers inside the plasma created by BBNBI
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4.5 Distribution function

The main result obtained from ASCOTS5 is the distribution function of the test par-
ticles. ASCOTS5 can calculate the distribution in 5D, either in (p,0, ¢, v, vi;t,q) or
(r, ¢, z,v),v1;t, q) coordinate systems, and in 6D, using (p, 0, ¢, v, v, v2; L, q) or (7, ¢, 2, vy,
Vg, Uz t, q). This flexibility allows us to filter the test-particle species by their charges (very
useful in simulations including CX) or by time scales (interesting to study processes whose
time scale is bounded, such as prompt losses). A 2D example of a fast-ion slowing-down

distribution function in velocity space, generated by co-NBI, is presented in figure 4.9.
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Figure 4.9: 2D histogram (proportional to the distribution function) calculated by
ASCOTS5 in velocity space. The dotted lines represent constant-energy curves.
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5. Theoretical model of the neutral-

beam current drive

The neutral-beam current drive (NBCD) is the non-inductive current generated in the
plasma by NBI. In general, the population of fast ions in the plasma has a non-vanishing
average parallel velocity, which results in a fast-ion current that drives the NBCD!. In
tokamaks, NBCD is an active knob in plasma operation, e.g. to create the poloidal field
in steady-state scenarios or to control the ¢-profile and plasma rotation. Hence, its value
can be comparable to the coil currents. In stellarators, however, the use of non-inductive
currents is not necessary, since the magnetic configuration is fully created by external
coils from design. Consequently, the existence of a net NBCD in the plasma can have
a deleterious effect on the tailored magnetic configuration. Furthermore, the presence
of NBCD in the plasma changes drastically the (-profile, which in turn can produce
undesirable effects on the plasma performance. On the one hand, it produces a shift in
the relative position of the magnetic islands and divertors in stellarators that rely on the
island divertor concept?, such as W7-X. On the other hand, it modifies the spectrum of
shear Alfvén waves, giving rise to the existence of unstable modes that, if excited, can

deteriorate the fast-ion confinement, reducing their heating efficiency.

The current carried by the fast-ion beam in the direction parallel to the magnetic
field is

(5.1) Sy = Ze/v”fb(r,v) dv,

Tt is worth mentioning that scenarios with very low or even null NBCD can be designed either
with sufficiently perpendicular or balanced NBI. The balanced scenarios are developed by injecting two
neutral beams in opposite directions.

2The divertors are the components of the first wall specially designed to withstand high-power fluxes.
The island divertor uses the magnetic islands, in which the radial transport is much higher than in the
confinement region, to funnel the lost power to the divertors adjusting the position of the islands over
them.
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DRIVE

where f,(r,v) is the fast-ion distribution function. The first attempt to calculate the
NBCD in tokamaks was carried out by Ohkawa [37]. In that work, he gave an estimate
of the electron return current that is created by the plasma electrons as a response to
the beam ions, .J,, so that the total NBCD would be

(5.2) J|| = JbH + JGH‘

This work was based on momentum conservation between the beam ions and the
Maxwellian plasma electrons but the result could not explained the measured induced
current at high electron temperatures [38]. Later studies took into account deviations
from the Maxwellian distribution of the plasma electrons (non-adiabatic electrons) as
well as electron trapping and electron-electron collisions in different collisionality regimes
and for different approximations of the factor vy, /v,, where v, is the typical velocity
of the beam ions [39-44]. All these works were developed either for infinite plasmas or
for tokamak geometries. Only one work, [45], has been found in the literature that is
valid for non-axisymmetric configurations at low collisionalities. Therein, the result of
the current driven by the beam in an infinite plasma developed in [40] is modified with a

factor accounting for the electron trapping.

In this chapter, we present the drift kinetic equation (DKE) for the non-adiabatic
plasma electrons in the presence of a population of fast ions and solve it in the low-
collisionality regime. Particularly, the results of [45] are recovered and expanded to
obtained a three-dimensional dependence of the electron return current that was not

explicitly given in the original work.

5.1 Electron return current
We aim at calculating the electric current parallel to the magnetic field, Jj, driven by

the beam ions. Assuming that the only contribution to the parallel flow of ions comes

from the beam ions®, equation (5.2) can be expressed as

(53) ‘]H =e€ (anbe| — /UngdsU) .

3The flow of bulk ions and impurities is small enough to be neglected in stellarators (see Appendix
A4 of [46] and references therein)
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Here, V4| is assumed to be given and g, is the non-adiabatic component of the deviation

of the electron distribution from a Maxwellian distribution?,

(5.4) m&@zmﬁmg%gfam(7gg>

where we have maken explicit the dependence of equation (2.53) on the radial coordinate,

s. We will employ the magnitude of the velocity, v, and the pitch-angle variable, A =
11— U] /v ), as independent coordinates in velocity space.

We proceed to calculate g.. The electron DKE reads
(5.5) vb - Vg = Clg] = =Yevar - Vs fare,

where vy, - Vs is the radial magnetic drift, T, is a linear combination of the gradients of

the plasma profiles and O is the linearized electron collision operator (see Appendix

A),

(5.6) c@m:%m+%%+ze% +CWgl),

with C’e(ﬁ), CeZ , Cgﬁk and C the electron-electron collision operator, the collision operator
between electrons and main ions, the collision operator between electrons and impurities
and the collision operator between electrons and beam ions, respectively. The expressions
for these collision operators are given in Appendix A. Using those expressions, we can

write (5.5) as

(5.7)
'UHB : Vge - <Vee + Ve; + Z I/ezk> ﬁ[ge}
k

mev
- T ! (Veeue + Veiv;H + Zyezk‘/zkH) fMe = _TevM ’ vSfMe + Ve
c k

mev) Vi
Te fMev

where the expressions for the collision frequencies and the operator £ are also given in
Appendix A. In (5.7), we have used that the pitch-angle scattering term of the e — b
collisions is negligible compared to the pitch-angle scattering term of the e — ¢ collisions

because n, < n;.

4Indeed, using that nbeH/ni & Uge, one can prove that, to lowest order in ny/n;, the electron
distribution function is of the form (5.4).
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The solution of (5.7) is the sum of the solutions driven by each of the source terms
on its right-hand side. Here, we are interested in computing the piece of g, that is driven

exclusively by the last term in (5.7). Hence, we concentrate in solving

N MV Ue mev Vy
(58) U||b : Vge - Ve['[ge] — Vee ! fMe = VebeMey
T. T.
where we have defined
(5.9) Ve = Vee + Vej + Z Ves,
k

and used that the flows V;) and V.|| produced by V; are negligible, as it was mentioned

at the beginning of this section.

5.2 Solution of the electron drift-kinetic equation

at low collisionality

Define the collisionality of electrons with species s by Vesi = VesRo/vse, where Ry is the

major radius of the device. If v . < 1 for s = e,7,b, we can expand g, in powers of the

collisionality,
(5.10) ge =g + g+ ...
Without loss of generality, we can assume that gé%) is odd in v); and gé%ﬂ) is even. To

lowest order in this expansion, equation (5.8) gives
(5.11) vb - Vgl = 0.

In what follows, we will need to distinguish between trapped and passing electrons.
Trapped trajectories correspond to A > 1/ B4z, Where By, is the maximum value of
B on the flux surface. Passing particles are characterized by A < 1/By,,,. For trapped
particles, equation (5.11) implies that géo) is constant along orbits and, for passing
particles, that g((ao) is constant on the flux surface. This piece of the electron distribution
is found by going to next order in the collisionality expansion of the electron drift-kinetic
equation.

Taking the next-to-lowest-order terms of (5.8) and averaging along the orbit we get,

for trapped electrons,

v
(5.12) o5 (012029 ) =0,
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where the overbar denotes bounce average. The only solution to this equation that is

odd in v is

(5.13) g9 =0, A>B.!

max*

Now, consider passing electrons. Multiplying the next-to-lowest-order terms of (5.8)

by B/v and flux-surface averaging, we obtain

B m
14 —L[gO]) = ——= B B :
(5 ) <U|£[ge ]> VeTe (<Veb ‘/b|\> + Vee < ue)) fMe
Using the expression for £, this equation becomes
)Y\ _ (v/vre)?
(5.15) O (A" = === ((vesBVy|) + Vee (Buc)) fase.

Integrating once in A, starting at A = 0, we find

o) _ (v/vre)?
(5.16) GAge = _Tﬂm (<VebB%H> + Vee (Bue>) fMe.
The solution of this equation that is continuous at A = 1/Bya, is

A

5.17) 09 = ~LLUE (0, 3Vy) + v (Bu) (/

Ve

<U|>_1dA) faes A< B,
—1

It remains to calculate (Bu,). Imposing the relation (A.7) on (5.17), we deduce

mev? 2 2 A
(Bue) = —[/Vee TellfMed3U+ <B/A<B_1 ’U|% (/B_l <v>1dA> fMed3v>]

2 A
(518) X <B/}\SB;3W <VebB%||>U||% (/Br;éx<vl>—1d)\) fMed3U>,

where |, \<p-1 () indicates that integration in velocity space is restricted to passing

-1

trajectories.

Then, the current due to the injection of neutral beams is

(5.19) Jy=e (anbe| —/ 1 U|g§0)d3v) ,
B

7Bmu,z

with géo) given by (5.17) and (5.18). The explicit calculation of the integrals in equation
(5.19) shows that Jj can be written as
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Figure 5.1: (a) Flux-surface-averaged shielding factor (F') as a function of Z.;; and s
for the TJ-IT standard configuration and hydrogen injection (Z, = 1). (b) F' evaluated at
s = 0.5. (c)(F)-profile for Z.;y = 1.4. (d) Radial profile of factor f..

with A given by

Z, B(B) 8 I

5.21 A= 1 ¢
(5:21) Zesr (B?) 3T I fe J

L+ Zepr——+

I3 fu

In (5.21), f. is defined as
Brnas A
(5.22) f=2 (B*) dX,



5.2. SOLUTION OF THE ELECTRON DRIFT-KINETIC EQUATION AT LOW

COLLISIONALITY
and
fe=1—fe,
0o dp —a?
I (Zesy) :/0 —Z(a:)(f—)eZeffdm
< xh(x
Iy(Zegr) = /0 —h:ixg Ji Zrr da,

I3 = / zh(z)e ™ dx ~ 0.27,
0

W) = ¢(x) — G(x),

where = v/vr, and the functions ¢(z) and G(x) are given in Appendix A. Equation
(5.20) shows that the NBCD is calculated applying the factor 1 — A to the fast-ion beam
current. One of the main features of the term A is that it has a 3D dependence inherited
from its proportionality to B, which means that the NBCD in general will not be a flux
function. In addition, its inverse proportionality to Z.s; reveals that the more impurities
in the plasma the less efficient the electron response, causing the NBCD to be closer to
the fast-ion beam current. Lastly, the term 7, makes that, for sufficiently high atomic
number of the beam species injected, the direction of the NBCD can be opposite to that
of the beam.
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6. Simulations of NBCD in TJ-I1

In this chapter, the computational methodology to simulate NBI with ASCOT5 and the
theoretical tools to calculate NBCD, presented in chapters 4 and 5, come together to
provide the numerical results about the fast-ion distribution function and its corresponding
NBCD in TJ-II.

With the aim of exploring a wide range of plasma scenarios, a scan in the electron
density and temperature profiles has been performed. The range of densities and tem-
peratures selected for the scan correspond to high-density NBI plasmas and the reason
for chosing such plasma scenarios choice was based on the level of development of the
code ASCOT5. At the time this study was carried out, the code had not implemented
CX reactions between the beam ions and the thermal neutrals of the plasma, which are
known to be very important in low-collisionality TJ-II plasmas [47] (> 70% of the ionized
power lost by CX). Therefore, for the sake of a better accuracy of the results, the study
was centered in high-collisional plasmas, which exhibit low levels of fast-ion losses due to
CX (6%-12% of the ionized power).

For those plasma scenarios, we present the results for the neutral-beam ionization as
well as features of the fast-ion distribution function such as density, energy distribution,
power deposition and NBCD. In addition, comparisons between the NBI1 and NBI2

injectors and estimates of the fast-ion radial current are also included.

6.1 Plasma profiles

In order to obtain sets of consistent plasma profiles, a previous simulation of an evolving
TJ-II NBI plasma, in which density increases, has been performed with the transport
code ASTRA. The radial profiles with the lowest and highest core values produced
by ASTRA (310" and 6 - 10" m™ for the density and 160 eV and 300 eV for the
temperature) have been selected as boundaries for the scan in n., T.-space (see blue and

red curves in figure 6.1). The density profiles have been obtained by linear interpolation

45



CHAPTER 6. SIMULATIONS OF NBCD IN TJ-II

between the lowest and highest core values while the temperature profiles are the ones
given by ASTRA for these densities. Here, the radial coordinate is p. The independent
combinations of these density and temperature profiles give a total amount of 10 x 10
sets of plasma profiles that have been simulated with ASCOT5 and the results used to
obtain 2D maps illustrating the dependence of the available power, power deposition and

current drive on the plasma electron density and temperature.

T.[eV]

p
(b)

Figure 6.1: Electron plasma density (a) and temperature (b) profiles used in the
simulations. The consistent pairs of profiles obtained with ASTRA are plotted in red
and blue lines.

E,[kV/m]

L L L L _67 L L L
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
p

P
(a) (b)

Figure 6.2: Constant ion temperature (a) and radial electric field (b) profiles used in
the simulations (solid blue lines). The shaded areas represent the variation of the profiles
during the ASTRA simulation.
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The rest of the plasma profiles (T}, E,, Z.y, i.e. ion temperature, radial electric field
and effective charge) have been kept fixed for all the ASCOT5 simulations since, on the
one hand, ASTRA has shown no relevant differences as density increases and, on the
other hand, it has been observed that such small variations of these quantities do not
affect significantly the slowing-down fast-ion distribution function. The radial profiles of
T; and E, are plotted in figure 6.2. No plasma impurities have been considered in the

simulations (Z.pr = 1).

6.2 Initial distribution of markers

The initial ensemble of markers in the plasma has been calculated with BBNBI, which,
using the specifications of the actual geometry of the neutral-beam injectors, simulates
the ballistic trajectories of the hydrogen neutrals from the last (grounded) grid until they
are either ionized in the plasma or lost as shine-through (ST) (see section 4.4). The NBI
parameters of the BBNBI simulations have been E,,.. = 31.5 keV, with energy fractions
of [55%, 25%, 20%] for the energy components [Eaz, Frmaz/2, Emasz /3] respectively and a
port-through (PT) power of 500 kW. A total amount of 2 - 10° markers, which represents
the population of initial fast ions in the plasma, has been obtained for each simulation.
A top view illustrating the birth positions of the ensemble of NBI1 and NBI2 markers in
the plasma is shown in figure 6.3, while figure 6.4 depicts six different cross-sections of
the vacuum vessel and the position of the cloud of NBI1 markers within the LCFS. It can
be seen in figure 6.5, where the number of initial NBI1 and NBI2 markers as a function
of the device toroidal angle is shown, that the penetration of each neutral beam into the
plasma column extends a bit further than half a period of the configuration (45°).

The dependence of the initial distribution of markers generated with NBI1 (co-
injection) on p, pitch-angle (v/v) is illustrated in figure 6.6 for the four different
combinations of the highest and lowest densities and temperatures of section 6.1. A slight
dependence on density is observed. Note that the results shown in figure 6.6 only reflect
changes in the distribution of the 2 - 10° markers independently of the amount of power
they represent, which depends on the specific values of n, and T,. The markers radial
profile for the lowest density case (blue lines in figure 6.6a) appears shifted towards the
core of the plasma, as the mean free path of the neutrals through the plasma is inversely
proportional to the electron density [36]. No dependence on temperature is observed
in the results (solid versus dashed lines in figure 6.6a). As for the dependence on the

pitch-angle (see figure 6.6b), no clear changes are observed for different plasmas. The
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Figure 6.3: Top view of the TJ-II plasma, vacuum vessel, NBI directions, and location
of the markers created by both injectors for the low-density high-temperature case.

pitch-angle of the initial markers illustrates the highly parallel character of the beams
(v /v > 0.8 for most of the markers). Regarding the initial energy distributions, around
30% of the initial markers are created with energy FEp.x, 31% with Ep./2 and 39% with
Frax/3. The energy fractions of the initial markers are different from those of the injected
neutrals because the ionization cross-section is higher at low energies [36]. Varying plasma
density results in small differences (below 5%) in the proportion of markers created at
each of the injection energies while no dependence on temperature is observed. The initial
distribution of markers resulting from simulating NBI2 (counter-injection) are analogous

to those of the NBI1 except for the pitch angle, which changes its sign.
The PT-power distributes in two parts depending on the capability of the plasma

to ionize neutrals: the so-called available power, which is carried by the initial markers
representing ionized neutrals; and the power lost as shine-through (ST), carried by neutrals
that have crossed the plasma column without being ionized. The results, as obtained by

BBNBI, showing the dependence of the available power on density and temperature are
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Figure 6.4: Position of NBI1 markers in the R-Z plane for six different toroidal angles.
The LCFS and the vacuum vessel are also shown. The low-density high-temperature case
is represented.
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Figure 6.5: Number of NBI1 and NBI2 markers along the toroidal angle for the low-
density high-temperature case.

shown in figure 6.7(a). The dependence on density for constant temperature (7, = 234
eV) is shown in figure 6.7(b). The available power is highly dependent on the plasma

density and almost independent of the temperature.
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Figure 6.6: Dependence of the initial profile of markers on the radial coordinate (a)
and pitch (b), for the four cases considered.
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Figure 6.7: (a) Dependence of the available power on electron density and temperature
and (b) dependence on density for a given electron temperature (7, = 234 ¢V) marked
by dashed line on the left panel.

6.3 ASCOTS5 slowing-down simulations

Once the initial distribution of markers has been created, we simulate the slowing-down
process with ASCOTS5. In these full-orbit simulations, the markers undergo the helical
gyration motion and the drifts caused by the magnetic field as well as the Coulomb
collisions with the bulk plasma, which produce pitch-angle scattering and slowing down.

The interaction with the electric field is also taken into account.

ASCOTS follows the trajectories of the markers through the plasma until they are
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thermalized or lost to the wall. Their steady-state distribution function is computed
during the simulation. In our case, 2 - 105 markers have been followed using a time
step At = 1/(209;), where Q; (=~ 10> MHz) is the typical ion gyrofrequency. Markers
are considered thermalized when their energy is reduced down to twice the bulk-ion
temperature by collisions. From the histogram provided by ASCOT5, we can calculate
the fast-ion distribution function, f(r,v), where r and v are the position and velocity

vectors, respectively. Thus, the fast-ion density (n;) is given by equation (2.39).

(a) (b)

Figure 6.8: (a) n, at ¢ = 0° and ¢ = 45° for the low-density, high-temperature case. A
few contours corresponding to different flux surfaces (white dashed lines) are represented.
(b) A map showing the dependence of n;, on the toroidal and poloidal angles for the flux
surface p = 0.46 (red dashed line in (a)). The label 6 corresponds to the poloidal VMEC
coordinate. Only one period of the device is shown.

An example of the fast-ion density created by NBI1 together with the contours of
a few flux surfaces is shown in figure 6.8. The structure of n; reflects that it is not a
flux function. The maximum and minimum displacements of the n,-contours from the
flux-surface ones is observed at ¢ = 45° (half period) and ¢ = 0° (beginning of period),
which is consistent with the result reported in reference [48], that contains a detailed
discussion on particle drifts for 40 keV ions and the displacement of their drift surfaces
with respect to the flux surfaces. The values of the fast-ion density, initially given in
cylindrical coordinates, have been interpolated in the VMEC grid of the corresponding
magnetic equilibrium. In this way, we get n, = ny(s, 0, ¢), where 6 and ¢ are the VMEC
poloidal and toroidal angles, respectively.

We may immediately calculate the flux-surface average of the fast-ion density as in
(1.9). The dependence of the fast-ion density on p and the energy profiles are presented

in figure 6.9 for the four combinations of the n. and 7, limiting profiles of section 6.1.
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Figure 6.9: (a) Flux-surface-averaged fast-ion density as function of p, (b) energy
histogram (both for NBI1 only) and (c) comparison of the NBI1 and NBI2 fast-ion
density profiles for the low-density high-temperature case.

The most representative feature, shown in figure 6.9a, is the dependence of the fast-ion
density on the collisionality of the different combinations of densities and temperatures:
higher collisionality results in earlier losses, faster thermalization and a lower density
of fast ions. In all cases, the energy distributions, presented in figure 6.9b, clearly show
three steps coinciding with the operational energy values of the NBI. The fact that the
slowing-down rate of fast ions against electrons decreases with energy makes fast ions
spend a longer time at lower energies, which results in particle accumulation in the low
energy range. The shape of the energy histograms at low energies is notoriously different
for cases with same density but different temperatures. On the one hand, the maxima of
the histograms are displaced to lower energies because of the lower values of the critical

energy (the energy above which the electron drag dominates over the ion drag and which
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is roughly given by E. ~ 157, for a pure-hydrogen plasma [14]) at low temperatures.
On the other hand, the total number of particles at low temperatures is smaller due to
the higher values of the diffusion coefficients (see equations (26)-(31) of reference [29]),
which shortens the slowing-down time and lifetime of fast ions. Figure 6.9¢ shows that
the central fast-ion density is similar for both NBIs, while it is higher in the outer region
of the plasma for NBI2. This is caused by the significantly different amount of prompt
losses (we have considered as prompt those that occur before 10 us) associated to each
injector (see figure 6.10). This difference is caused by the opposite radial displacements
of the drift surfaces, which are inversely proportional to the pitch-angle, of the particles
injected by each NBI [48]. In TJ-II, the consequence is that the drift surfaces of particles
injected with NBI1 (co-injection) move towards the helical coil, where they are more
likely to collide with the vacuum vessel. In the case of NBI2 (counter-injection), they
move towards the low field side of the plasma, where there is more space between plasma
and vessel. These different amounts of prompt losses affect the average lifetime of the

fast-ion distributions, represented in figure 6.10 by dashed lines.
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Figure 6.10: Histogram of the markers’ lifetime for both NBIs in the low-density high-
temperature case. The smaller plot shows the same information in the [0, 9] us time
interval in higher resolution. The dashed vertical lines indicate the average lifetime of
the markers for both injectors, t=4.45 ms for NBI1 and t=>5.04 ms for NBI2.

Although the dependence of the distribution function on 7; and FE, is not explicitly
shown in this work, we have checked that the effect of moderate changes of these variables
on the distribution function is small. As the slowing down is dominated by electrons for
fast ions, small changes on the already low T; do not affect the slowing-down distribution
function. Also, the slight dependence on E, is due to the high energy of fast ions, for
which the E x B drift is overcome by the magnetic tangential drift, and the fact that
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the NBI markers are all passing, which makes the E x B drift less important for the
confinement of fast ions. The impact of Z.;s on the distribution function in the range
Zesr < 2 is also minor. The main effect of thermal ions on the fast-ion population comes
through pitch-angle scattering, which transfers fast ions from the passing to the trapped
regions of phase space. Since pitch-angle scattering becomes relevant at low energies (< 5
keV) and, for this range of Z.s¢, the difference between main-ion and impurity densities
is large, the effect of Z s on the fast-ion distribution function is small. However, as we
shall see, Z.; has a much larger effect on the electron return current, which decreases
with Z.ss (see section 5.2), and thus on the NBCD.

The absence of CX reactions in these simulations makes all the available power go to
either bulk ions or electrons or wall losses. The amounts of power transferred to the bulk
plasma are shown in figure 6.11. The results show that, as expected, higher collisional

plasmas absorb more efficiently the power from the NBI.

x10Y x10Y
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Figure 6.11: Power deposited by NBI1 (a) and by NBI2 (b) as a function of electron
density and temperature for 500 kW port-through power.

In addition, the amount of power that goes to the plasma is higher in the NBI2 case.
This is again explained by the higher amount of prompt losses of NBI1, which makes
NBI2 inject effectively more power. It is worth noting that while the available power is
independent of the electron temperature (recall figure 6.7), the deposited power in the
plasma shows this dependency due to the slowing-down process (see figure 6.11). Should
CX reactions had been included in the simulations, the power deposited would have been
reduced by their corresponding amount of CX power losses, whose range of values was
given in section 6.1 as calculated by FAFNER2. One caveat to consider, in case of a
comparison of FAFNER2 results against ASCOT5’s, is that FAFNER2 is only able to
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Figure 6.12: (a) Radial coordinate (blue line) and magnitude of the magnetic field (red
line) seen by a marker during its collisionless trajectory, (b) zoom in the region between
the black lines shown in figure (a) and centered at t = 76.79us.
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Figure 6.13: Flux-surface-averaged fast-ion densities obtained from full-orbit (FO) and
guiding-center (GC) ASCOT5 simulations for the low-density high-temperature case. The
results of the simulations give a higher population of fast ions for the GC case compared
to the FO one. This excess of fast ions is located in the outer part of plasma.

follow markers using the guiding-center formalism. This assumes that the magnitude
of the magnetic field does not change significantly along the gyro orbit (|B/VB| < py,
where py, is the Larmor radius). However, as shown in figure 6.12, fast-ion trajectories in
TJ-II cover the plasma cross section almost entirely, exploring regions of the plasma where
the magnetic-field intensity experiences variations larger than 15% during one single
gyro-orbit, which, rigorously speaking, makes the formalism inappropriate. Although

a detailed analysis of guiding-center and full-orbit simulations is out the scope of this
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study, an illustration of this difference is shown in figure 6.13, in which it can be observed
that the fast-ion population is higher in the guiding-center case and that the difference is
placed in the outer part of the plasma. Both results have been obtained with ASCOT5.

6.4 NBCD

In chapter 5, we saw that the total NBCD, Jj, was the contribution of two terms: the

beam current, J, and a correction factor, 1 — A, coming from the response of the plasma

electrons to the beam current,
(6.1) S =Ty (1= A).

Now that we have calculated the fast-ion distribution function, we are in a position to
calculate Jy| using the analytical expression of A that was derived in section 5.2. As it
was shown in the previous section, the fast-ion density is not a flux function and neither
is A, since it actually depends on the magnetic field on the flux surface (see equation

(5.21)). The 2D maps of Jy, 1 — A and J) are shown in figure 6.14.

250

200

150

Jyp(kA/m?)

100

Figure 6.14: Top panels: 2D maps of Jy, 1 — A and Jj at ¢ = 45°, together with the
contours of three flux surfaces represented by white dashed lines (p = 0.17, p = 0.46,
p = 0.65). Bottom panels: the same quantities evaluated along 6 on those flux surfaces.
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6.4. NBCD

That figure shows that the beam-driven current is not a flux-surface function. While
Jy| exhibits a structure similar to that of n;, and produces a flux-surface-averaged current
density, (Jy), that peaks at the core, .Jj reflects the fact that J is more efficiently
shielded by electrons in the core, where the trapped particle fraction is lower, and its
flux-surface average peaks around s = 0.1 (see figure 6.15). The contribution of J to the

total toroidal current inside a flux surface is calculated as follows,

ItOT(S) = /JB . dS¢

s 2
—/ ds’/ Jib - Véy/gdo
0 0

s 27 qu
:/ dsl/ ‘]Hf\/gdg
0 0
* dItor
2 = ds —
(62) | s

where dSyg = V¢,/gdsdf is the surface differential at constant toroidal angle ¢, and
B? = B - V¢ is the contravariant component of the magnetic field along ¢. All these
quantities are calculated with the vacuum VMEC equilibrium used in the slowing down

simulations. The profiles of the toroidal current density, dZ,./ds’, and the integrated

—___;_.a.-
10 e
,/’ _____________;4
PPt
8 Rtaa
§ —— dZi,/dsNBIL 43
= o —— [T /ds| NBI2 | T
=3 /' -
\:5 ,/, === T, NBIl =12 £
g 4r J === |Z;r| NBI2 —
-~ ,I
'I
ol // 1
/
4
! Il
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Figure 6.15: Toroidal current density profiles (solid lines) and integrated current (dashed
lines) by for the lowest collisionality case and both co (red) and counter (blue) injected
neutral beams.

current, Zy,,.(s), created with NBI1 and NBI2, for the low-density high-temperature case,
are shown in figure 6.15. Following a trend similar to that of the fast-ion density (recall

figure 6.9¢), the NBI2 current density is higher in the outer part of the plasma, which is
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Figure 6.16: Dependence of toroidal current created by NBI1 (a) and NBI2 (b) on
plasma parameters.
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Figure 6.17: (-profile of the standard magnetic configuration of TJ-II in vacuum and
introducing the current profile of the high-density low-temperature case (+4 kA)

again caused by the lower level of prompt losses of NBI2. The electron response given
by the 1 — A factor in equation (6.1) acts equally on both beams. The total integrated
current, given by I = Z;,,.(s = 1), is represented in figure 6.16. Assuming that the rest
of contributions to the total toroidal current are the same whether we use NBI1 or
NBI2, it can be observed that balanced injection at same power would not achieve fully
compensated toroidal current (I ~ 0) since NBI2 systematically produces higher absolute
values of the current for the same amount of port-through power injected. This can be
explained again by the difference in the amount of prompt losses described in section
6.3. In figure 6.17, a comparison of the t-profiles of the vacuum standard configuration

of TJ-II and including a positive current profile. The effect of the positive current is
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6.4. NBCD

increasing the rotational transform.

6.4.1 Radial fast-ion current

Another interesting quantity we can study for completeness is the perpendicular fast-ion

current, which can be calculated from the parallel component

(6.3) J . =J—Jpb

Since we can calculate J from the 6D distribution function given by ASCOT5 and, in the
previous section, we have calculated Jj;, we can obtain J, from (6.3). The perpendicular
current is around two orders of magnitude lower than J; and its distribution across the
plasma cross section is completely different to that of J|. The values are plotted in figure

6.18.
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Figure 6.18: Components of J; in VMEC coordinates for the low-density high temper-
ature case.
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Figure 6.19: Radial profile of (J5) and its radially integrated values.
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Figure 6.18 shows that the three components of J, present regions with positive and
negative contributions, although not quantitatively symmetric. The VMEC coordinate
system allows for an estimation of the radial fast-ion current density (J5 = J, - Vs). In
figure 6.19, the radial current flowing through the flux surfaces and its radial derivative
are plotted. The radial current can be relevant for neoclassical calculations of FE,, since
the outward flow of fast ions can induce an extra contribution to £, comparable to the

ambipolar value.

60



7. Experimental validation of NBCD
in TJ-1II

In this chapter, the theoretical model and numerical tools presented in chapters 5 and 6
will be tested against experimental results obtained in actual TJ-II plasmas. Specific
sets of shots with stationary plasma profiles have been designed for the model validation.
This guarantees that the source of driven current is roughly constant and that, once
the externally driven inductive components are removed (see Appendix B), the time
evolution of plasma current measured experimentally is only originated by the plasma
self-inductive response to the internal current sources. Since the plasma current does
not reach its steady-state value because the L/R time (7.r) can be comparable or even
much larger than the shot duration, we need to fit the time trace of the plasma current
to a shifted exponential, being the fitting parameters the saturation current (/°*?) and
Trr. In order to explore the range of validity of the numerical results, different plasma
scenarios have been studied: high-density NBI and low-density NBI+ECRH plasmas. In
addition, a comparison of the shined-through power has been also performed. Although
the simulations performed for this chapter are very similar to the ones in chapter 6, it
is worth mentioning that, due to the more realistic character of the following results,
the version of ASCOT5 used here includes the CX reactions, which are very relevant in
the case of (low density) ECRH plasmas due to its low collisionality!. Another effect
to consider for the experimental validation is that, in the absence of other sources of
current, such as electron cyclotron current drive (ECCD), the measured plasma current
is the combination of NBCD and bootstrap current. In order to isolate the NBCD, a

determination of the bootstrap current has been done using the code DKES.

Low-collisional plasmas, such as low-density and/or high-temperature plasmas, have longer slowing
down times. This causes that CX reactions play a larger role.
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NBI Parameters

Injector \ #Shot \ Ve KV] \ PT Power kW]

53577 29.5 477
NBI2 53605 27.1 324
54097 27.8 286
NBI 24000 32 430

Table 7.1: NBI parameters of the shots studied

7.1 Plasma scenarios

Four different plasma scenarios have been chosen for the validation: two NBI2+ECRH
(#53577 and #53605), one NBI1+ECRH (#54097), and one pure NBI1 (#24000) shots

TJ-11#24000
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Figure 7.1: (a) Time traces of the TJ-II shots #24000, and (b) #53577. For each
shot: top panels show the injected ECRH and NBI powers; middle panels show the line
averaged density and electron temperatures at the plasma center; and bottom panels
show the plasma current together with the exponential fit.
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7.2. PLASMA PROFILES

with different NBI port-through (PT) powers and beam-acceleration voltages (Vi)
(these values are summarized in table 7.1). Ideally, it would be desired to have NBI-only
heated plasmas (similarly to #24000) but the harsh density control in NBI plasmas
prevents us from achieving this condition and ECRH must be used as a density actuator.
The drawback of this approach is that the use of ECRH constraints us to low-density
and high-electron-temperature plasmas. An attempt of achieving pure NBI plasmas
was carried out during the days of the experiments unsuccessfully, even after a recent
lithium+boron conditioning of the vacuum vessel. The time evolution of some significant

quantities of two representative shots are plotted in figure 7.1.

7.2 Plasma profiles

The electron density and temperature radial profiles have been obtained from measure-

ments of the Thomson scattering diagnostic and from the helium-beam and profile-

reflectometry diagnostics.
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Figure 7.2: (a) Kinetic profiles shots #24000, and (b) #53577 measured at ¢t = 1120

ms.
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The first one provides the profiles in the core and intermidiate regions of the plasma,
while the other two are used for the external one. The experimental measurements of
these diagnostics have been fitted to a smooth profile by means of a Bayesian method
[49] and ensuring that the interferometric measured line-averaged density is consistent
with the computed profile. The Z.; profile is obtained from radiative measurements and
the ion-density profile is deduced from the Z.¢; and electron-density profiles. Likewise,
the ion-temperature profile has been obtained from the core ion temperature given by
the neutral-particle analyzer (NPA) accordingly to the method developed in [49]. The
plasma profiles of the shots #24000 and #53577 are depicted in figure 7.2.

In the cases of the NBI+ECRH shots, the radial profiles of the electric field have been
obtained from heavy-ion beam probe (HIBP) measurements and Doppler relectometry
(DR) and both diagnostics give consistent results (see figure 7.3). The plasma potential
(¢) provided by the HIBP has been fitted to a 5"-grade polynomial (Ps) from which the

electric field has been calculated as

(7.1) E.(p) = Vo = —% (V5.

The raw data from the diagnostics showed no relevant differences between the three
NBI+ECRH shots and only one representative case has been taken for the simulations.
In the case of the pure NBI shot, only the DR measurement was available and the
data have been fitted to a Ps-curve that is everywhere negative (figure 7.4), which is a
typical feature of NBI plasmas in TJ-II, unlike in low-density ECRH plasmas, where it

is everywhere positive [50]. In addition to this behaviour, mixed situations can be found
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Figure 7.3: Plasma potential measurements from HIBP and corresponding fit for the
NBI+ECRH shots (a) and electric field accordingly to HIBP and DR measurement (b).
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Figure 7.4: DR measurement and corresponding fit for the pure NBI shot.

in which the electric field changes its sign at some radial positions, as in our cases (see
figure 7.3). Lastly, the profiles of thermal hydrogen neutrals have been calculated with
the transport code ASTRA [51] (coupled to EIRENE) using the same plasma profiles
described above and other transport parameters such as the confinement time or the
recycling factor of the wall. The neutral densities show only slight differences between
the different shots.
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Figure 7.5: Neutral density profiles of the different shots as calculated by ASTRA.
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7.3 Simulation results and validation

The simulation setups have been prepared as explained in chapter 4 and performed for

the plasma scenarios presented in the previous section.

7.3.1 Shine through

The initial energy of the markers and PT powers of the simulation correspond to those of
table 7.1 and the particle fractions have been obtained from spectroscopic measurements
in the NBI ducts [52] being 38%, 30% and 32% for the energies F,ux = €Vice, Fmax/2
Ernaz/3, respectively, for NBI1 and 48%, 24% and 28% for NBI2. From the results of
the BBNBI simulations, we can estimate the power loads to the wall due to the shine
through (ST) and compare with the measurements of an infrared camera (IRC) installed
in TJ-II to perform thermographic measurements. The experimental values of the shine
through have been calculated assuming that the temperature rise in the beam dump of

the vacuum chamber due to a continuous injection of the NBI is given by

(7.2) T(t) =Ty + %\/Z,

where Tj is the initial temperature of the target, @) is the heat flux, and C(T) is a
temperature-dependent coefficient specific of the material of the target [53]. The term
C(T') can not be estimated due to the uncertainty in the composition of the beam
dump because of the recurrent treatment of the first wall with boron or lithium to avoid
sputtering from the walls. To sort out this uncertainty, the expression used to obtain the

ST-power fraction out of the injected power is

Qshot Tshot o Tshot
0

7.3 = = nat .
( ) fST Q’UCLC T’U(lC _ Té)ac

max

Here, the superscripts refer to the values measured either during the actual shot (shot)
or during a calibration shot in vacuum (vac), see figure 7.6. The values obtained both
with BBNBI and experimentally (by means of equation 7.3) are in close agreement and
show to be quite high, specially in the low-density NBI+ECRH plasmas (see Table 7.2).
In figure 7.7, images of the IRC at different times of the NBI1 pulse of shot #53605 are
presented together with the ST-power loads as calculated by BBNBI.
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Figure 7.6: Beam-dump temperature from IRC signal during shot #53605 and a cali-
bration shot without plasma. A high-temperature filter only only allowed measurements
above 500 K in shot #53605. The initial temperature before the NBI pulses was 315 K.

Shined-Through Power [%]
Injector | #Shot | BBNBI | IRC

23577 70 67
NBI2 23605 67 66

54097 71 -
NBI 24000 54 49

Table 7.2: Shine-Through powers as calculated by BBNBI and measured with IRC. The
IRC was not available for shot #24000.

7.3.2 Distribution function and power balance

The dynamics of fast ions taken into account in the simulations has three different
contributions: the Hamiltonian motion due to the electromagnetic field, the slowing down
and pitch-angle scattering produced by collisions with the bulk plasma, and the stochastic
CX reactions. The relative importance of these mechanisms can produce quite different
steady-state fast-ion distribution functions. At fixed available power, a more collisional
plasma (lower and higher plasma temperatures and densities, respectively) would reduce
the fast-ion density because of the earlier thermalization and more intense pitch-angle
diffusion. Likewise, low fast-ion energies and high neutral densities would reduce the
population of fast ions due to a strong diffusion of neutralization/reionization cycles
by CX reactions. The computed fast-ion density profiles, ns(p), shown figure 7.8a, are
approximately one order of magnitude lower than their corresponding plasma densities.

The fast-ion densities are ordered accordingly to the available powers (see table 7.3)

67



CHAPTER 7. EXPERIMENTAL VALIDATION OF NBCD IN TJ-II
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Figure 7.7: Images from the IRC at different times during the shot (top-left,top-right
and bottom-left figures) and ST power loads as calculated from BBNBI (bottom right).
The colorbar of the computed results have been saturated at 7.5 - 10* [W/m?] to show
clearly the distribution of the power over the first-wall elements, being the maximum
value obtained in the simulation 5 - 10° [W/m?|
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Figure 7.8: (a) Fast-ion density and (b) fast-ion beta profiles, calculated by ASCOTS5.
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Figure 7.9: Fast-ion energy distributions. The numbers in parenthesis are the average
energies of the distributions.

being shot #24000 the one with the highest fast-ion density despite being the most
collisional plasma, as a result of the more efficient ionization of NBI neutrals due to the
higher plasma density. On the contrary, this shot presents values of fast-ion pressure
(B = pt/Pmag, where py = nyE; and ppe, = (B?)/2u0 are the fast-ion pressure and the
magnetic pressure respectively) similar to those of the other shots. The average energy
of the fast-ion distribution of shot #24000 is lower than in the other shots (see figure
7.9), which compensates for the higher fast-ion density and results in ; values closer
(and even lower) to the ones obtained in the other shots. This lower average energy is

caused by the presence of a larger amount of slowed-down particles in the distribution
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(e.g particles with energy below 10 keV), which are missing in the other shots due to
the dominance of CX reactions. In fact, almost only newly born fast ions populate the
distribution functions of the low density shots (notice the decay of the number of particles
as energy decreases, starting at each of the injection energies of the NBI).

The balance between the available power (P,,) and the power distributed between

the different channels is presented in table 7.3. Roughly, orbit losses (P,) represent 10%

Power balance [kW]
Injector \ #shot \ P, \ B \ P.. \ P,

53577 | 144 | 12 | 103 | 29
NBI2 53605 | 109 | 10 | 74 | 25

54097 | 86 | 6.5 | 64 | 16
NBI 24000 | 203 | 28 | 58 | 117

Table 7.3: Distribution of available power between different channels.

of the available power in all cases, while 70% is lost by CX (P..), leaving a 20% for
heating (P,). The exception is shot #24000, for which only 28% of the available power
is lost by CX and 58% is transferred to the thermal plasma. The reason for this is
understood by examining the different neoclassical (orbits and collisions) and CX time
scales, characterized by 7,., and 7., respectively. According to the simulations results,
Tneo ~ 2D ms is found for the NBI+ECRH plasmas and 7,,., ~ 10 ms for the NBI shot,
while 7o, = [ngoe(v)v] ™t ~ 1 ms is obtained for a neutral density ny = 10 m=3 and a
fast-ion energy (E;) of 15 keV. At this energy the CX cross section is o, = 1071 m?
(see [54]). The smaller difference between time scales found in the NBI shot make up for

the different behaviour in the mentioned power balance.

7.3.3 Validation of NBCD calculations

In this section, the results of the toroidal plasma current are compared against the
experimental measurement. There are two sources of current in these plasmas: bootstrap?
(BS) and NBCD. The bootstrap current has been calculated with the code DKES for
each shot and the radial profiles are presented in figure 7.10. The integrated values at
the edge are always positive (same direction as the magnetic field) and smaller than 0.2
kA. The NBCD contribution (accounting for the current driven by the beam ions and

the electron return current) has been calculated with the procedure followed in chapter

2Bootstrap current is produced by the neoclassical transport of the thermal plasma species (see
[2, 55]).
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Figure 7.10: (a) Bootstrap-current density and cumulative current for NBI1 shots and
(b) NBI2 shots.
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Figure 7.11: (a) Fast-ion NBCD density and cumulative current for NBI1 shots and
(b) NBI2 shots.

6 and the current profiles are plotted in figure 7.11. Furthermore, the corresponding
errorbars have been also calculated by repeating the simulations with other different
possible plasma profiles within the errorbars of the Thomson scattering diagnostic and
a £10% uncertainty in the neutral densities. The experimental values were obtained
from the time traces of the plasma current measured by the Rogowski coils [28]. In TJ-II,
the coupling of the magnetic-field coil currents and the plasma current is very intense
due to the small separation between the plasma and the coils. This coupling produces

oscillations in the plasma current (see bottom panels of figure 7.1)), which hidden the
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Currents [kA]
Injector \ #Shot \ (s =1) \ Tps(s =1) \ Tin \ Loi
NBrg | 09077 | -35%04 [ 01401 [-3.4+0.4 | -3.5%0.4
53605 -2.840.4 0.1£0.1 | -2.7£04 -2.0
NBI1 54097 2.14+0.3 0.24+0.1 2.3+0.3 | 0.6+0.1
24000 3.240.9 0.240.2 3.4+0.9 1.6

Table 7.4: Computed NBCD (Z,,;), bootstrap (Zys), and total (Zy,=Z,,+Zys) currents
evaluated at the plasma edge (s=1), and experimental current (Z,;).

exponential trend that one would expect from a pure inductive response of the plasma
to a non-inductive source of current (NBCD and BS in our case). Hence, a method to
extract the inductive component out of the Rogowski signal has been developed (see
Appendix B) and applied to our shots. In addition, errorbars have been obtained by
calculating the experimental current in similar shots to the ones studied here when
possible. The values of the contributions to the toroidal current from each source and
for each shot have been collected in table 7.4 together with the experimental value. The
total calculated toroidal current (Z;,) roughly agrees with the experiment (Z,;) in the
NBI2 cases. However, the experimental currents are around half the calculated ones for
the NBI1 cases. The source of disagreement between codes and experiment for the NBI1
cases is still an open issue. The agreement between the BBNBI and IRC measurements
implies that the discrepancy is not caused in during the injection phase (beam geometry
or port-through power). This statement is also supported by the agreement of the results
in the NBI2 cases. Actually, shots #54097 and #53605 have similar injected powers but
very different plasma currents (0.6 and 2 kA, respectively), which indicates that NBI1 is
effectively driving less current than NBI2.

A possible candidate that might cause the discrepancy is the Alfvén-eigenmode (AE)
activity. Previous experience with AEs in TJ-II shows that NBI2 drives more activity
than NBI1. On the one hand, the opposite signs of the currents driven by NBI1 and NBI2
result in divergent ¢-profiles (NBI1 diminishes the vacuum values and NBI2 increases
them) that, in turn, create a very different AE gap structure. In principle, one could argue
that the gap structure of the NBI1 triggers the transport of fast ions out of the plasma
but the accurate results for NBI2 (which presents more AE activity) makes us think that
the effect of AE in the plasma current is minor. This can be investigated comparing the
measurements of the fast-ion loss detector (FILD) in NBI1 and NBI2 shots. On the other
hand, the absence of AE in NBI1 shots can be caused from a lower fast-ion pressure

than in NBI2 shots, which lines up with the results obtained here. Another candidate is
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the presence of lithium in the vecinity of the NBI1 duct. The oven used for the lithium
treatment of the wall is located right above the NBI1 duct, which causes that there is
more deposition of lithium in this area. In this case, the deposits could be sputtered from
the wall resulting in a high concentration of neutral lithium that could produce extra
CX losses (no included in ASTRA or ASCOTS5) and the reduction of the NBCD.
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8. Fast-ion role in stellarator optimiza-

tion

As it was introduced in section 1.3, the concept of stellarator reactors has numerous
advantages with respect to tokamaks, such as their inherent steady-state operation and
the absence of plasma disruptions. A successful reactor must provide a good confinement
of the alpha particles created from fusion reactions, which will be responsible for heating
the plasma by their slowing down. While ideal tokamaks present a perfect confinement of
these particles due to their axisymmetry, the lack of that symmetry in stellarators makes
alphas not to be inherently confined. This reduction of confinement would cause that
alphas left the plasma region, causing strong damages to the plasma facing components

and reducing the efficiency of the reactor.

Along with the good confinement of fast particles, a stellarator reactor must fulfill
other optimization criteria such as MHD stability, small bootstrap current, and reduced
neoclassical and turbulent transport. In order to find a magnetic configuration that
satisfies such requirements, a process of optimization must be carried out. The central
idea behind optimization is to take an already known magnetic configuration and minimize
a cost function, which accounts for the the goodness of a given configuration in terms
of the aforementioned criteria. This function is composed of proxies that quantify to
what extent each of the criterion satisfies the required level of optimization. All the
proxies have an associated weight. The minimization of the cost function is carried out
with a genetic algorithm!, which modifies the characteristic parameters of the initial
equilibrium? within predefined limits randomly and evaluate the cost function. Should
the result of the evaluation were smaller than the previous one, the modification is

acquired as a new and improved equilibrium. This process is performed iteratively to find

1Steepest-descent methods are also used.
2Examples of these parameters are the shape and the toroidal magnetic flux of the LCFS, ¥rcprg or
the S-profile.
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different families of new optimized configurations. The proxies are analytical expressions
that, besides quantifying the criteria to optimize, they are required to be computed
quickly, in order to make the optimization process computationally efficient. From the
fast-particle perspective, the proxies used are related to prompt losses of alpha particles,
which are the most dangerous losses for the reactor because particles leave the plasma in
a much shorter time scale than the slowing-down time with their initial energy almost
intact. Therefore, they are the main target of the fast-particle optimization. Prompt
losses are associated to particles that are born as deeply-trapped, performing orbits
with large radial excursions [56]. There are several proxies for prompt losses in the
literature that have been implemented in optimization suites, e.g. STELLOPT [57], with
satisfactory results such as 7. [58], Iy [59]. However, they are based on radially-local
approaches of the magnetic configuration, so they lack part of the detailed structure of
the magnetic configuration and the (radially global) fast-particle orbits. Aditionally to
prompt losses, there is another important loss channel that occurs at longer time scales,
the so-called stochastic losses [60, 61]. These losses are associated to orbits that lay near
the trapped/passing boundary region of phase space and the theoretical models of the
proxies do not include the underlying physics of such mechanism. For these reasons, it is
necessary to verify a posteriori the fast-particle confinement with orbit-following codes
to confirm the good quality of the optimized configuration.

In this chapter, we revise the procedure for the quantification of fast-particle losses
and the validation of a newly proposed proxy for prompt losses, I',, developed at
CIEMAT in different configurations of W7-X at different betas and a few new optimized
magnetic configurations, developed also at CIEMAT, in chase of a candidate for a new
and optimized experimental device. With this objective, we have taken advantage of the
expertise with the ASCOT5 code acquired while carrying out the studies of the previous
chapters to create the specific-purpose pre- and postprocessing tools required to pass
from NBI-generated fast ions to the alpha-like initial particles needed for the evaluation

of prompt losses in stellarators.

8.1 Fast-particle trajectories

Fast particles can be assorted in two different blocks: passing and trapped particles.
Passing particles explore the whole flux surface at which they were born and, therefore,
their radial drift averages out along their trajectories, so they are kept confined. On

the contrary, trapped particles only move in a region of the flux surface and in general
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8.1. FAST-PARTICLE TRAJECTORIES

they experience a non-vanishing averaged radial drift. Consequently, the objective of the
optimization procedure, regarding fast-particle confinement, is keeping trapped particles
confined or reducing the presence of superbanana orbits as much as possible.

This section is devoted to present the relationship between the bounce-average motion
of trapped fast particles and the second adiabatic invariant, [, in collisionless magnetized
plasmas, which is a very suitable formulation for understanding the dynamics and
confinement of such particles (see for instance [56]). Let us express the magnetic field as

(see section 1.1)
(8.1) B = Q,DLCFSvS X Va

Here, § and ¢ are the poloidal and toroidal Boozer angles [62], respectively, and o = 6 —1¢b.
In such a field and in the absence of electric field, it can be demonstrated (see Appendix
D) that the bounce-averaged radial and poloidal magnetic drifts relate to derivatives of

J according to

(82) aaj == %Tva -Vs
A -
(8.3) 0.7 = _Zevors g

The second adiabatic invariant is defined as

Iy,
(8.4) J(s,a,v,\) = 2v V1 — \Bdl

Iy,

and

2 [l dl
8.5 i @
( ) Ty v " T B

is the time it takes the particle to bounce once in the magnetic well (see figure D.1 in
Appendix D), where v is the velocity, [,, and [,, are the bounce points, B is the magnetic

field intensity and

(8.6) A= ——=L

is the pitch-angle variable, where v, is the perpendicular velocity. The magnetic drift is

mu? AB\ B x VB
(87) Vi = o (1 - 7) 5
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and the overbar in equations (8.2) and (8.3) denotes the bounce-average operator, defined

as

_ 2 Loy f
8.8 == S
(5.5) = s

According to equation 8.2, the net radial drift of a trapped particle in a single bounce time

dl.

is proportional to the poloidal variation of 7. In collisionless orbits, trapped particles
moves at constant J (see Appendix D). This implies that in magnetic configurations
for which J = J(s), at fixed v and A, trapped particles will be confined, as they will
only drift on their initial flux surface with the net poloidal velocity given by (8.3). The
fields that satisfy this property are called omnigeneous [63]. The W7-X stellarator was
design to be omnigeneous at () = 3% (see figure 8.1). However, such values of (/3) have
not been achieved yet and the experimental verification of fast-ion confinement in this
device is still pending. Omnigeneity together with the condition that d;J < 0 is known
as mazximum-J property. In figure 8.1, it can be seen how the structure of J changes as
(B) increases in the high-mirror (KJM) configuration of W7-X. Let us consider a particle
born in the green regions of figure 8.1. As mentioned above, particles move at constant
J, so in the case of (8) = 0%, figure 8.1a, the particle will drift radially straight away
(without precessing poloidally) and will leave the plasma quickly. On the contrary, in
the case of () = 4%, figure 8.1d, the particle will mainly precess poloidally without net
radial displacement. This confining precession will be directed counter-clockwise due to

the maximum-J7 property.

8.2 Proxies for the evaluation of prompt losses of

fast particles

A common proxy, introduced in [58], used for the optimization of quasi-symmetric

configurations is I'., which is defined as

(8.9) | —— B_1d>\ B (7)?
' T 42\ s VI AB "

Here, B4, is the maximum value of B on the flux surface and

2 -V
(8.10) Vi = — arctan LT
m |VM . VO(|
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Figure 8.1: Contours of J /v Ry in (s, a)-space for the KJM configuration of W7-X at
(B) = 0% (a), (B) = 2% (b), (8) = 3% (c) and (8) = 4% (d).

The quantity v* € [—1, 1] can characterize trapped-particle orbits. When v* =1 or
vi = —1 particles drift radially purely outwards or inwards, respectively. However, if
vi = 0 they will not have radial drift at all. In figure 8.2, v is plotted for different orbits
at a few flux surfaces. The outward-drifting orbits are represented by red colors and
the inward-drifting orbits by blue ones. It can be seen how the area with non-vanishing
net radial drifts becomes smaller as () increases, which is consistent with the closure
of the J-contours seen in figure 8.1. Therefore, 7/2v/2I, € [0, firapped) can be seen as
a measure of the portion of phase space that have non-vanishing net radial drift. The
I, proxy has shown to provide good optimization of quasi-symmetric stellarators [64].
However, its use in helias configurations was not as successful [65]. In reference [59], a

new proxy, L'y € [0, firapped], Was introduced and its results compared to Monte Carlo
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Figure 8.2: Angular dependence of ! at s=0.25 for different trapped orbits in the KJM
configuration of W7-X at () = 0% (a), (8) = 2% (b), (8) = 3% (c) and (8) = 4% (d).

full-orbit simulations performed with ASCOT5. The expression of this new proxy is

B-1
(8.11) Ta=-2 < - dw%@«a — i )Var V) (gt — a>w-—w>> ,
where O(z) is the Heaviside function. The presence of the parameters o, and a,,; can be
motivated inspecting the sketch of figure 8.1d, plotted in figure 8.3. The surface sy (dashed
green line) has two regions with vy - Vs # 0: one close to «;,, where v - Vs < 0, and
another close to ay, where vy, - Vs > 0. A particle born in an a-region of so such that
Qi > o and a > agyy will follow the J-contour precessing counter-clockwise (07 < 0)
until «;,, when it will undergo an inwards radial excursion to later drift outwards in a,
and come back to its starting position. Therefore, the orbits of this a-region are confined.

On the contrary, those of a;, < a < @, will be quickly lost, since its J-contour at
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—— e -

Figure 8.3: Sketch of the J-contours of figure 8.1d. The red and blue lines represent
the angular positions with outwards and inwards radial drifts, respectively
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Figure 8.4: Orbits identified as unconfined by I',, (crosses) for the KJM configuration
of W7-X with 8 = 4% at s = 0.25.
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that region intersects the LCFS. The opposite behaviour of these trajectories is well
captured by I',,. However, I'. will count them all as unconfined since it can not filter
the trajectories that, besides moving radially, are still confined. A visual example of the
characterization of the orbits given by I', for the KJM configuration of W7-X can be
seen in figure 8.4. The region that the model identifies as unconfined is represented with
crosses. Clearly, I'. overestimates the amount of unconfined orbits since it considers both

the reddish and blueish regions as unconfined.

8.3 Validation of the I', model with ASCOT5

The magnitude commonly used to assess the performance of a magnetic configuration
with respect to fast-particle confinement is the the fraction of initial particles that
leave the plasma as a function of time (loss fraction). As it was mentioned in the
introduction of this chapter, one of the key points of the stellarator reactor concept is
the confinement of fusion alphas. Although the prospects of realizing a stellarator reactor
are remote nowadays, the current experiments and the potential new ones must confirm
the good confinement of fast ions in stellarators. Nevertheless, in such experiments,
there will not be deuterium and tritium that react to produce alphas because of the
complicated treatment of the reactants regarding nuclear safety. In adittion, the size of the
experiments will be significantly smaller and with a substantially lower magnetic field, so
the achievable plasma densities and temperatures will not be sufficiently high to produce
relevant amounts of alpha particles even for deuterium plasmas. Yet, the assessment of
the performance of the experiments with respect to alpha-particle confinement can be
done by mimicking the behaviour of alpha particles in the magnetic configuration of the
experiment with hydrogen particles.

Prompt losses occur at a time scale much smaller than the slowing down. Then, the
behaviour of fast ions can be modeled by their collisionless trajectories and in absence
of electric field, since for fast ions vy, - Va > vg. In order to scale the alpha-particle
trajectories of a reactor down to their analogous in an scaled experiment, we impose that
the normalized Larmor radii are equivalent in both cases. Let the magnetic field, major
and minor radii of a reactor be B, = 5T, R, = 20m and a, = 2m, respectively. In such a
field, the normalized Larmor radius of an alpha particle is

(8.12) pr = P o VETalla,

Qy Ga Oy Br

«
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Now, we consider an experimental device with B.,, = 5T, Rcy, = 2m and a,p = 0.2m.
Then, the hydrogen ion that will mimick the alpha has to satisfy that py, ., = pj;, which
implies that the energy of the hydrogen is

ae:chexp

2
o = 36keV.
a, B, ) ¢

This energy scaling will be used in this chapter for both W7-X and the new optimized

configurations.

8.3.1 Initial alpha-like fast-ion distribution

The spatial and velocity distributions of the alpha particles are both uniform, so must
be the initial distributions of fast ions in the simulations. The spatial one is created by
distributing the initial positions of the markers so that the marker density is uniform on
a given flux surface (according to the Jacobian of the flux surface). Likewise, the velocity
distribution of those markers is created uniformly distributing the vector directions in an
unit velocity-space sphere to later scale the vectors with their modules in accordance to
the marker’s energy. In figure 8.5, an example of the distributions of 10* markers at 50
keV is shown in both real space (a) and in velocity space (b) for the surface s = 0.25 of
the KJM configuration of W7-X.

8.3.2 Comparison between I'y, and ASCOT5

The validation of I',, has been carried out with ASCOT5 for different configurations of
W7-X. The markers used in the simulations correspond to hydrogen ions distributed in
phase space as described in section 8.3.1 and with energy of 50 keV, which guarantees
that the Larmor radius of the markers is similar to that of the alphas in a reactor-size
W7-X. The maximum time evolution of the markers has been 0.1 s. This time is enough
for the marker to perform as many toroidal turns as an alpha did during one slowing-down
time in the reactor-size W7-X. The collisions and the electric field have been neglected
in the simulations, as it was previously nentioned. The magnetic configurations of W7-X
studied have been: standard (EIM), high-iota (FTM), low-iota (DBM), and a beta scan
of KJM with values of 0%, 1%, 2%, 3%, 4%. The markers have been initialized on flux
surfaces s = 0.06, 0.25, 0.5 for each configuration. Figure 8.6a, shows the loss fraction as
a function of time for the beta scan calculated by ASCOT5 (lines) and the prediction of

I, (squares).
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(b)

Figure 8.5: (a) Initial distribution of alpha-like hydrogen markers on the flux surface
s=0.5 of W7-X in position space and (b) in velocity space

The first feature of the plot is the improvement of confinement at high beta as
discussed in section 8.2. The second one is the two different time scales that appear for all
beta values. There is a rapidly increasing amount of losses in the interval 107* <t < 1073
s, corresponding to prompt losses, and a slower increase for t > 1073 s, stochastic losses.
The values predicted by the model agree, even quantitatively, with the values of the
simulations for the prompt losses. Some inaccuracy can be observed for low beta cases
but it must be considered that the choice of the prompt-loss time (¢ = 1073 s) is slightly
loose, since it is not clear where the initial slope of losses starts to flatten. In figures 8.6b
and 8.6¢, the loss fraction of ions born at each \ is represented as calculated by ASCOT5
and I',, respectively. It can be seen how all \ values present losses and that the effect
of increasing beta is reducing these losses both around the trapped/passing boundary
(A = 1/Bynaz) and the deeply trapped region (A = 1/Byi,). The results provided by ',
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Figure 8.6: (a) Loss fraction as a function of time obtained with ASCOT5 (lines) and
values predicted by I',, (squares). (b) Velocity-resolved loss fraction of markers born at
s=0.25 calculated by ASCOT5 and (c) T',. The dashed vertical lines represent the values
A =1/Bin (left) and A = 1/B,4, (right) for each configuration.

show good qualitative agreement with those of ASCOTS5.

In figure 8.7, the results of the proxies I'. and I, (green and red dots, respectively) for
the 8 configurations studied are plotted and compared to ASCOT5. Each row represents
the amount of losses calculated with ASCOT5 in each of the flux surfaces of interest
(s = 0.06, s = 0.25, s = 0.5) versus the values given by the proxies in the three flux
surfaces, one for each column. From the figures in the diagonal (losses calculated by
ASCOTS5 versus the prediction of the proxies for each flux surface), we can see that
the predictions of I', are more accurate than those of I'., the red dots are closer to the
diagonal line, which tends to overestimate the losses. In the figures below the diagonal,

we plot the losses calculated by ASCOT5 at a given flux surface versus the predictions
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of the proxies in outer surfaces. It can be observed that the predictions of the proxies
still succeed qualitatively in predicting the loss fraction. This suggest that the properties
ensuring fast-ion confinement are not radially local, but they are present at nearby
surfaces. In addition, if we made a linear fit of the data for each proxy, we see that the
values of the proxies on a given flux surface tend to zero faster than the ASCOT5 values
at an inner flux surface, which confirms that the proxies (particularly the new I',) can
optimize in the surface on which they are evaluated and in inner surfaces at the same
time. On the contrary, following the same reasoning, the plots over the diagonal, where
the losses predicted by ASCOT5 at a given surface are plotted against the values of the
proxies at inner surfaces, show that optimizing for a surface in general does not mean
that the fast-ion confinement is conserved in outer surfaces. Consequently, this suggests

that it is more efficient to optimize at outer surfaces.
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Figure 8.7: Comparison between the loss fractions calculated by ASCOT5 and T, for
different configurations and flux surfaces
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8.4 Quasi-isodynamic configuration

The first steps to obtain an optimized magnetic configuration that fulfils the expected
criteria for a stellarator reactor have been given using STELLOPT within the theory
unit of the Laboratorio Nacional de Fusién (LNF).

Again, we have used the ASCOT5 code to confirm the good fast-ion confinement
properties of the optimized configuration obtained with STELLOPT. The approach
taken to find a suitable magnetic configuration has been focused on quasi-isodynamic
(QI) configurations since, contrary to other configurations which exhibit other quasi-
symmetries, the bootstrap current is expected to be small.

The best candidate found so far is a compact (A=9.94) 4-period magnetic configuration
with reduced effective ripple (e.ry < 0.5%), low magnetic shear, MHD stable up to 5 ~ 5%,
low bootstrap current and fast-ion losses below 2% at 8 > 1.5% in the plasma core. The
shape of the LCFS, Poincare’s plots of the LCFS and other two inner surfaces as well as
the intensity of the magnetic field along a field line laying at s=0.06 are plotted in figure
8.8 (see reference [66] for further details).

8.4.1 Evaluation of fast-ion losses in the optimized

configuration

The proxies included in STELLOPT regarding fast-ion transport are I',, I'.. In order to
validate the confinement of fast particles and to obtain a more accurate value not only
for the fraction of prompt losses but also for stochastic losses, orbit-following simulations
with ASCOT5 must be performed. Before performing such simulations, it is worthy
examining the contours of J of the optimized configuration (figure 8.9). Even at medium
beta (8 = 1.5%), the contours close on themselves and almost align with the flux surfaces.
In addition, maximum-7 property has been achieved at all poloidal positions. These
characteristics indicate that the fast-ion confinement will be satisfactory. Here, we have
followed the full-orbit trajectories of 40 keV hydrogen ions. The results of the loss fraction
obtained for the optimized configuration for different flux surfaces and 3 are represented
in figure 8.10, along with the KJM configuration of W7-X for comparison. The results
show that indeed the loss fractions of this configuration are extremely low for 8 = 1.5%
and 5 = 4% (specially at the inner flux surfaces) and considerably lower than the best

case scenario of W7-X (KJM, g = 4%).
The results presented so far correspond to fixed-boundary VMEC equilibria.
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Figure 8.8: (a) Contours of B on the LCFS of the optimized configuration. (b) Poincare’s
plots of the surfaces s =0.06, 0.25, 0.5 at toroidal angles ¢ = 0 (blue lines) and half
period, ¢ = m/4 (red lines). (c) Contours of B/Bj on the surface s = 0.06 (left) and the
same variable along the field line & = 0 (right). This field line is represented in magenta
on the left plot.
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Figure 8.9: Contours of J for the optimized configuration at § = 1.5% (left) and
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Figure 8.10: Comparison
high mirror configurations

of the loss fractions between the optimized (LNF) and W7-X
(KJM) for different flux surfaces and /3 values.
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Figure 8.11: Filamentary coil model obtained with REGCOIL (left) and comparison of
the loss fractions between the configuoodration with and without the coils.

This means that, despite having a magnetic configuration, we do not have a set of coils
that can actually generate them. In general, the design of the magnetic coils for a given
magnetic configuration it is quite cumbersome. Firstly, the discrete arrangement of the
coils increases the effective ripple, which worsens the fine confinement of particles obtained
with the optimization procedure. Secondly, the number of coils must be suffiently low so
as to leave space in the vacuum chamber to place enough ports for diagnostics and heating
systems. Thirdly, if the shapes of the coils are very intrincated, their construction might
turn to be unfeasible from both the mechanical resistance and economic considerations.
This problem has been tackled with the code REGCOIL [67], which can generate
filamentary models of the coils suitable for a given equilibrium. The best set of coils
obtained so far is composed of 5 different coils per semi-period (see figure 8.11a). In order
to check to what extent fast-particle confinement has been affected by the presence of
the discrete coils, we have performed again the ASCOT5 simulations. In figure 8.11b, we
can see that the loss fraction in the configuration with coils has indeed increased but

they have been kept at very reasonable (< 5%) levels in the core regions of the plasma.
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9. Discussion and outlook

The methods and results presented in this thesis have been aimed at studying fast-
ion physics in stellarators making use of the state-of-the-art Monte Carlo code for
particle tracing in fusion devices ASCOT5. Although ASCOT has been previously used
extensively to characterize the fast-ion distribution functions and fast-ion losses in
magnetic-confinement devices, it has been the latest version of the code, ASCOTS5, the

one used for this work.

This thesis presents the most extensive work on fast-ion physics performed so far with
ASCOTS5 in stellarators and, in particular, it has been the first time that this code has
been used to model fast ions in TJ-II. Therefore, the thesis has required the setup of the
complete models of TJ-IT and its NBI systems, in the appropriate format, from scratch.
Furthermore, new post-processing routines have been developed to estimate different
quantities related to fast ions in stellarators.

In the case of TJ-II, an analysis of the fast-ion populations created by both NBI
systems (co and counter) was performed. In particular, the shine through, available
power, the 3D structure of the fast-ion densities (alongside their radial profiles), energy
and pitch distributions, power deposited in the plasma and NBCD have been estimated
for a wide range of accessible plasma densities and temperatures in TJ-II. What is more,
the estimation of the NBCD has required reviewing the theoretical concepts and models
needed to account for the electron response of the plasma to the NBI. These macroscopic
observables have not been only estimated but also validated against experimental results
from designed experiments in TJ-II, which serves as a proof of the reliability of the code
and the methods used from the point of view of fast-ion modelling and code validation.

In parallel to the studies in TJ-II, the ASCOT5 code has been also exploited for
performing calculations of fast-ion prompt losses in optimized stellarator configurations,
which is a cutting-edge topic in the development of stellarators as a reactor concept.
Specifically, we have calculated the prompt-loss fraction of fast ions with ASCOT5 and
validated a new proxy for this quantity. The impact of this study relies on the fact that
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the proposed new proxy has proven to be more precise than others, while being still fast
enough to be computed within an optimization-suite loop. In addition, both the new
proxy and ASCOT5 have been used to assess the good confinement of fast ions of a new
magnetic configuration that might serve as a candidate for a new stellarator device at
LNF.

It is worth mentioning that this thesis has required work on several aspects of the
fusion field that are normally tackled individually: coding, theory and experiments.
This makes the studies complete enough for a PhD thesis, yet, there is still room for
improvement. From the point of view of code validation, a natural way to continue this
research line is making a complete comparison of the results from ASCOT5 with as
many fast-ion diagnostics as possible that guarantees, without any source of doubt, the
reliability of the code in all aspects. In this sense, TJ-II and its diagnostic systems (IRC,
FILD, NPA, MSE, HIBP, magnetic diagnostics, etc) are perfect for this kind of studies.
Furthermore, including new fast-ion physics, such as AE interaction with fast ions, is an
unexplored possible source of information about fast-ion confinement in stellarators. This
is a study that can be already done with ASCOTS5, together with other MHD-stability
codes such as FAR3D.

Beyond the particular results presented in this work, the methods and tools developed
are general enough so as to be directly extensible to any magnetic configuration. In fact,
they are open to the community with the aim of being used as a starting point to carry
out further fast-ion studies in 3D magnetic configurations beyond (or complementaryly
to) the ones presented here.

The quality of the scientific results presented here is supported by the four peer-to-peer
publications in the well-known journal Nuclear Fusion (JCR-Q1) in which this thesis has

played a crucial role.
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A. Linearized collision operator

A detailed description of the linearized collision operator is given in [14]. Here, we present
the explicit expresssions used for the calculations of chapter 5.

For electron-electron collisions, we take the model operator

MV U
(A1) Cl0 = v (Llad + " ).
where
QUH
(A.2) L[ge] = @ax (v ADrge)

is the Lorentz operator,

37 0 (o/me/OT]) ~ G (vy/m[OT))
Aec (vv/me2T)

is the electron-electron collision frequency, 7. = 6v/27°%/ 263771;/ 2732 J(e*neIn Ae), In Agy

(A.3) Vee (V)

is the Coulomb logarithm for collisions between species s and s, ¢y is the vacuum

permittivity,

2 (7 e
(A.4) o(x) = ﬁ/o e ¥V dy
and
(A.5) G(z) = olx) —2¢/(z)

212

In (A.1), u, is determined by imposing momentum conservation on electron-electron

collisions,

(A.6) / v C¥90ge] =0,
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giving

_ [ veev)jged®v
f Vee(mevﬁ/Te)fMedgv

(A.7) Ue

Assume an ion species I such that \/m./m; < 1 and v; < vy, where vy is a
characteristic velocity of the ions and m; is the ion mass. Assume also that the electron
distribution can be expanded around a Maxwellian distribution. Then, one can prove
that

mev) Vi
(A8 Clo = var (£lo + " i)

where

2n; 2w Z%et In A,;
m2vd  (4meg)?

(A.9) ver(v) =

To obtain (A.8), one does not need to expand the distribution function of the ions around
a Maxwellian distribution. Hence, we can use expression (A.8) for both, thermal ions

and beam ions. That is, we take

mev) Vi
(A10) cl0) = v (£l + "G ),
with
2n; 2w Z%etIn A
Al (v) = = % ci
( ) VeilV) m2vd  (4mep)?
OV
(A12) Clo] = v (£lo 4 P g )
with
o, 2nZ%e*lnA,.
Al = Zk b
(A13) (1) = 2 A
and
Vi
(A14) Oe(i) [ge] = Vep ('C[ge] + WfMe)
with
2ny 2w Z2e* In A
(A.15) ep(v) = g T

 om2v3 (4mep)?
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Lastly,

(A.16) InA,y = In (2—]3)

cl

where the Debye’s length, A\p, and the classical impact parameter, b, are defined as

€0T5/ qsqs’ (ms + ms’)
A7 AD = | —; by =
( ) b \/ nyq>’ T dregmamy (v + %)
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B. Experimental determination of plasma

current and LR-time

In TJ-II, the time traces of the plasma current, measured by a Rogowski coil, exhibit
large oscillatory deviations from the typical exponential behaviour expected from non-
inductive sources (such as bootstrap, ECCD or NBCD) observed in other devices [68-70].
The currents of the vacuum-field coils present two superimposed oscillations at low and

high frequency (see figure B.1). These oscillations and the proximity of the coils to the

N
.

N
T

current [KA]

800 1000 1200 1400 k 1600
time [ms]

(a)

5.9

current [kA]

5.89 —CC
—— CC lowpass filtered @200 Hz

5'818020 1040 1060 1080 1100 1120 1140
time [ms]
(b)

Figure B.1: Time traces of the different coil currents (a) including current ramp-up
and ramp-down. Enlarged view of the current evolution in the central coil (b). Applying
a low pass filter helps separate high and low frequency contributions.
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AND LR-TIME

plasma (see figure B.2) produce a non-negligible inductive current in the latter. Should
the plasma and the coils be described by a circuital model, the time evolution of the

measured plasma current (Ip) is governed by

dlp dri
(B.1) TLR%"‘IP—Z:/M%"‘INI

where IZ; are the coil currents, Iy is the current due to non-inductive sources. Being Rp
the plasma resistance and Lp the plasma self-inductance, the time constant is defined
as 7Lg ‘= Lp/Rp and the induction coefficients as p; = M;/Rp, where M; are the
inductive coupling coefficient between the plasma and the vacuum-field coils. Although
the inductive oscillations of Ip(t) could be calculated using the coefficients p;, the un-
known finite-volume distribution of Ip in the plasma prevent us from obtaining a reliable
estimate. Instead, a minimization procedure has been applied to find the appropriate

values of the coefficients so that equation B.1 is fulfilled.

Figure B.2: Detailed view showing both the plasma in blue and the different coils: the
central coil (CC), in red; the helical coil (HX) twisted around CC, in green; and the
outer vertical field coils (VF), in red.
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A simple solution of equation B.1 exists when 77,z and Iy are approximately constant,
and either the ripple of the coil currents can be neglected (dI'/dt = 0) or the inductive

couplings vanish (M; = 0). In this case, the well-known exponential evolution is recovered,

(B2> Ip(t) = (IP(O) - [N[)eit/TLR + [NI

and the plasma current asymptotically approaches Iy;. When both coupling coefficients
and dI'/dt cannot be neglected, as it is the actual case, it is helpful to write eq. B.1 in
its integral form and then define the time dependent residual of equation B.1, R(t), as

(B.3) R(t) = Ip(t) + TL /t Ip(t)dt’
- Zi:ﬁiﬁ(t) - i/o Ing(t)dt' —

where 17; = p;/7rr and ¢ = Ip(0) — X;n;I:(0) is an integration constant.

0.6

T : :
——measured Ip

—R(t) - Ip

04l Inferred exponential I (t) ||

12 I I I I I I I .
1120 1130 1140 1150 1160 1170 1180 1190 1200 1210
Time (ms)

Figure B.3: Measured current /p (red line) and Ip — R (blue). The inferred exponential
behaviour is also depicted (black dashed line).

Since Ip(t) and I’(t) are known, an optimization can be performed on the rest of
parameters, namely 7;,g, 7;, Iy and ¢. The functional to be minimized is then ), |R(tx)|.
This also leads to the determination of Rp, Lp and M;, provided one of them is known.

Figure B.3 shows the result of this process applied to an NBI discharge in a time window
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APPENDIX B. EXPERIMENTAL DETERMINATION OF PLASMA CURRENT
AND LR-TIME

in which both the density and temperature were constant enough to ensure also a nearly
constant 7,z and Iy;. The red line plots the toroidal current measured by the Rogowski
coil while the blue line depicts the rest of the terms in ‘R evaluated with the parameters
given by the optimization. Both time traces should be equal at all times in order for
equation B.1 to be fulfilled. As shown in the figure, both traces show a very similar
behaviour. Since Iy; and 7y are given by the optimization, they can be used to construct
the time evolution of the plasma current as if there was no inductive contribution. This

is also represented in Figure B.3.
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C. CX effects on fast-ion confinement

in stellarators

The fast-ion dynamics is usually described and modelled by the Hamiltonian motion
driven by the electromagnetic field and the collisions with the bulk plasma, responsible
for the slowing down and the pitch-angle scattering. In addition to this dynamics, fast
ions can undergo other physical phenomena such as charge-exchange reactions with the
thermal neutral particles and molecules of the plasma. The relative dominance of all
these interactions is based on their respective time scales. The nature of the sources of
neutrals in the plasma can be very different. The main one is the recycling of the first
wall i.e. part of the hydrogen of the plasma is absorbed by the materials of the first
wall at the end of the shots and it is liberated in the succesive shots in form of neutral
hydrogen gas. Another source of neutrals is the subproduct of the CX reactions between
the fast neutrals injected by NBI and the bulk ions of the plasma: the fast neutrals
become fast ions and the bulk ions turn into thermal neutrals, which are usually called
halo neutrals. These two sources produce a quite inhomogeneous distribution of neutrals
along the toroidal direction of the device due to the higher recycling in regions with
more particle losses and the localization of the NBI ducts. There are methods to control
the recycling of the first wall such as the deposition of lithium or boron, although the
frequent use of this treatment can have deleterious effects in the plasma because of their
accumulation in the vacuum vessel. Hence, the study of fast-ion dynamics must take into

account this atomic process.

C.1 CXin TJ-1I

In order to study the interaction of fast ions with the neutrals in TJ-II we must calculate
the time scales of the different processes. The pitch-angle scattering moves particles from

the passing to the trapped region of phase space and they are quickly lost, the slowing
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APPENDIX C. CX EFFECTS ON FAST-ION CONFINEMENT IN
STELLARATORS

down only reduces the energy of the particles. Thus an increase of the collisionality would
enhance both mechanisms (collision-driven orbit losses and thermalization) reducing the
confinement time of fast ions. These two processes can not be decoupled, since they both
depend on the plasma parameters, so we will give a joint neoclassical time scale 7., for
the case in which CX reactions are not taken into account. The time scale for the CX
reactions can be estimated by 7., =~ [ngoe.(v)v]™!, where ng is the neutral density, o, is
the CX cross section, and v the fast-ion speed. The dependence of the cross section on
the ion’s energy is plotted in figure C.1. Then, we can estimate that, for a 15 keV ion

and a typical TJ-II plasma neutral density ny ~ 10 m™3, 7., ~ 1 ms.

=14

W+ =l 40t

7 %
10 ; " n PR " 2 PR i A i
0

1 [ 10 oo
kev (HY)

Figure C.1: Cross section of atomic reaction Ht+H— H+H™ as a function of the energy
of the reactant ion [54].

It can be seen in figure C.2a that in an ECRH (low collisional) plasma (shot #44272)
Tneo ~ 25 ms. The different time scales 7,., and 7., explain the results of chapter 7,
where we saw that in the low-collisional plasmas the CX reactions clearly dominate over
the neoclassical dynamics. Futhermore, the energy distributions, figure C.2b, show that
almost the only fast-ion energies present in the distributions are the ones very close to
the injected energies of the NBI, reflecting that fast ions barely deposit energy in the

plasma. The dominance of the CX reactions in ECRH plasmas is obvious when looking
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at the fast-ion density and g-profiles, see figure C.3, that are strongly reduced in the
case with CX.
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Figure C.2: (a) Lifetimes of fast ions. (b) Energy distributions for ECRH shot #44272
with and without CX reactions.
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Figure C.3: (a) Fast-ion densities. (b) g-profiles for ECRH shot #44272 with and
without CX reactions.

It was shown in chapter 2 that 7,,., ~ 5 ms for high-density NBI plasmas. In this case,
the two time scales are closer and result in a much smaller effect of CX in the fast-ion
population because of the earlier thermalization of fast ions than in the ECRH case.

Figure C.4, shows indeed that the shorter 7,,, in a medium-density NBI plasma recovers
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STELLARATORS

the part of the distribution function in the energy range between the three distinct NBI
energies, reducing the CX effects even with the same neutral density than in shot #44272.

Likewise, the lower effect of CX is observed in the fast-ion densities and S-profiles, figure

C.5.
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Figure C.4: (a) Lifetimes of fast ions. (b) Energy distributions for ECRH shot #44257
with and without CX reactions.
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C.2 CXin W7-X

The interest of CX reactions in W7-X has arised from previous studies on the power
loads to the first wall by fast-ion losses [71]. This study showed that there could be
important hot spots of power losses caused by fast ions, but no quantitative agreement
was observed with IR imaging. A possible candidate causing these discrepancy between
the simulations and experiment was thought to be the diffusion of fast-ion losses induced
by CX reactions. The first step towards the assessment of this proposition is simulating
a W7X shot including CX reactions. As for TJ-II, the neutral density present in the
plasma is highly dependant on the toroidal region. In reference [72], upper and lower

limits for the neutral-density profiles were given from experimental measurements.

Core Neutral Densities 20180920.013

EMC3 neutral atom density bounds
Spectrometer AEA21_A
Spectrometer AEM21.57
Spectrometer AEM21 S8

++ |

[

=
=
1

1014

Neutral Atom Density [m~3]

1013

0.0 0.1 0.2 03 0.4 05 0.6
Effective Radius [m]

Figure C.6: A comparison of the core neutral density measured in the experiment
(colored symbols) with the core neutral density profiles in EMC3-EIRENE. Because the
neutral density varies depending on toroidal location, an upper and lower bound are
given [72].

Taking these profiles, figure C.6, shot number 20180918.045 has been simulated
including CX reactions. The results of the simulation are plotted in figures C.7 and C.8.
The results imply that the influence of CX reactions is negligible, with only 4% and 1%
ionized power lost due to CX for the maximum and minimum neutral density profiles,
respectively. This low loss of power is understood comparing the time scales of 7,,., and
Tew- While 7., ~ 10 ms, figure C.7a, the estimated time scale of CX for the densities of
figure C.6 and the NBI energies of W7-X (55, 28 and 18 keV), see figure C.1, is 7., ~ 100

ms, which is much longer than the slowing-down time!, so CX reactions occur at a time

IThe good confinement of trapped particles in W7-X results in a very low percentage of fast-ion
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scale not explored by fast ions. Furthermore, the CX losses would only become important

if the neutral densities reached high enough levels so that 7., ~ Teo-
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Figure C.7: Lifetimes of fast ions, (a), and energy distributions for shot 20180918.045
with and without CX reactions, (b).
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Figure C.8: Fast-ion densities, (a), and [-profiles for shot 20180918.045 with and
without CX reactions, (b).

As for the diffusion of the hot spots, figure C.9 depicts the power loads in W7-X
calculated by ASCOT5 with and without CX reactions. The accumulation of fast-ion
power loads in the case without CX does not dissapear in the case with CX, due to the

losses, hence, slowing down is the main neoclassical effect for fast ions in W7-X.
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low level of power lost by CX. Yet, the extra power losses due to CX appear scattered

over the first wall when CX are considered.

No CX | CX

Figure C.9: Power loads calculated by ASCOTS5 for shot 20180918.045 with and without
CX reactions.

Recent new studies about the NBI-produced wall loads have shown agreement between
simulations and experiment [73] even though CX reactions were not included in the
calculations. This lines up with the results presented in this Appendix, taking into
account that if the estimates of the wall loads due to CX losses had been higher the

numerical results presented in [73] would not have agreed with the IR measurements.
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D. Trapped particles and bounce-averaged
drifts

The orbits of particles moving in an inhomogeneous magnetic field can be divided in two

groups: passing and trapped. The parallel velocity can be written as
(Dl) U” = :]:U\/l — AB

where A = i/ E = v? /(v?B) is the pitch-angle variable. As it was shown in chapter 2, the
magnetic moment (u) is conserved along the collisionless orbits of the particles and so it
is the energy (E). Thus, A is also conserved, which implies that there exist a magnetic
field B,.s)1/A at which the parallel velocity becomes complex which physically means
that there are regions of the magnetic field through which the particle can not penetrate
and it is reflected back and forth, bouncing between two points of the magnetic field line

such that {B(ly) = Byes}i=1,2 and {v)(ly;) = 0};=1,2 (see figure D.1).

passing

trapped
~—

Prmin

&1 &V ’JZ

Figure D.1: Scheme of the magnetic field intensity along a field line. Trapped orbits
correspond to particles that are reflected at points (I and lpy) where the magnetic field
is lower or equal than the maximun one (B,,.,) at a given flux surface.
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These particles are said to be trapped!. However, if the particle has a low enough
perpendicular velocity, its corresponding B, could be higher than the maximum magnetic
field of the configuration (B,q,). For this particle v # 0 everywhere in its trajectory
and it is said to be passing?. Trapped orbits, in general, are not well confined and a
extreme case of trapping appears when B, is close to the minimum of the flux surface
(Bymin)- This case is called deeply trapping. The particles trapped in these deep magnetic
wells cover a very small region of the flux surface, which makes them leave the magnetic
configuration much more promptly than other trapped particles that can cover a wider

region of the flux surface.

(b)

Figure D.2: Orbits of lost (a) and confined (b) particles in W7-X. The red dots represent
the initial position of the particles and the blue ones the final position. The portion of
the flux surfaces correspond to one period of the magnetic configuration. Notice the short
toroidal excursion of the lost particle.

Notice that the terms trapped and confined orbits/particles have a different meaning, since a
particle trapped between two points of a magnetic field line can be confined (it does not leave the
magnetic configuration) if its (bounce) average radial drift vanishes.

2Passing particles are always confined, since they cover the whole flux surface and their (flux)
averaged radial drift vanishes, (v - Vs) = 0.
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D.1. EXPRESSIONS OF THE BOUNCE-AVERAGED DRIFTS IN TERMS OF J
FOR COLLISIONLESS ORBITS.

In figure D.2, two trapped particle orbits are depicted. The figure on the left corre-
sponds to a deeply trapped particle, which is quickly lost due to the radial magnetic
drift, while that on the right shows the orbit of a confined particle, even though it is also
trapped, due to the tangential magnetic drift.

D.1 Expressions of the bounce-averaged drifts in

terms of 7 for collisionless orbits.

In this section, the expressions of the bounce-averaged drifts (radial and tangential) as
a function of the second adiabatic invariant, J, are derived for collisionless trapped
orbits. In addition, we demonstrate the J-conservation using those expressions. The
importance of these expressions lie in that they give a very clear image of the link
between the movement of the trapped particles and the magnetic configuration, since
the bounce-average drifts on the flux surface depend on the structure of 7 that, for a
given A, is a function only of the magnetic configuration.

We consider a stellarator with nested flux surfaces in the reference system (s, a,1). The
first coordinate, s, determines the flux surface; «, is the angular coordinate that labels
the magnetic field lines at a fixed s and [ is the length along the field line for fixed s and

a. Then, the magnetic field can be expressed as
(D2) B= Q/JLCF3VS x Va

where Y ;crg is the toroidal magnetic flux at the last closed flux surface.

We start with the expresion of the guiding-center drifts presented in chapter 2:

1

~ 1~
2

(D.3) Va=Vum,i+ Vg =

where §2; = ¢B/m is the gyrofrequency of the ions, b=B /B, v is the parallel
velocity, k = b - Vb is the curvature of the magnetic field line, i = mv? /(2B) and ¢ the

electrostatic potential.

D.2 Bounce-averaged radial drift

The radial drift is defined as v, - Vs. Hence, we start manipulating the vector terms

appearing in (D.3) after projecting them in the radial direction:
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(D.4) (b x K)-Vs
(D.5) (b x VB) - Vs
(D.6) (b x V) - Vs.

We calculate, for convinience, the Jacobian of the transformation to the (s, a, [) coordinate
system. If the vectors {e;},—s ., represent the vectors (covariant) tangent to the flux

surface in the radial, poloidal and field line directions, the vector b can be expressed as
YLers oo o ¢LCFS _ Yrcrsy

B Yrors _
B~ B Byg '~ Byg

since the vector e; = b, from which we obtain that the jacobian of the transformation is

(D.7) b

(D.8) Vi = %.

Now, ee can work out the term (D.4). The curvature K can be expressed in terms of the

contravariant vectors as
(D.9) Kk=b-Vb=(b-Vb-e,)Vs+(b-Vb-e,)Va+ (b-Vb-e)VL.

Now, taking into account that e, = b and that A x (V x B) = (VB)A — (A - V)B one

can see that the last term vanishes and then
(D.10) k= (b-Vb-e,)Vs+(b-Vb-e,)Va.

from which is easy to see that

(bx k) -Vs=(bx (b-Vb-e,)Va)-Vs=
(b-Vb-e,)(bx Va)- Vs =
(D.11) (b- Vb - e,)(gue’ x Va)- Vs =
(b-Vb-e,)(VIx Va) Vs =
N 1 B . _.
_b'Vb'ea—:— b.Vb.ea
( 15 = rors' )

where we have used that b = e, = g;;e', assuming Einstein’s summation and that the

coeffients g; = e; - ¢; are the metric coefficients. Noting that b-Vb- e, = 8lb O,r =

(b - dr) — hx@féﬁ'( 4) becomes

- B

(D.12) (bx k) -Vs=— Ay (b - B,r)

1/JLCFS
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D.2. BOUNCE-AVERAGED RADIAL DRIFT

In order to calculate the term in (D.5), is useful to write the explicit expression of

the gradient of the magnetic field intensity,
(D.13) VB = 0,BVs+ 0,BVa+ 0,BVI.
This expression, together with the tools used to obtain (D.12) we find that

(D.14) (b x VB)-Vs = (b-ea0,B — 9,B)

LCFS
The term (D.6) is analogous to the (D.5) if we exchange (B <> ¢):

(D.15) (b x V) - Vs = (b - e,dip — Dagp)

Yrors
Now, we are in the position of calculating the bounce-averaged radial drift. The bounce-

average operator is defined as

o 9 b2 [
F=— —dl

To Jiy, ‘UH‘

lb2 1
Ty = 2/ —dl
b ol

Then, using (D.3), (D.12), (D.14) and (D.15) we can write

(D.16)

2 lb2 m A
vy +vg)-V :—/ dls —( — O)(b - O,r)+
( M E) ° Tb¢LCFS lp1 {q < |UH| l( )
M ~
. B—-0,B
(D.17) (B QB =, )+

1 .
_(b : aaral@ - aaSO) :

[ }

Considering that the first term in the brackets of (D.17) can be expressed as

|v|‘|8l(f) < 0ur) = 8l(|v“|f) +0pr) — 0l|v|‘|f) - Our and that |y)| = \/%(5 —qp) — 28 and

substituting them in (D.17) we obtain that

2 b2 A
(D18) (VM + VE) Vs =— — —81(’U|||b . 8ar)dl
wYrers Ji,, 4
2

lp2 dl
- —/ (NaaB + qaa‘:p) T

qm¥rors Ji, on
where the first integral vanishes beacause v = 0 at the bounce points. Lastly the final

expression for the bounce-averaged radial drift reads

m
D.19 vy +vg) - Vs=——0,7
( ) ( M E) qmYLeFs
with
lp2
(D.20) j_2/l oy [l
bl
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D.3 Bounce-averaged tangential drift

Analogously to the procedure of section D.2, one can show that the bounce-averaged

tangential drift reads

m
D.21 + -Va=——-—0,T7
( ) (va +v5) - Ve qmYVLCrs

D.4 Conservation of 7

It is worth mentioning that due to expressions (D.19) and (D.21) one can see that

particles move maintaining the second adiabatic invariant constant,

(D.22) % = 0,7 + a0aT = 0.
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Resumen

Durante las dos tltimas décadas, los desarrollos tedricos relativos al transporte neoclasico
en stellarators han aumentado el interés por muchos aspectos de la fisica de iones rapidos
en estos dispositivos. Este trabajo esta dedicado al estudio de la dindmica de dichas
particulas asi como a la validaciéon de codigos para su modelado en stellarators, lo cual
es fundamental a la hora de interpretar datos experimentales y predecir el resultado de

experimentos futuros.

Un analisis detallado de la funcién de distribucién de iones réapidos, generados
por inyeccién de haces neutros (NBI) y calculada mediante el cédigo Monte Carlo de
seguimiento de érbitas ASCOT5, ha sido llevado a cabo en diferentes escenarios de
plasma del stellarator TJ-II. Esta funcién de distribucién se ha utilizado en el calculo
y la validacion de la corriente eléctrica producida por la inyeccién de haces neutros,
empleada habitualmente para el calentamiento del plasma. El sistema de NBI del TJ-II
ha sido simulado con el médulo de ASCOTSH beamlet-based neutral-beam injection
(BBNBI). Este c6digo Monte Carlo toma los pardametros operativos y la geometria de
los inyectores del haz de neutros y simula el vuelo de las particulas neutras hacia el
plasma, asi como su proceso de ionizacién dentro del mismo. ASCOT5, usando los iones
rapidos generados con BBNBI, la configuracién magnética, los perfiles del plasma y un
modelo de la primera pared de TJ-II, resuelve la ecuacion de Fokker-Planck asociada a
la funcién de distribucién de iones rapidos con un método Monte Carlo, siguiendo las
trayectorias de los mismos a lo largo del campo magnético y simulando la transferencia
de energia al plasma (slowing down). La funcién de distribucién calculada se utiliza
posteriormente para calcular la corriente generada por el haz de neutros (NBCD), que
tiene dos contribuciones: la corriente de los propios iones rapidos y la respuesta de los
electrones del plasma a esta corriente. La primera se calcula a partir del primer momento
en velocidad paralela de la funcion de distribucion, mientras que la segunda se obtiene
resolviendo analiticamente la ecuacién de deriva cinética (DKE) para los electrones del

plasma a baja colisionalidad. Junto con las estimaciones de NBCD, se presentan los
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RESUMEN

resultados de potencia no ionizada (shine-through), depositada en el plasma y la densidad
de iones rapidos para plasmas de TJ-II con alta densidad.

A continuacién, los resultados computacionales de la fraccion de shine-through y
NBCD han sido validados frente a valores experimentales obtenidos en escenarios de
plasma generados mediante el uso de ambos inyectores (paralelo y antiparalelo) por
separado. Las estimaciones de la fraccién de shine-through y NBCD han sido comparadas
con medidas por termografia infrarroja y la corriente toroidal del plasma medida por la
bobina de Rogowski respectivamente. Para la validacién de la NBCD, es necesario tener
en cuenta la contribucién de la corriente de bootstrap a la corriente toroidal, que ha
sido calculada con el cdédigo DKES. La comparacién de las fracciones de shine-through
muestra una buena concordancia entre las simulaciones y los experimentos para ambos
inyectores, mientras que la comparacién de la corriente toroidal calculada y la medida
muestra similitud sélo para el caso del inyector antiparalelo. Se discuten las posibles
causas de la discrepancia observada para los casos con inyeccién paralela.

Aprovechando la experiencia adquirida con ASCOTS5, se ha llevado a cabo una
validacién de un nuevo modelo (T',) que evalua de forma rapida la fraccién de pérdidas
tempranas de iones rapidos en stellarators en diferentes configuraciones magnéticas
del stellarator Wendelstein 7-X (W7-X). Esto ha permitido incluirlo en el paquete de
codigos de optimizacion de stellarators STELLOPT. La prediccién del modelo T', ha
sido comprobada con ASCOT5 siguiendo las érbitas de una poblacién de iones rapidos
uniformemente distribuidos en el espacio de fases en varias configuraciones magnéticas
de W7-X. La comparacién de la fraccién de iones perdidos hasta ¢ = 1 ms con los
valores dados por I', muestra un acuerdo cuantitativo entre los dos métodos. Este estudio
también ha demostrado el mejor rendimiento de I', frente a otros modelos, como T,
utilizados ampliamente en la optimizacion de stellarators.

Por 1ltimo, se ha evaluado la fraccién de pérdidas de iones rapidos en una nueva
configuracion cuasi-isodinamica optimizada para el confinamiento de iones rapidos,
obtenida con STELLOPT, siguiendo las mismas técnicas anteriormente descritas. Los
resultados muestran un muy buen confinamiento de iones rapidos a 8 = 1,5%, que se
convierte en excelente a 3 = 4%. Durante una segunda fase del proceso de optimizacién
ha sido disenado un conjunto de bobinas magnéticas para la nueva configuracion. A pesar
de que se esperaba una degradacién del confinamiento en esta situacién mas realista, la
fraccién de pérdidas calculada por ASCOTS5 indica que la configuracién ha preservado

un nivel bueno de confinamiento de los iones rapidos en el centro del plasma.
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