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Abstract

With the increasing energy demand of mankind and the transformation of our society
towards sustainability, nuclear fusion by magnetic confinement is a promising option for the
sustainable electricity supply in the future. In view of these prospects this thesis focuses on
the concept development of next-step helical-axis advanced stellarator (HELIAS) burning-
plasma devices. The HELIAS-line is the continued development of the prototype optimised
stellarator Wendelstein 7-X which started operation in 2015. For the integrated concept
development of such devices, the approach taken in this work encompasses detailed physics
and engineering considerations while also including economic aspects.

Starting with physics considerations, the properties of plasma transport and confinement
of 3D stellarator configurations are discussed due to their critical importance for the device
design. It becomes clear that current empirical confinement time scalings are not sufficient
to predict the confinement in future stellarator devices. Therefore, detailed 1D transport
simulations are carried out to reduce the uncertainties regarding confinement. Beyond the
well-validated neoclassical approach, first attempts are made to include results from state-
of-the-art turbulence simulations into the 1D transport simulations to further enhance the
predictive capabilities.

Next, for the systematic development of consistent design points, stellarator-specific
models are developed and implemented in the well-established European systems code
PROCESS. This allows a consistent description of an entire HELIAS fusion power plant
including physics, engineering, and economic considerations. With the confidence obtained
from a verification study, systems studies are for the first time applied for a HELIAS
power-plant which shows that the available design window is constrained by the beta-limit.
Furthermore, an economic comparison of an exemplary design point to an ‘equivalent’
tokamak shows that the total construction costs are of the same order for both concepts.

One main goal of this work — consolidating the aforementioned aspects — is the assess-
ment of the physics and engineering dimensions of an intermediate-step burning-plasma
stellarator which may be desired to mitigate development risks on the way to commercial
fusion. Therefore, two boundary cases for such a device are presented. A small fast-track
option using mostly today’s technology and a technologically more sophisticated DEMO-
like device. There is about a factor two difference in the construction costs between those
two boundary cases.






Zusammenfassung

Im Hinblick auf den steigenden Energiebedarf der Menschheit und dem Wandel unserer
Gesellschaft hin zu Nachhaltigkeit, erscheint die Energiegewinnung durch Kernfusion mit-
tels magnetischen Einschluss eine vielversprechende Option fiir eine nachhaltige Energiev-
ersorgung in der Zukunft. Angesichts dieser Perspektiven konzentriert sich diese Arbeit
auf die Konzept-Entwicklung zukunftsweisender, hochmoderner Stellaratoren mit helikaler
Achse (HELIAS) und einem brennenden Plasma. Das HELIAS-Konzept ist die Weiteren-
twicklung des Prototyps Wendelstein 7-X, ein optimierter Stellarator, der 2015 in Betrieb
gegangen ist. Zur Umsetzung einer integrierten Konzept-Entwicklung fiir solche Anlagen
wird in dieser Arbeit auf einen Ansatz zuriick gegriffen, welcher detaillierte physikalische
und technische Uberlegungen, aber auch ékonomische Aspekte, einschliet.

Ausgehend von Physik-Uberlegungen werden Eigenschaften des Plasma-Transports und
des Plasma-Einschlusses in 3D Stellarator Konfigurationen diskutiert, insbesondere auf-
grund ihrer weitreichenden Bedeutung fiir den Entwurf solcher Anlagen. Es wird deutlich,
dass die aktuellen empirischen Einschlusszeit-Skalierungen nicht ausreichen, um den Ein-
schluss in zukiinftigen Stellaratoren vorherzusagen. Aus diesem Grund wurden detaillierte
1D Transport Simulationen durchgefiihrt um die Ungewissheiten beziiglich des Einschlusses
zu reduzieren. Uber den verwendeten, gut validierten neoklassischen Ansatz hinaus werden
erste Versuche unternommen, Ergebnisse von hochmodernen Turbulenz Rechnungen in die
1D Transport Simulationen zu integrieren mit dem Ziel, die pradiktiven Rechnungen zu
verbessern.

Im n#chsten Schritt wurden fiir die systematische Entwicklung von konsistenten Design-
Studien Stellarator-spezifische Modelle entwickelt und in den etablierten europiischen
System-Code PROCESS implementiert. Dies ermdglicht eine konsistente Beschreibung
eines kompletten HELIAS-Fusionskraftwerks im Bezug auf Physik, Technik und Wirtschaftl-
ichkeit. Innerhalb einer Teststudie wurden die entwickelten Modelle validiert. Somit kon-
nten System-Studien zum ersten Mal fiir ein Kraftwerk des Typs HELIAS angewendet
werden. Es hat sich dabei heraus gestellt, dass das Design-Fenster von den Grenzen des
thermischen Beta limitiert ist. Der Vergleich eines exemplarischen Design-Punktes mit
einem gleichwertigen Tokamak hat dabei ergeben, dass die gesamten Baukosten fiir beide
Konzepte in der gleichen Grofsenordnung liegen.

Ein Hauptziel dieser Arbeit — alle vorangegangenen Aspekte zusammenfiihrend — ist die
Bewertung der physikalischen und technischen Grofen eines Zwischenschritt-Stellarators
mit brennendem Plasma. Solch eine Anlage erweist sich als niitzlich, um Entwicklungsrisiken
auf dem Weg zur kommerziellen Fusion abzumildern. Zwei Grenzfille einer solchen Anlage
wurden in dieser Arbeit untersucht. Zum einen eine kleine, zeitnah verfiighare Maschine
basierend auf heutiger Technologie und eine technologisch weiterentwickelte Anlage dhnlich
einem Tokamak-DEMO. Der Unterschied in den Baukosten zwischen diesen Grenztillen
betragt in etwa ein Faktor zwei.






As already stated by Martin Luther King Jr, our modern society seems to face ‘a poverty
of the spirit albeit our scientific and technological abundance’. In particular with the
further advancement of technology and research — to which this work contributes — we
have to remind ourselves, that the ‘value’ of such progress depends on the way we utilise
it. Scientific progress requires consequently also always an improvement of our mindset and
ethics. It is for this reason, that I want to dedicate this work to the principles of Humanism,
whose governing ideas — concisely expressed by the following quote — I support.

Nous ne pouvons pas espérer construire un monde meilleur sans améliorer les individus.
Dans ce but, chacun de nous doit travailler & son propre perfectionnement,

tout en acceptant dans la vie générale de ’'Humanité sa part de responsabilité —

notre devoir particulier étant d’aider ceux & qui nous pouvons étre le plus utile.!

— Marie Sktodowska Curie

In English: You cannot hope to build a better world without improving the individuals. To that end,
each of us must work for our own improvement and, at the same time, share a general responsibility
for all humanity, our particular duty being to aid those to whom we think we can be most useful.
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Preface

Important results which originated from this doctoral project have been published as arti-
cles in internationally recognised scientific journals with peer-review system. This doctoral
thesis is composed of these articles which are listed below followed by a description of the
contributions provided by the co-authors and by myself. The articles are ordered accord-
ing to the main topics investigated in this thesis and in chronological order therein. The
articles where I have been co-author are placed at the end.

Magnetic Confinement and Plasma Transport

o Article I

Limits of Confinement Enhancement for Stellarators
F. Warmer, C.D. Beidler, A. Dinklage, Y. Turkin, R. Wolf
Fusion Science and Technology, 68 (2015), p. 727
http://dx.doi.org/10.13182/FST15-131

e Article I1

On the Characterisation of the Edge Ion Heat-Flux in Advanced Stel-
larators

F. Warmer, P. Xanthopoulos, C.D. Beidler, H. Maafberg, R. Wolf

submitted to Nuclear Fusion, (03.11.2015)

[under revision after assessment from referees]

Design of next-step Stellarator Devices

o Article III

HELIAS Module Development for Systems Codes

F. Warmer, C.D. Beidler, A. Dinklage, K. Egorov, Y. Feng, J. Geiger, F. Schauer,
Y. Turkin, R. Wolf, and P. Xanthopoulos

Fusion Engineering and Design, 91 (2015), p. 60
http://dx.doi.org/10.1016/j.fusengdes.2014.12.028



o Article IV

Implementation and Verification of a HELIAS Module for the Systems
Code PROCESS

F. Warmer, C.D. Beidler, A. Dinklage, K. Egorov, Y. Feng, J. Geiger, R. Kemp,
P. Knight, F. Schauer, Y. Turkin, D. Ward, R. Wolf, and P. Xanthopoulos

Fusion Engineering and Design, 98-99 (2015), p. 2227

Proceedings of the 28th Symposium on Fusion Technology (SOFT-28)
http://dx.doi.org/10.1016/j.fusengdes.2014.12.021

Article V

Systems Code Analysis of HELIAS-Type Fusion Reactor and Economic
Comparison to Tokamaks

F. Warmer, S.B. Torrisi, C.D. Beidler, A. Dinklage, Y. Feng, J. Geiger, R. Kemp,
P. Knight, H. Luz, F. Schauer, D. Ward, R. Wolf

submitted to IEEE Transactions on Plasma Science, (20.07.2015), [accepted 15.03.2016]
http://dx.doi.org/10.1109/TPS.2016.2545868

Article VI

From W7-X to a HELIAS Fusion Power Plant: Motivation and Options
for an Intermediate-Step Burning-Plasma Stellarator

F. Warmer, C.D. Beidler, A. Dinklage, R. Wolf

submitted to Plasma Physics and Controlled Fusion, (28.01.2016), |accepted 27.04.2016]

Article VII

Neutronics source modeling for stellarator power reactors of the HELITAS-
type

A. Haupler, U. Fischer, F. Warmer

submitted to Annual Meeting on Nuclear Technology, (04.11.2015)

Article VIII

Wendelstein 7-X Programme — Demonstration of a Stellarator Option
for Fusion Energy —

R. Wolf, C.D. Beidler, A. Dinklage, P. Helander, H.P. Laqua, T. Pedersen, F. Schauer,
F. Warmer

submitted to IEEE Transactions on Plasma Science, (31.07.2015), [accepted 28.04.2016]



Contributions by Co-Authors and by myself

e Article I
The paper was written completely by myself and I have also done all simulations and
calculations. Y. Turkin provided the 1D code employed for the transport simulations
as well as helpful instructions. All co-authors are IPP colleagues who contributed by
constructive discussions and proof-reading.

e Article II
The paper was written completely by myself following the strategy already concep-
tually proposed in Article III. I have also re-evaluated the W7-AS data, proposed
the basic critical gradient model and done all the 1D transport simulations. P. Xan-
thopoulos provided the results from the GENE simulations, Y. Turkin the 1-D trans-
port code and H. Maafberg the W7-AS data. C.D. Beidler and R. Wolf contributed
by constructive discussions and proof-reading.

e Article III

The paper was written completely by myself. I have reviewed PROCESS and iden-
tified and developed stellarator-specific models. K. Egorov helped with the scaling
of the mass of support structure as a function of stored magnetic energy. Y. Feng,
J. Geiger, and F. Schauer consulted as experts on the development of the mod-
els. P. Xanthopoulos provided the results from the GENE simulations of Fig. 5.
Y. Turkin provided the 1D transport code. C.D. Beidler, A. Dinklage and R. Wolf
contributed by constructive discussions and proof-reading.

e Article IV
The paper was written completely by myself and I have also done the verification
study. Y. Feng provided the EMC3-Eirene result seen in Fig. 1. P. Knight helped
to implement the stellarator modules into the systems code PROCESS. R. Kemp
and D. Ward gave helpful instructions regarding PROCESS. All other co-authors
contributed by constructive discussions and proof-reading.

e Article V
The paper was written completely by myself and I have also done all simulations and
calculations. S.B. Torrisi was a student of mine who I supervised for three months
and who developed under my guidance a Python tool to do parameter scans with
PROCESS in several dimensions. R. Kemp, P. Knight, H. Lux and D. Ward main-
tain the PROCESS code at CCFE. All other co-authors contributed by constructive
discussions and proof-reading.

e Article VI
The paper was written mainly by myself. Prof. Wolf provided the overview given
in section 2 up until the caption ‘Step-Ladder Approach’. A. Dinklage provided Fig.
1 and equations (2) — (4) with some general instructions to the description. I have
done all other simulations and calculations. C.D. Beidler contributed by constructive
discussions and proof-reading.

e Article VII
The paper has been written by A. Haubler. I contributed by carrying out 1D trans-



port simulations to obtain the relevant plasma parameters. Based on these inputs,
I developed a 3D neutron source which provides a volumetric emission probabil-
ity for neutrons under the consideration of the details of the 3D magnetic field. I
benchmarked the neutron source with results available from ITER which showed
good agreement. Further, I contributed by proof-reading and corrections to the
manuscript.

e Article VIII
The paper has been written by R. Wolf. I contributed with my overall work and
results to the discussions in the section ‘Extrapolation to a Power Plant’. Further, I
contributed by proof-reading and corrections to the manuscript.

In order to put the publications listed above in context with the overall research field
of magnetic fusion and plasma physics and further to elucidate their importance for the
advancement of these fields, the following chapters will first give a general introduction
and motivation regarding these topics and some brief historical context. On this basis the
reader is introduced to the underlying theoretical concepts which build the foundation of
the current understanding of the physics of high-temperature fusion plasmas. Furthermore,
engineering concepts and limitations are introduced which are important to characterise a
stellarator fusion power plant. The results of the publications listed above are continuously
interwoven at appropriate places in the following chapters and summarised in their entirety
again at the end.
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Introduction

Throughout the history of mankind, the human desire for ‘prosperity’ has led to
incredible innovations with the purpose of easing physical work and multiplying
the human workforce thereby increasing the productivity and efficiency of societies.
However, these new technologies — like the steam engine which introduced the age of
industrialisation — required a substitutional energy source to be powered. Amplified
by the introduction of electricity and its various applications mankind developed
an ever increasing demand for energy. It appears to be evident that a sufficient
supply and availability of energy is a necessary condition for the development of
societies |1]. Figure A shows an attempt to quantify this statement, where the
power consumption per capita is shown as function of the productivity per capita
in terms of the gross domestic product (GDP). This empirical relationship indicates
that highly developed nations with a high productivity also have a higher per capita
energy consumption. It is very likely and from a humanistic viewpoint also desirable
that, in the future nations in the lower left corner will increase their GDP and
thereby also increasing their energy consumption. While more efficient technologies
may reduce the speed at which developed nations increase their energy consumption,
future, not yet foreseeable innovations, may lead to further energy needs, requiring
in turn further energy sources.
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Figure A: Power consumption per capita versus gross domestic product per capita, in US
dollars. Data from Human Development Report [1]. Figure from [2].
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In the past mankind first utilised wood, then coal and oil, and finally also nu-
clear power to satisfy the increasing energy demand. In particular the carbon-based
sources are limited by their finite availability on Earth. Given the technological
possibilities of today (excluding fast breeders and transmutation), in the long term,
energy demand could only be stilled by coal [3| having the highest identified re-
sources left. However, considering the current state of our atmosphere and the level
of greenhouse gas pollution [4], a further exhaust of huge amounts of carbon diox-
ide may have significant consequences for the climate on Earth. Although a full
understanding of the impact of CO5 concentration in the atmosphere on the global
temperature increase is lacking, there is clear evidence of a strong correlation be-
tween temperature and COs concentration. Consequently, based on the outlined
scenario current climate models predict a global temperature increase and climate
change in the next hundred years [5].

Confronted with these facts, the United Nations have started to take actions to
reduce the emission of greenhouse gases, e.g. through the Kyoto Protocol. Associ-
ated with the climate problem is the concept of sustainable development as baseline
for future national and international policies [3]. In fact, in recent years several
societies have become increasingly aware of the concept of sustainability with the
most famous example being the German ‘Energiewende’ which has the ambitious
goal to replace fossil fuels and nuclear power by sustainable energy sources. One
could argue that sustainability has evolved from a pragmatic approach towards a
governing philosophy very much in line with our humanistic principles.

Nevertheless, especially the energy sector with its mainly conventional hydrocar-
bon sources is by nature in contradiction with sustainable development and therefore
sustainable energy poses one of the greatest challenges for mankind. In this discus-
sion, Nuclear Fusion can be regarded as an option for a possible future energy source
with virtually unlimited supply of fuel, namely deuterium and lithium, making it
one of the few sustainable energy sources [6]. Although a short-term (< 20 years)
impact of fusion power on the energy supply cannot be expected, the significance
of the energy problem requires investigation of all options for sustainable energy
sources. The current European roadmap for the realisation of commercial fusion
aims at a first demonstration power plant by 2050 [7]. By this time, it is expected
that other renewables like wind and solar will significantly contribute to the elec-
tricity supply. However, the fluctuating nature of these sources requires large-scale
energy storage and back-up solutions to which fusion can contribute [8].

The advantage of electricity production by nuclear fusion over nuclear fission is
the fact that the fusion process itself does not leave long-lived radioactive products,
and the issue of radioactive-waste disposal is therefore much less severe. From a
safety perspective, the fusion process stops itself in case of an accident, quite in

contrast to the chain-reactions which can continue in fission plants if safety systems
fail.

Interestingly enough, nuclear fusion is what made life on Earth possible being the
power source of the sun. The sun consists of a very dense and hot gas, i.e. 15
million Kelvin. At these temperatures every gas is completely ionised. The ions and
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electrons are thus separated, but exhibit collective behaviour. Such a state is called
plasma. At such high temperature and densities, the ionised hydrogen, i.e. protons
have a chance to fuse. As this is an exothermic reaction, energy is released. The
proton-proton (pp) reaction in the core of the sun provides a steady energy source
over billions of years due to the very low cross-section of this reaction. In general,
the cross-section of a fusion reaction can be described by three factors, namely the
geometry, the Gamow factor (i.e. the transparency of the Coulomb barrier due to
the quantum mechanical tunneling effect), and the ‘astrophysical’ S factor which
contains the nuclear physics of each reaction. The pp-reaction is somewhat unusual
compared to other fusion reactions as the protons have to experience a S decay in
order to fuse. As this process is governed by the weak interaction, the probability is
very low and consequently, the fusion cross-section is 25 orders of magnitude smaller
than, e.g. for the D-T reaction. The energy released by the pp-reaction is lost to a
small part due to weakly interacting neutrinos. The rest of the energy is deposited in
Gamma rays, but as the mean-free-path of a photon in the centre of the sun is only
about 2 cm, the photons experience a random-walk-like scattering thus transferring
a great part of their energy to the background plasma. This ensures that the energy
of the plasma in the core of the sun is well confined before it is lost over a broad
energy spectrum, including visible light. But not only the energy is well confined
in the sun, but also the plasma itself as the kinetic force of the plasma is balanced
by the gravitational force of the sun. With this knowledge the immediate questions
arises, if one is able to harness this energy source in a controlled way on Earth with
the potential to solve the future energy demand of mankind.

The most suitable fusion reaction is that of deuterium and tritium which has in
the range of 10...100 keV a cross-section which is about a factor 100 higher than
that of any other fusion reaction. The reason lies again in the nuclear physics of the
reaction. The intermediate compound formed by D-T has a broad resonance with
the excited level of the unstable °He at 64 keV. At such a resonance, the probability
for a reaction is greatly increased explaining the high cross-section of the D-T fusion
reaction in the considered energy range. Also the energy output per reaction is with
a total of 17.6 MeV fairly high where about 1/5 is deposited in the resulting charged
alpha particle and the rest of the energy in a neutron.

D+ T —n (141 MeV) + a (3.5 MeV)

The split of energy between a charged and an uncharged particle is another ad-
vantage of the D-T reaction. The energy of the charged particle helps to maintain
the temperature of the background plasma by collisions. On the other hand, the
energy stored in the uncharged particle can escape the plasma and thus be utilised
for electricity generation without the need to directly tap the energy of the plasma.
However, a negative aspect of the D-T reaction is the fact, that the uncharged
particle is a neutron, which causes some radioactive activation in the surrounding
material.

From the above description follows, that, in order to maximise the fusion out-
put, high temperatures on the order of ~ 10 keV are required. However, at such
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temperatures any gas is completely ionised, i.e. one has to consider the properties
of a plasma. Most importantly, a plasma is quasi-neutral, i.e. electric potentials
are shielded out reducing the long-range interaction of the Coulomb force. Still,
the effective fusion cross-section of the D-T reaction is some orders of magnitude
smaller in comparison to the cross-section of the Coulomb scattering. Consequently,
the need arises to confine, i.e. avoid losses of, both the particles and their energy
for a sufficient amount of time such that the particles can undergo fusion reactions.
Similar to the sun, a force is required to balance the kinetic pressure of the plasma.

One of the most promising concepts to achieve this is magnetic confinement. In
this concept, the charged particles are bound to the magnetic field lines by the
Lorentz force. The magnetic field lines are toroidally closed to effectively confine
the particles and their energy. As will be explained in section 2, this does not suffice
to confine a plasma. In addition to the toroidal magnetic field component, a poloidal
component is required to circumvent arising particle drifts.

Before the concept of magnetic confinement is explored in more detail, first a
consistency check is done to see if magnetic confinement is realistic at all and to
familiarise the reader with important parameters and their order of magnitude.

Consider a toroidally closed magnetic field with a magnetic field strength on
the order of 5 T, which can be realised by currently available low-temperature-
superconductor (LTS) technology. Let this closed domain be filled with a hot D-T
plasma with a Maxwellian averaged particle energy in the range 10-20 keV. The
magnetic field pressure must balance the plasma pressure. A measure for this is
the so-called dimensionless plasma 3 = 2uop/B? and in today’s experiments val-
ues of up to 8 = 5% can be achieved before detrimental effects occur. With the
definition of $ and the magnetic field one obtains the roughly achievable plasma
pressure as p ~ 1 bar. As the ‘temperature’ was already set, it follows that the
deuterium / tritium density must be on the order of n ~ 10 m~3. The internal
energy of the plasma is defined by W = 3/2 [ pdV and the produced fusion power
by Ptus = E [ npnr (ov)dV where E = 17.6 MeV is the total energy output of one
fusion reaction and (ov) the fusion rate coefficient, which can be approximated by
(ov) ~ T? in the considered temperature range. A global measure for the quality
of the confinement of energy in the plasma volume is the energy confinement time

defined by

TE = —

P

where, in steady-state, P is equal to the total input power to the plasma. The
plasma is heated intrinsically by the produced alpha particles which carry 1/5 of
the total fusion power and ensure a self-sustained burn condition. Assuming that
the alpha heating power is much larger than any power loss, such as radiation, and
in addition neglecting profile factors, the required energy confinement time turns
out to be on the order of a few seconds 75 = const- (p-V)/(E-p*- V) ~1...3s. If
fusion is to provide a base load electricity supply in the future aiming at a typical
net electric power output of 1 GW (with a conservative heat conversion efficiency
of about 7y, = 30%) one realises that such a plant must have a plasma volume on
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the order of 1000 m?.

From this ‘back-of-the-envelope’ assessment one is able to gain a first insight into
the dimensions of important parameters. It can be realised that fusion by magnetic
confinement is potentially possible simplifying here any physics and engineering
issues which will be discussed later in more detail.

Indeed, this has already been realised over 50 years ago when research on fusion
by magnetic confinement started. However, many physics and engineering chal-
lenges have been encountered during this time. Although commercial fusion has not
yet been realised, tremendous progress has been made over the course of the past
decades. For this reason, some historical context is given in the next chapter. The
focus is thereby put on the so-called stellarator concept. In the field of magnetic
confinement different concepts are investigated, e.g. the tokamak and the stellara-
tor. The difference between these concepts concerns how the poloidal component of
the magnetic field is created as will be discussed in the next section.
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Chapter 1

]- Historical Overview!

The invention of the stellarator concept goes back to Lyman Spitzer who realized
in 1951 |9] — even before the idea of the tokamak concept appeared in 1952 [10] —
that there are different ways to provide a rotational transform of the field lines for a
magnetic field which is toroidally closed. Aside from driving a toroidal current, it is
possible to achieve a twist of the magnetic field by creating a non-planar magnetic
axis or by elongating the flux surfaces and letting them rotate poloidally while
going in the toroidal direction [11]. These ideas were later proven mathematically
by Mercier [12], and the last two may be considered the basis for the stellarator
concept, where the term stellarator is used here in its broadest sense to include
‘helical devices’ of all types (e.g. heliotrons, torsatrons, heliacs).

Applying these ideas, it becomes clear that the common feature of all stellara-
tors is that they provide a rotational transform of field lines without the necessity
of plasma current. This means that, in contrast to tokamaks, the magnetic flux
surfaces of helical devices already exist in vacuum. This is a great advantage as it
signifies that stellarators inherently offer the prospect of steady-state operation with
an externally produced magnetic field. As there is no need to drive a toroidal cur-
rent in a helical device, the second great advantage of the stellarator is the absence
of current-related instabilities. In particular, disruptions do not occur, well known
from tokamaks when operational limits are reached [13]|. For reactor-sized devices,
disruptions pose a risk, both with regard to the forces acting on the machine as well
as the possibility of generating runaway electrons [14]. Generally, magnetohydrody-
namic (MHD) instabilities in stellarators are far less important than in tokamaks.
For example, the neoclassical tearing modes which can strongly limit the achievable
plasma performance in tokamaks [15] are non-linearly stable in some stellarators
where the magnetic shear (¢/) has the opposite sign compared to tokamaks. In a
stellarator, the appearance of a magnetic island which flattens the pressure profile
reduces the bootstrap current and consequently causes the island to shrink rather

!Parts of this chapter have been published in similar form as part of a chapter in the book ‘Magnetic
Fusion Energy: From Experiments to Power Plants’. Only the general points from the book chapter
have been taken and summarised here. The author here was also the first author for the chapter in
question.
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than to grow [16]. For example, in W7-A, disruptive instabilities could be avoided
by introducing an external component of the rotational transform of ¢ > 0.14 [17].

The advantages of helical concepts unfortunately come at a price. A stellara-
tor cannot be axissymmetric as both rotating elongated flux surfaces as well as a
non-planar axis require the magnetic field to be helically shaped. Consequently,
stellarators exhibit fully three-dimensional fields with a helically structured plasma
topology. The three-dimensionality of the concept leads to a very large configu-
ration space. This can also be regarded as positive, as it allows optimisation of
suitable configurations with respect to a multitude of criteria. This is important,
as in an arbitrary helical configuration, the trajectories of collisionless particles are
not necessarily confined in all regions of phase-space, with the consequence of direct
fast-particle losses as well as large ‘neoclassical’ transport [18]. Consequently, the
choice of a suitable helical configuration and its optimisation are critical aspects of
stellarator research, which conceptually may turn out to be an advantage. While for
a given tokamak experiment, the plasma configuration is very flexible, e.g. the mag-
netic shear can be modified in dedicated scenarios, the overall configuration space
is limited due to the two-dimensional restriction caused by axisymmetry. Stellara-
tor experiments in contrast are not very flexible for a certain experimental design.
The rotational transform can be modified only within certain limits by changing
the currents in the external field coils. But due to the intrinsic 3D topology, the
overall configuration space of possible stellarator designs is very large and in fact
the search for realistic 3D configurations with favourable properties is an important
topic within the field of stellarator research.

In comparison to their axissymmetric cousins, early helical experiments were not
very successful. The initial results of the American Model-C stellarator were disap-
pointing, and the experiments were abandoned after the Russian T3 tokamak results
became known in 1968, which in comparison, were much more promising. Later it
turned out that field errors resulting from coil misalignment during construction of
Model-C were so large that the plasma volume in which nested flux surfaces existed
was only a small fraction of that designed for [19]. The 3D engineering and construc-
tion accuracy needed for a stellarator had been underestimated. After this setback
new and more accurately constructed devices such as W7-A [20] and Heliotron-E
|21] began operation and showed comparable confinement results to tokamaks of
similar size. Nonetheless, it was observed that the particle losses strongly increased
with increasing temperature attributed to the direct losses from particles trapped in
local minima of the complex 3D magnetic field. This general drawback had the ef-
fect that fusion research mainly focused on the development of the tokamak concept
while the stellarator community concentrated on the understanding and mitigation
of the so-called neoclassical transport. This delay in development and the early
success of tokamaks, is the reason why the stellarator community is comparatively
small with only a few experimental devices. Additionally, the freedom of the large
3D configuration space led to the exploration of different helical concepts, and so
far no conclusion has been reached in the community as to which configuration is
the ‘best’.
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The stellarator concept followed in Europe is the so-called ‘Helical-axis advanced
stellarator’ (HELIAS) line. Its prime example is the stellarator experiment Wendel-
stein 7-X (W7-X) [22] being the first of its type, where several optimisation criteria
have been used to obtain a suitable reactor-relevant magnetic configuration, which
is realised by a modular coil set only. After the successful construction and commis-
sioning of W7-X, the first operation phase and experiments have recently started.

The extrapolation of the W7-X stellarator concept to reactor conditions is here
referred to as ‘HELIAS’. Historically, this is somewhat ambiguous as this term has
originally been used to refer to finite-beta magnetic configurations with high aspect
ratio being stable with respect to different MHD modes [23]. Further and more sys-
tematic studies resulted in configurations where the trapped particles are bound to
poloidally closed drift orbits providing good confinement. In view of the movement
of the particles these magnetic configurations are called ‘quasi-isodynamic’ and are
today’s basis of the HELIAS concept [24|. The prospects and systematic study of
the HELIAS line as potential fusion power plants are the subject of this work.

In a HELIAS, the rotational transform is provided by a non-planar axis and a
rotating field symmetry. This is realised by using a modular coil set. This means
different classes of discrete non-planar toroidal field coils are used, which differ in
shape. Due to the complex 3D shaping of the coils, the current in the coils creates
both a toroidal and a poloidal magnetic field component. Thus, large poloidal field
coils as used in tokamaks can be avoided with the great advantage that the corre-
sponding large forces which would have arisen between poloidal and toroidal field
coils can be avoided. But nonetheless, large forces remain between the toroidal field
coils which require a strong support structure. In stellarators the force distribution
is quite complex due to the 3D shaping of the coils. In contrast to tokamaks, there
are forces which are directed radial inwards and outwards, but also lateral forces.

It should be noted that W7-X has a set of 20 additional inclined planar coils.
These coils produce also a vertical field component and are used in W7-X to allow
for some flexibility in changing the magnetic field configuration. In a HELIAS power
plant such coils would not be present.

Moreover, the modular coil set itself allows realisation of a large variety of mag-
netic configurations as they are able to not only mimic a superposition of fields with
different helicities but also a toroidal field mirror term. With this flexibility, opti-
mised stellarator magnetic configurations can be realised. In particular, they can be
optimised with respect to reactor-relevant criteria, which are briefly summarised as
follows [25]:

e Good flux surfaces of the vacuum magnetic field. Nested flux surfaces are a
necessary condition to reduce radial transport. In particular in a 3D magnetic
configuration, small error fields can induce magnetic islands which short-circuit
density and temperature gradients and thus reduce the achievable pressure.

e Low Shafranov shift. In equilibrium the force balance requires that certain
currents flow in the plasma which increase with increasing plasma pressure.
However, due to the toroidal bending of the equilibrium, the current is not

19



equally distributed such that the poloidal field contribution from the current
is stronger on the inside than on the outside. This causes a radially outward
shift of the magnetic axis, the so-called Shafranov shift. This introduces free
energy in the plasma and is not desired in a stellarator. Moreover, the plasma
configuration should not deviate too much from the optimised vacuum config-
uration.

e Good MHD stability up to a plasma beta of 5%. At increasing plasma pressure,
small perturbations start to grow, i.e. they tap the free energy of the increasing
pressure gradient and can have severe effects on the energy confinement or even
disrupt the plasma as in tokamaks. A critical stability limit is usually given
by the plasma beta. As the fusion power density increases with 32, an efficient
fusion reactor should operate at high beta. The increase of the beta-limit is
therefore one of the key aspects of fusion research.

e Good energy confinement, i.e. small neoclassical transport losses (drift opti-
misation). As already outlined in the introduction and as will be discussed in
the next chapter, the confinement of the energy is a key requirement in order
to sustain the temperatures which are needed for a high fusion power output.

e Low bootstrap current for a stiff magnetic equilibrium. The bootstrap current
is a self-generated plasma current. If not taken into account, it can reach
very high values and the resulting field which is exerted by the bootstrap
current may negatively affect the magnetic equilibrium. This can cause higher
transport and also shift the magnetic configuration causing issues with, e.g.
the power exhaust. As the divertor is fixed, such an uncontrolled change of the
magnetic configuration must be avoided.

e A suitable divertor concept for controlled particle and energy exhaust (e.g.
island divertor). This is realised with a divertor which acts as plasma facing
component and is designed to endure high heat loads. In a 3D geometry, the
divertor must be carefully placed to control the density and energy exhaust.

e Good confinement of fast particles (i.e. alpha particles in a fusion plasma).
Fusion-born alphas are very energetic with 3.5 MeV. It is one of the greatest
challenges of magnetic confinement to guarantee that the alpha particles stay
long enough in the plasma to transfer their energy to the background. Losses
of only a few percent are allowed, as otherwise the first wall would receive
unacceptably high power loads.

e Feasibility of the modular coil set (low curvature, tolerable forces). The free-
dom in designing a 3D magnetic field is nearly endless. However, this freedom
is somewhat reduced by engineering constraints. In the end, the stellarator
magnetic field must be created by real coils which cannot be arbitrarily bent,
nor can they allow an arbitrary variation of current density.

These criteria have already been used to optimise the Wendelstein 7-X magnetic
configuration. The magnetic field exhibits a 5 field-period symmetry in which every
field period is point-symmetric in itself produced by 5 different classes of modular
coils totaling 50 non-planar coils. A flux surface of the W7-X magnetic configuration
and the corresponding modular coils are illustrated in Fig. 1.1. The mission of W7-X
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Figure 1.1: Modular coil set of Wendelstein 7-X (grey) and a corresponding magnetic field
fluz surface (pink) [22].

is to prove that the optimisation criteria indeed lead to the desired beneficial effects.
This, together with quasi-steady-state operation (discharges up to 30 min) at high
performance (10 MW of heating power), is of highest priority to demonstrate the
reactor capability of the HELIAS concept |26].

As the idea for a modular coil set already emerged in 1972 [27] and HELIAS
configurations were discussed in more detail from 1988 [23], it is not surprising
that early studies for HELIAS reactors were carried out. Originally 4 field-period
configurations were also investigated [28|, resulting in more compact machines, but
it was found that the confinement of fast particles and the reduction of bootstrap
current is more difficult than in the more favourable 5 field-period configurations
[29]. Thus, in this thesis, reactor studies for the HELIAS line mainly concentrate
on the 5 field-period case.

In the next chapter emphasis is put on the confinement of particles and energy
in a toroidal magnetic field which, as we will see, is crucial for the success of fusion
power plants. In particular, focus is put on the aspects of the 3D field topology
inherent to stellarators.
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Chapter 2

2 Magnetic Confinement and Plasma
Transport

To effectively use fusion, the employed particles must be highly energetic in order to
overcome the Coulomb barrier in sufficient number. This increases the probability
for quantum tunneling, allowing nuclear attraction to overcome the electromagnetic
repulsion. But even then, the fusion cross-section is some orders of magnitude
smaller than the Coulomb scattering. The particles must therefore undergo many
collisions before they finally fuse. In order to increase the number of reactions and
fusion output, the particle density must be sufficiently high. Consequently, both
the particles and their energy must be maintained over many collisions to achieve
sufficient fusion reactions. This requirement is usually referred to as confinement,
i.e. the confinement of particles and energy for a sufficient amount of time.

In order to keep plasma in thermal equilibrium, the kinetic pressure of the plasma
must be balanced. Magnetic confinement exploits the electromagnetic properties
of the plasma to achieve a force balance, i.e. the confinement is provided by the
magnetic field.

However, this confinement is not perfect since different loss channels exist which
lead to a constant loss of energy and particles. Therefore, the study and under-
standing of transport — i.e. the effective radial flux of energy and particles — is one
of the key research topics for magnetic confinement. It turns out that a multitude
of different effects exist which lead to transport, i.e. diffusive processes, convection,
magnetic instabilities, etc.

While in general, the energy transport should be low, the picture for particle
transport is not as clear. In a burning fusion plasma, the main energy source comes
from the fusion-born alpha particles, which transfer their initial energy of 3.5 MeV
during the slowing down process to the background plasma and thus balance energy
losses. The fast alpha particles should therefore be well confined over the time
period required for slowing down. However, after they have transferred their energy,
it becomes desirable to exhaust this so-called helium ‘ash’ rapidly. Otherwise, the
cold helium would accumulate and dilute the plasma reducing the fusion output.
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It is clear, that satisfying all these requirements at the same time is not achievable
with arbitrary precision.

Thus, the understanding of confinement is a key aspect of fusion research, with
the aim of fine-tuning, modelling, prediction and optimisation of future devices. In
the following some of the most significant effects are introduced and discussed.

2.1 Particle Motion in a Magnetic Field

Drifts

The basic means for the confinement of charged particles in a magnetic field is the
Lorentz force

mi—Z:q(E—i—va) (2.1)

which can be derived from classical field theory [30] for the particle mass m, charge
q, electric field vector E, the magnetic flux density B and the velocity vector of the
particle v. This leads to a helix-like motion. Perpendicular to the magnetic field
line the particles are bound to a circular motion with a distinct radius, the so-called
gyro-radius’ rg = muv, /|q| B, but can move freely along the field line. The axis of
the circular motion is referred to as the guiding center.

However, any force F acting perpendicular to the magnetic field on the particles
causes them to drift perpendicular to B according to

FxB
Vp = W (22)
It is apparent, that if the force F does not depend linearly on ¢, the ions and electrons
will drift in opposite directions. Indeed, as any toroidally closed magnetic field has
a gradient of the magnetic field VB (the field is higher on the inner than on the
outer side), the VB drift cannot be avoided. The inherent V B drift would therefore
lead to a charge separation of the ions and electrons and consequently to a strong
vertical electric field. The resulting E x B-drift would flush the particles radially
out of a toroidal field. To render these radial drift motions innocuous, a poloidal
magnetic field component is necessary.

The poloidal field component ‘short-circuits’ the drifts as the particles now move
also poloidally around the torus such that they drift inwards on one side and out-
wards on the other side and the mean drift balances out. However, due to the
poloidal motion along the torus the particles now experience a modulation of the
magnetic field, which is weaker on the outer side and stronger on the inner side
of the torus. Thus particles in the appropriate region of phase-space with nearly
perpendicular velocity vector become trapped in regions of weak magnetic field as

! Also called Larmor radius or gyration radius. The eigenfrequency of this motion is the cyclotron fre-
quency we = |q| B/m.
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will be discussed next.

Trapped Particles

As trapped particles may lead to considerable particle and energy losses in a stel-
larator, the basic principle and its mitigation are explained in the following.

It is well known from the Noether Theorem of classical mechanics, that every
symmetry of motion implies a conserved quantity [31]. The connection with the
circular motion of the gyration of particles is apparent. It follows that the action
integral over one gyration must be constant, which apart from some constant yields
the magnetic moment p = mv? /2B. Tt should be pointed out that the magnetic
moment is not strictly constant as the particle trajectories in inhomogeneous mag-
netic fields are not closed. However, the change of the system is small compared to
the periodic motion and the variation of the conserved quantity marginal, thus the
magnetic moment is here an adiabatic invariant.

As the magnetic moment is a conserved quantity, the perpendicular velocity of a
particle which experiences an increasing magnetic field strength B along its path
must increase and since also the energy of the particle is conserved (neglecting
collisions for the moment), the parallel velocity must decrease. If the initial parallel
velocity was already low enough, i.e. vﬁ < 2 (1 — Buin/Bumax), the parallel velocity
decreases to zero and the particle is reflected. The particle is therefore trapped in
the region of low magnetic field. The trapping of charged particles is also of interest
in astrophysical plasmas, as e.g. in the mirror field of the Earth’s magnetosphere

where trapped particles contribute to the aurora borealis.

Taking a projection of the trajectories of trapped particles in an axisymmetric
tokamak to the poloidal cross-section, one sees that the trapped particles are re-
flected at the top and bottom of the torus. Due to their characteristic shape when
projected in the poloidal plane they are referred to as ‘banana’ orbits. Since those
particles spend equal amounts of time in the upper and lower half of the torus, the
V B-drift averages out over time. This means, banana orbits do not cause radial
transport per se. However, one has to take into account collisions with other parti-
cles. These collisions lead to a random-walk-like diffusion where the step-size is the
banana-width which is much larger than the gyro-radius and consequently leads to
an effective radial particle and energy transport.

In stellarators, the behaviour of trapped particles is even more complex. In con-
trast to tokamaks, particles in a stellartor field can get trapped locally leading to
transport even without collisions. The local trapping interrupts the particles poloidal
movement. Thus the drifts outlined above cannot cancel out any longer and con-
sequently such particles would get lost quickly in a toroidal configuration. In a
stellarator like W7-X there is a strong modulation of the field strength along a field
line attributed to the 3D topology of the magnetic field. Thus, there exist numerous
trapped particle orbits that normally lead to strong losses of particles and energy
considerably degrading confinement. Modern stellarators like W7-X are therefore
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optimised with respect to these effects. The magnetic topology has been chosen such
that trapped particles precess poloidally while they are bouncing back and forth in
the trapping region. Thus the vertical drifts are balanced again but on a longer time
scale. In Fig. 2.1, a trajectory of a poloidally precessing trapped particle is shown
which bounces forth and back in the ‘straight’ region of the magnetic field in W7-X.

Figure 2.1: Magnetic flux surface of Wendelstein 7-X at half toroidal flux (left) and color
representing the magnetic field strength: blue — minimum, red — mazimum.
Zoom of a trajectory of a poloidally precessing particle trapped in the minima
of the magnetic field (right). Figure was kindly provided by M. Borchardt,
IPP.

In spite of these optimisations, energetic particles are less well confined than ther-
mal particles. The vertical drift scales with the energy. In particular for electrons,
the transport increases strongly with increasing temperature. Due to the complexity
of the magnetic field and the high inter-dependencies the calculation of an effective
transport of particles and energy is not straightforward. In particular, Coulomb
collisions must be taken into account including trapping or detrapping of particles.
In fact, to calculate the transport caused by these collective effects, kinetic theory
is required for an adequate description and is investigated in section 2.3. But be-
fore kinetic theory is considered, some general aspects of magnetic equilibria will be
introduced in the next section.

2.2 Magnetic Equilibrium

Advancing from a microscopic single particle view to a collective macroscopic plasma
view, the simplest model to describe a magnetised plasma is a set of equations given
by magnetohydrodynamics (MHD). As the name states, the plasma is described as
a conducting fluid in a magnetic field frame. This is motivated from the fact, that
in a hot fusion plasma in thermal equilibrium, the particles are nearly Maxwell-
distributed at every point and thus the plasma behaves like an ideal gas.

The MHD equations are widely used to calculate magnetic equilibria. The first
main aspect of magnetic equilibria is the force balance between the plasma pressure
and the magnetic field pressure. The second aspects concerns the shape of the
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plasma which is determined by the currents in the external coils as well as by the
currents flowing in the plasma.

A pressure gradient Vp must exist in every finite confinement volume since the
plasma must interact at some point with a cold boundary. In the picture of ideal
MHD, i.e. assuming the fluid has infinite conductivity, the thermodynamic force is
compensated by the electromagnetic force

Vp=jxB (2.3)

where j is the current density in the plasma. Here the time dependence, the viscosity
as well as the inertial term have been omitted since the interest is focused on an
equilibrium. This is in particular relevant for stellarators where the plasma cannot
rotate toroidally due to viscous losses, i.e. the toroidal flow velocity is generally very
small.

From equation (2.3) follows that B and j lie on surfaces of constant pressure and
therefore
B-Vp=0, j-Vp=0. (2.4)

Mathematically, there is only one topology fulfilling these criteria - the torus [32].
Moreover, the constant pressure surfaces lie inside each other, i.e. they are nested.
Consequently the term flux surface is frequently used in fusion research. The term
refers to nested surfaces of constant pressure, but flux surfaces are often also asso-
ciated with their enclosed toroidal flux 1/;.

Taking B - Vp = 0 as well as Ampére’s law V x B = poj and Maxwell’s equation
V - B = 0 one can express the magnetic field in its symplectic form [32, 33, 34| as

B =V, x V04 Vo x Vi, (2.5)

where ¢ is the toroidal angle, 6 the poloidal angle, and 1,1, the toroidal and
poloidal flux respectively. The magnetic flux passing through a poloidal cross sec-
tion, i.e. constant ¢, is simply calculated by the surface integral

/ B - dS = 21y (2.6)
¢=const.

and vice versa for constant 6. In this representation the rotational transform which
describes the number of poloidal turns of a field line per toroidal turn is given by

y= L. (2.7)
diby

It should be noted that the MHD equations require that certain currents flow in the

plasma which have impact on the magnetic equilibrium. Due to the toroidal bending

of the plasma, a pressure force arises which is directed radially outward. This force

is compensated by intrinsic plasma currents which have both a perpendicular and a

parallel component. The parallel current is known as Pfirsch-Schliiter current which
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has an impact on diffusive transport at high collisionality. Although these currents
do not result in a net current, they lead to a radial outward shift of the magnetic
axis known as Shafranov-shift. A main aspect of stellarator optimisation is the
minimisation of these currents as such a shift changes the magnetic field spectrum
and leads to degradation of confinement.

In order to calculate a magnetic equilibrium, the MHD equations must be solved.
For an axissymmetric toroidal field, an analytic formula can be derived which al-
lows a basic description of a 2D equilibrium which is known as the Grad-Shafranov
equation. In 3D geometry, however, dedicated codes are required to solve the set
of MHD equations to obtain an equilibrium. The most widely used tool for this
purpose is the VMEC code [35]. VMEC solves the MHD force balance equations in
combination with the total plasma potential energy

W= / (% + QB—;) v (2.8)

where v is the adiabatic index. In this ansatz a variational principle [36] is em-
ployed to find solutions which are states of minimum MHD energy. From this follows
also that a three-dimensional magnetic equilibrium is completely determined by the
shape of the outermost flux surface and two radial profile functions, e.g. p(¢;) and
t(¢;). However, in the VMEC approach it is assumed that nested flux surfaces exist
in the whole toroidal plasma. While it can be proven mathematically, that flux
surfaces exist in 2D geometry, it is still under debate under what conditions nested
flux surfaces exist in 3D geometry and how they can be adequately computed. Nu-
merically, flux surfaces can be found using a Poincaré mapping of a straightforward
Biot-Savart approach when the coil currents are provided.

A particular drawback of VMEC is that it is not able to treat magnetic islands. At
rational surfaces (¢ = di,/dyy € Q), the VMEC approach leads to singularities in
the current density on the surface. In reality, the current is dissipated by resistivity
causing magnetic islands. Apart from plasma related islands, in a stellarator mag-
netic islands also appear in vacuum. For example in W7-X, the rotational transform
is ¢ = 5/5 at the edge and together with the low shear and the 3D field results in
naturally occurring vacuum magnetic islands.

In order to treat magnetic islands and stochasticity of magnetic fields other codes
have been developed. One example is the SIESTA code [37] which uses nearly the
same approach as VMEC, but with the small modifications that in some iterations
resistivity is included allowing the flux surfaces to break up and form islands. An-
other widely used code is HINT |38| which does not minimise the MHD energy, but
rather solves the resistive MHD equations using an initial value approach. Still,
some problems remain and the improvement of equilibrium codes for stellarators
remains a research topic.

Although stellarators are not axisymmetric, one can still find certain ‘quasi-
symmetries’. However, to describe the properties of quasi-isodynamic configurations
(like W7-X) or maximum-J configuration (as envisaged for HELIAS power plants)
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tedious mathematical elaborations are required. The reader is therefore referred to
the broad overview given in [34].

It should be noted that in the collective MHD picture one finds also a diamagnetic
drift not covered by the single particle view. Moreover, MHD is widely used to
study stability of equilibria and propagation of plasma waves. Beyond its fusion
applications, MHD theory is also widely used in astrophysics. E.g. the Weibel
instability is an example of an electromagnetic instability studied in both fields.

2.3 Kinetic Theory

In fusion research kinetic theory is generally applied to calculate the effective plasma
transport, i.e. the particle and heat flux densities I and q directed radially outwards,
and thus the quality of confinement. These fluxes are driven by the thermodynamic
forces present in the plasma including the temperature gradient, density gradient
as well as the radial electric field. In particular for stellarators, also the details of
the 3D magnetic configuration play an important role for the determination of the
fluxes.

In order to relate the fluxes to the thermodynamic forces in a non-equilibrium
state — e.g. according to the general concept of the Onsager reciprocal relations —
thermal transport coefficients [39] must be calculated which are dependent on the
local plasma parameters. Consequently, kinetic theory is required, which is used to
connect the local microscopic behaviour of particles to effective macroscopic quanti-
ties in space and time. For the description of a magnetised plasma often the Viasov
equation (i.e. the collisionless Boltzmann equation) is employed which comprises
the particle balance in phase-space and electromagnetic forces [40]. However, this
equation is not adequate for the description of a plasma confined in a stellarator
as collisions are neglected. The inclusion of collisions is mandatory since, in a stel-
larator, they can lead to trapping or detrapping of particles which strongly impacts
particle and energy losses.

Reordering of the Vlasov equation with respect to small Larmor radius and large
gyrofrequency, and taking collisions into account yields the so-called drift kinetic
equation |41, 42| (DKE)

Ofa
ot

where f, is the distribution function of each particle species, b the normalised field
strength, vp the drift velocity and C, (f,) the linearised collision operator. The exact
form of this equation depends highly on the applied ordering and the magnitude of
the electric field and can thus, depending on the specific application, take different
forms [34, 43|. Solving this equation to obtain local transport coefficients is the aim
of the so-called neoclassical transport theory which is briefly discussed in the next
section.

+ (b +vp) - Vfu=Culfa) (2.9)
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2.3.1 Neoclassical Transport

A number of different methods and codes have been developed over time to solve
the drift kinetic equation for 3D magnetic fields. A broad overview and detailed
benchmark with respect to stellarator magnetic configurations is given in [44|. Here,
the focus is set on the Drift Kinetic Equation Solver (DKES) |45, 46] which has
been employed to provide the neoclassical thermal transport coefficients used in this
thesis.

Without simplifications or constraints the DKE must be solved in six dimensions,
three in space, two in momentum (gyro-average) and one in time. But as compu-
tational requirements grow with the dimension of the system, a full solution of the
DKE in all dimensions is far too demanding to be feasible. In the DKES approach
the phase-space can be reduced. For this, only small deviations from an equilib-
rium distribution are considered, where the background equilibrium is assumed to
be Maxwellian. With such a perturbation ansatz a linearised and radially local drift
equation can be obtained that depends only on three phase-space variables, namely
the toroidal angle ¢, the poloidal angle § and the pitch angle p = v /v.

In this approach the obtained solution is independent of v meaning that the inte-
gral [...vdv can be dragged out and carried out later. The result is the so-called
mono-energetic solution of the transport coefficients. Moreover, this solution de-
pends only on three dimensionless parameters which characterise the plasma, namely
the toroidal magnetic flux 1, the collisionality v* = vRy/ve and the normalised
E x B drift velocity vy, = E,./vBy. In order to describe an arbitrary plasma, it is
therefore necessary to create a database of mono-energetic transport coefficients cov-
ering the range of these parameters. For any plasma in the considered magnetic equi-
librium, the effective thermal transport coefficients can then be straightforwardly
obtained by an energy convolution of the appropriate mono-energetic solution with
the local Maxwell distribution.

However, already the solution of the mono-energetic transport coefficients within
the reduced phase-space of the linearised DKE allows great insight into the transport
properties of a stellarator device. As an example, the normalised mono-energetic
diffusion coefficient of the W7-X standard configuration is shown in Fig. 2.2 as func-
tion of the collisionality. For comparison, and to stress the importance of neoclas-
sical transport in stellarators, a tokamak case is shown. Several distinct transport
regimes can be identified. In order from higher to lower collisionality, these are the
Pfirsch-Schliiter-, plateau-, 1/v- and /v-regime.

The parameter regime most relevant for a stellarator power plant is at high tem-
perature which means low collisionality since v* oc 1/T2%. Of greatest interest are,
therefore, the 1/v- and /v-regime. In Fig. 2.2 the importance of these regimes
become clear since the transport coefficients are much higher in those regimes. In
the 1/v-regime, trapped particles are less frequently detrapped at decreasing colli-
sionality. As the trapped particles are less well confined than passing particles, the
effective loss of particles and energy increases. In a tokamak the picture is reversed.
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Figure 2.2: The so-called ‘mono-energetic’ diffusion coefficient versus mono-energetic col-
lisionality v* in the standard configuration of W7-X (bold) and a tokamak
(dashed) with similar aspect ratios at finite electric field. The asymptotic
regimes are indicated by dotted straight lines. The diffusivity has been nor-
malized to the plateau value in a circular tokamak. The figure was kindly
provided by C.D. Beidler, IPP.

As the orbits of trapped particles are well confined in a tokamak, the reduction of
collisions reduces the effective transport. Generally, the transport coefficients are
very sensitive to the temperature. This can be made clear by taking the analytic
limit of the 1/v-regime [47] for the mono-energetic diffusion coefficient

4 5 Qen)’? gy TP
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(2.10)

where €. is the effective helical ripple of the magnetic configuration. It is apparent
from Eq. (2.10), that a high magnetic field strength and a large major radius is
desired to reduce the neoclassical transport. Further, plasma operation favours high
density and low temperature for optimal confinement. The effective helical ripple,
however, is dependent on the details of the magnetic configuration and serves as a
figure of merit for the number of trapped particles and their average radial drifts.
Here, the optimisation of stellarator magnetic configurations comes into play, where
one criterium is the minimisation of €. to reduce the neoclassical transport by
appropriately shaping the magnetic geometry.

It should be noted that the neoclassical transport is not intrinsically ambipolar
such that the ambipolarity constraint on the plasma leads to a radial electric field
E,. The radial electric field, however, is in turn interconnected to the transport
coefficients, especially for the y/v-regime. In particular, at higher electric fields, the
transition from the 1/v to the y/v-regime is shifted to higher collisionality. When
density and temperature are monotonically decreasing functions from the plasma
centre to the edge with roughly equal values for electrons and ions, than the transport
coefficients for the heavier ions are larger. Thus, ions would get lost more rapidly
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than electrons and a negative electric field arises. A negative radial electric field
(‘negative’ in the sense that it points inwards) reduces the ion transport coefficients
due to the increasing poloidal drift. However, under certain circumstances FE, can
be positive. For example, when the electron temperature is much higher than the
ion temperature.

Especially the comparison of the stellarator mono-energetic diffusion coefficient to
an ‘equivalent’ tokamak at low collisionality shows the importance of the neoclassical
transport in stellarators. In the past great strides have been taken to understand and
model neoclassical transport considering the numerous codes existing worldwide [44].
Consequently, the understanding of this issue led to the optimisation of magnetic
configurations as discussed in chapter 1. The quality of the confinement can be
assessed in terms of the confinement time 75 and by comparing it to other helical
devices employing for example an empirical scaling of the confinement time.

Empirical confinement time scalings have been widely used in the fusion commu-
nity to assess and predict the confinement time 7 in terms of global physics and
engineering parameters. Such a scaling is obtained by performing a regression over a
dataset of experimental results covering devices worldwide. The most recent scaling
for the stellarator concept is the ISS04-scaling [48] obtained from the international
stellarator-heliotron confinement database (ISHCDB)

TESSOZL = 0.465 a2.28R0.64P70.61ﬁ2.54B?.&%g.;él (211)

where a is the minor radius in m, R major radius in m, P heating power in MW,
7 the line-averaged density in 10?° m™3, B; the magnetic field strength on axis in
T and ¢ the rotational transform at 2/3 of the minor radius. Fig. 2.3 shows the
experimental data in relation to the ISS04-scaling.

Although modern stellarators, like W7-X, are optimised for reduced neoclassical
transport, the improvement of the global confinement by such measures remains to
be proven. First indications, however, could be obtained by analysing the dataset
of the ISS04 scaling. Different magnetic configurations as represented by different
devices seem to deviate somewhat from the overall regression. Indeed, different
clusters have been identified within the dataset used for the ISS04 scaling [49].
Consequently, a configuration-dependent factor, f..,, has been introduced to account
for a general improvement or degradation with respect to the reference scaling which
is defined as

TE = fren - T 04, (2.12)

One of the main goals of W7-X is to prove the concept of optimisation and its im-
pact on the confinement time. The renormalisation factor f., can thus serve as
a measure for the optimisation of the magnetic configuration. Apart from experi-
mental investigations, transport codes can be employed to calculate the neoclassical
transport for a specific magnetic configuration to obtain a predictive confinement
time |50]. Comparing the confinement time obtained from such simulations to the
value given by the direct extrapolation of the ISS04-scaling allows one to obtain
a predictive confinement enhancement factor. For example, the prediction for the
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Figure 2.3: Experimentally obtained energy confinement times versus the 1SS04 scaling.
The W7-X values stem from neoclassical transport predictions. For the rep-
resentation of the the tokamak values the plasma current was rephrased as
rotational transform. Figure from [49].

confinement improvement of W7-X is expressed via the renormalisation factor as
fren = 2. This means, that the energy confinement time of W7-X should be two
times higher than an extrapolation of the ISS04-scaling would suggest, see Fig. 2.3.

The concept of an empirical confinement time scaling is a practical tool and can
straightforwardly be employed to estimate the expected confinement time scaling in
a fusion power plant — an approach which has been used in many previous fusion
reactor studies. Considering that the predictions for W7-X foresee a confinement
improvement by a factor two with respect to the ISS04 scaling, a direct extrapolation
to a HELIAS power plant would be very promising. Consequently, the question
arises — especially in view of the different transport regimes at lower collisionality —
if the promising confinement improvement as predicted for W7-X holds for a power-
plant-sized device.

This question has been studied in detail in Article I of this thesis, see page
70. With a power balance model it has been shown that only slight variations of
the confinement improvement with respect to the reference scaling (in terms of the
renormalisation factor) have great impact on the size of a stellarator power plant.
This approach also demonstrated that there are certain limits associated with the
confinement. It has been found that a lower limit with f.., = 0.5 exists below which
no stellarator power plant of reasonable size can be built. But there exist also upper
limits at which a further confinement improvement is of not additional benefit in
reducing the size of the machine. This is in the range of fi, = 1.5...1.7 where
the plasma reaches its [-limit and the plasma volume shrinks as parts of the flux
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surfaces become stochastic.

Further in Article I, in order to estimate the confinement improvement for the
reactor case, for the first time a neoclassical transport model has been thoroughly
applied to a reactor-relevant magnetic configuration. For this purpose a database of
mono-energetic transport coefficients was prepared for a reactor-relevant magnetic
configuration using the DKES code. Then, the 1D transport code is able to solve
the power balance for the electrons and ions. The neoclassical transport (in terms
of energy fluxes) is obtained by a convolution of interpolated transport coefficients
with the local plasma parameters taking into account all thermodynamic forces. In
addition, an ‘anomalous’ energy flux is used to take into account other transport
channels such as turbulence. For this ‘anomalous’ transport, an empirical description
has been used which was derived from W7-AS experimental data, the predecessor
of W7-X. In this model the anomalous energy diffusivity scales inversely with the
density, x**° o« 1/n [51, 52].

It turns out that the renormalisation factor is continuously decreasing for an
upscaling from W7-X to reactor-relevant sizes and reaches values around fro, =
1.2...1.3. The most important conclusion is, that empirical confinement time scal-
ings cannot be used to predict the confinement in stellarator power plants. While it
is true that the transport regimes change, a sensitivity study of additional ‘anoma-
lous’ transport at the edge showed, that the decrease of the renormalisation factor
is rather robust. This is because the scaling approach itself is not valid. In scalings
from today’s experiments the heating power P is an independent external parame-
ter. However, under reactor-relevant conditions this parameter is determined by the
engineering and physics parameters and thus ceases to be independent. This change
of paradigm is to a high degree responsible for the deviation of the renormalisation
factor under reactor conditions from the values predicted for W7-X.

While the treatment of neoclassical transport is well understood and validated,
other loss channels exist in a magnetised plasma which cause additional radial en-
ergy and particle fluxes, in particular turbulence. The nature of this transport and
attempts at better modelling are introduced below.

2.3.2 Turbulent Transport

In stellarators, neoclassical transport is dominant in the plasma core due to the
higher temperatures found there. At the plasma edge, however, the heat and parti-
cle fluxes are usually much higher than predicted by neoclassical theory. This addi-
tional transport is refereed to as anomalous transport, which especially in tokamaks
is the dominating transport channel throughout the plasma cross-section. Many
aspects of the anomalous transport are to date un-resolved but it is widely accepted
that the anomalous transport originates from plasma turbulence which is driven by
microinstabilities which tap the free energy of the plasma [53].

The general mechanism of microinstabilities can be explained by means of the
electrostatic drift wave picture as illustrated in Fig. 2.4. Considering a magnetised
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plasma with density gradient Vn, small fluctuations of the density 7 may continu-
ously occur. Due to the high mobility of the electrons which directly react to such
a perturbation, an electric potential of the form
_fe e

d = o T (2.13)
arises according to the Boltzman distribution. The resulting electric field E asso-
ciated with this potential is pointing from the region of increased clectron density
to the region of decreased density. If E has a component perpendicular to B. the
associated E x B drift will cause a density advection in direction of the density gra-
dient. If the density and electric field are in phase, the net plasma transport is zero
and the wave simply propagates through the plasma. However, if the perturbations
are out of phase the particles are transported to the positive density perturbation
essentially amplifying the wave, i.e. the drift wave becomes unstable.

ExB

Vn

X
z= Y

Figure 2.4: Conceptual sketch of a drift wave in a magnetised plasma. The figure was

kindly wrovided by J.H.E. Proll, IPP.

There exist a number of conceptually similar instabilities which are driven unstable
duc to different mechanisms. Some of those which have been identified to contribute
strongly to transport arc c.g. ton-temperaturc-gradient instability (ITG). electron-
temperature-gradient instability (ETG), or trepped-particle-modes (TPM).

Similar to the approach for ncoclassical transport, a kinctic description can be
found to treat the small-scale fluctuations which lead to turbulent transport. Start-
ing from the general Boltzman equation one has to keep an ordering for fluctuations
on the scale of the gyroradius and time derivatives on the scale of the gyvrofrequency.
Writing the distribution function as f, = fe0+9, and introducing the gyro-average at
fixed guiding centre position (---)g, the gyrokinetic equation (GKE) can be derived

T (vjb+vp+6vp) - V(fao + ga) — ;ﬂa (gt)ﬁfau = {Calga))r  (2.14)

where y = 0® — v - §A is the gyrokinetic potential including electric and magnetic
Huctuations.

9.

A focal point of modern turbulent transport theory of magnetised plasmas is
to solve the gyrokinetic equation. Several codes have been developed in recent



years taking up this task. However, to calculate macroscopic quantities from such
simulations while maintaining the fine scales of the gyro-kinetic approach requires
tremendous computational effort on the peta-flop scale. This is aggravated by the
3D geometry of stellarators which results in additional complexity compared to the
axisymmetry of tokamaks. While linear and flux-tube simulations have been studied
for some time, non-linear full-flux surface simulations are only now becoming possible
[54, 55].

While the gyrokinetic approach in stellarators has so far been used to investi-
gate the behaviour and characteristics of turbulence, the ultimate goal is not only
to understand turbulent transport, but also to develop the capability to predict it.
In particular, with the envisaged reduction of neoclassical transport in optimised
stellarators, turbulence induced transport will play a significant role. However, in
predictive transport simulations, as described above for Article I, anomalous trans-
port has so far been treated superficially relying on a simple empirical regression.
Although a stellarator gyrokinetic treatment is available, the required computational
resources on the peta-flop scale are too demanding and unpractical to be integrated
in transport simulations. Since transport simulations are an integral part of prepar-
ing and assessing experimental scenarios (e.g. for W7-X) and for predicting the
performance of power plants, other means must be found to integrate gyrokinetic
results in transport simulations.

A general way to achieve this, is by developing basic 1D models which capture
the 3D features and characteristics of the turbulence. In other words, 3D results are
parametrized in a physically meaningful way. Such an approach is common in the
tokomak community. For the advanced stellarator line, this has been studied in Ar-
ticle IT, page 81, for the first time. For this purpose, a set of stellarator gyrokinetic
simulations were carried out and the results compared to experimental experience
from W7-AS. Focus was thereby put on the ITG mode which is anticipated to be
a main driver of heat flux in advanced stellarators [56]. For the study of the ITG
mode, results have been used which stem from the 3D version of the widely em-
ployed GENE code [57, 58]. However, due to the computational limitations several
effects were neglected by treating electrons adiabatically. Further, density gradient,
electron temperature gradient, radial electric field and its shear were neglected.

In an attempt to judge the results obtained from non-linear full-flux surface sim-
ulations of W7-X, similar simulations have been carried out for the predecessor
experiment W7-AS. The obtained heat flux is normalised to the gyro-Bohm value
which represents diffusive transport based on the scale length of the ion gyroradius.
Interestingly, it turned out that the heat flux density scales nearly identically in both
devices as function of the normalised temperature gradient length Ly = a- (VT/T).
Such simulations have been carried out for W7-AS for the first time. The electro-
static potential fluctuations are rather localised on the outboard side of the device
although the localisation is not as strong as in W7-X.

Both devices show the same critical gradient behaviour of the ITG heat flux, i.e.
the heat flux density increases linearly with L; above a certain threshold. The
parametrisation of such a characteristic is straightforward employing two indepen-
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dent parameters. One parameter representing the critical threshold (Lr)qy and a
second parameter which describes the slope at which the heat flux increases with L.
The latter is in the tokamak community referred to as ‘stiffness’ since in tokamaks
the heat flux increases very strongly above (L7 ). Although stellarators have not
such a pronounced increase of the heat flux, the terminology has been adopted here.
The model itself is accordingly referred to as ‘critical gradient model’. This physics
motivated model was consequently implemented in the 1D transport code and inte-
grated transport simulations of neoclassical and turbulent transport have been done
based on experimental data of W7-AS. As the model is able to reproduce the W7-AS
experimental values adequately it is concluded that — although a full validation is
not yet possible — the model at least does not contradict the experiments.

In the next step, the critical gradient model has been employed for predictive
transport simulations of W7-X. The important result from this simulation as shown
in Article II is, that the confinement improvement for W7-X holds even for such a
physics motivated turbulence model. However, a sensitivity analysis showed a strong
dependence of the global confinement with respect to variations in the ‘stiffness’.
Finally the predictive simulations have been taken one step further for the stellarator
reactor case. Even for the reactor case a suitable burn-point is found, although the
critical gradient model leads to a strong reduction of the temperature in the edge
region and a global confinement enhancement factor of f.., = 1.3 is obtained.

Since the work done in Article II considers recent state-of-the-art gyrokinetic
simulation results, not all relevant effects have been included yet, such as the den-
sity gradient and the radial electric field which are anticipated to reduce turbulent
transport. It is expected that these effects will be included in the near future and
experimental results of W7-X will allow a further test of the knowledge gained so
far.
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Chapter 3

3 Design of next-step HELIAS
Devices

The study of power generating reactor concepts has a long tradition in fusion re-
search. This is due to the fact that fusion research is both goal- and project-oriented.
Consequently, over the last 50 years, the prospects of fusion power plants, subject
to a changing knowledge-base and expectations, were of great interest. In particu-
lar, reactor studies serve the purpose of revealing inconsistencies both in physics and
technology assumptions. In this sense, reactor studies of fusion devices are especially
important to identify and guide a critical research path including the preparation
of dedicated experiments and simulations as well as the development of relevant
technologies.

For the advanced stellarator line, initial reactor studies have been carried out in
the nineties with focus on individual point studies. Here, a new, more systematic
approach will be introduced with the aim of finding an optimal reactor design within
a multi-dimensional parameter space. Moreover, this approach will not only be used
for HELIAS power-plant studies, but also for an intermediate-step stellarator which
may follow W7-X. Before proceeding to these studies, the functional principle and
the key components of a stellarator power plant are briefly introduced which de-
fine technological constraints and boundary conditions. This illustrates also the
complexity of reactor studies as, apart from physics considerations, detailed tech-
nology and engineering considerations need to be kept in mind. Consequently, a
broad overview and knowledge-base is required to carry out reactor studies and the
complexity of different aspects can sometimes lead to non-intuitive results.

A conceptual engineering design of a HELIAS power plant as well as a conceptual
sketch of the most important technical components can be seen in Fig. 3.1. In the
centre of the toroidal vessel the plasma is confined by the magnetic field. For the
D-T reaction, the produced fusion power comes in form of energetic alpha particles
and neutrons. The alpha particles heat the plasma and sustain the burn conditions
while the neutrons directly leave the plasma and are absorbed in the blanket which
surrounds the plasma vessel. The neutrons not only deposit their energy in the
blanket but also fuse with lithium in order to produce tritium. This is necessary as
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Figure 3.1: Illustration of the HELIAS 5-B engineering study [59] (left) and conceptual
sketch of the radial build of the power plant core and the main facilities re-
quired for operation (right).

tritium has a half life of only 12.5 years and the fusion power plant must produce
tritium self-sufficiently. To protect the superconducting magnets from the residual
neutron flux, a shield adjacent to the blanket is required. Additionally, the divertor,
a component responsible for the controlled energy and particle exhaust, is needed.
With an active cooling system the heat deposited in blanket and divertor must be
extracted and converted to electricity. Before the electricity can be provided to the
national grid some of the electrical power needs to be recirculated in order to operate
all power plant facilities. Further, due to the radioactive nature of the tritium, a
closed cycle is needed that brings the tritium from the blanket and divertor to the
tritium facility. This facility purifies the exhaust to streams of deuterium and tritium
which can then be re-injected into the plasma as fuel. Besides that, a reactor needs
an external heating source for the start-up phase of the plasma and for control. The
components of the reactor are held in place by a strong support structure enclosed
by the outer vessel.

3.1 Engineering Characteristics and Boundary Conditions

Modular Coils

In an advanced stellarator the rotational transform of the 3D magnetic topology
is realised by a so-called modular coil set. Modular coils are discrete non-planar
‘toroidal’ field coils which are capable of producing magnetic fields traditionally
created with various combinations of toroidal, helical and vertical field coils. In
order to minimise the number of differently shaped coil types, an advanced stellarator
configuration consists of identical modules which are point-symmetric in themselves.
In the past, different numbers of modules have been investigated, but the current
research of advanced stellarators focuses on 5-field periods. This is a compromise
between the more compact 4-periodic (having poorer physics qualities) and the larger
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configurations with higher aspect ratio.

Due to the complex 3D shaping of the coils, the current in the coils creates both a
toroidal and a poloidal magnetic field component. Thus, large poloidal field coils as
used in tokamaks can be avoided with the great advantage that the corresponding
large forces which would have arisen between poloidal and toroidal field coils can
be avoided. But nonetheless, large forces remain in-between the toroidal field coils
which require a strong support structure. In stellarators the force distribution is
quite complex due to the 3D shaping of the coils. In contrast to tokamaks, there
are forces which are directed radial inwards and outwards, but also lateral forces.

Moreover, the modular coil set itself allows the realisation of a large variety of
magnetic configurations as they are able not only to mimic a superposition of fields
with different helicities but also a toroidal field mirror term. With this flexibility,
optimised stellarator magnetic configurations can be realised. In particular, they
can be optimised with respect to reactor-relevant criteria [25|, which is a topic of
active research.

Due to the required high field strength for the plasma confinement, the coils must
maintain a large current. In order to realise this, the coils must be superconducting
using low-temperature superconducting material (L'TS) such as niobium-titanium
(NDbTi) as used in W7-X. To achieve even higher field strengths, modern niobium-tin
(Nb3Sn) can be used as for ITER. Both require cooling to 4.2K to be superconduct-
ing. Due to the large fields (up to 13 T at the surface of the coil), large forces act
on the reactor structure which are on the order of several hundred MPa. Therefore,
a robust support structure is required to compensate the magnetic forces. Due to
their size, shape and material, the modular coils have significant impact on the total
costs of a stellarator reactor. In the future, also high-temperature superconductors
may play a role which have undergone a very rapid advancement in the recent years.

Blanket and Shield

The blanket and shield are critical components of a fusion reactor. In particular,
the blanket must breed the hydrogen isotope tritium from lithium to serve as fuel
for the power plant. Blanket and shield are situated between the first wall and the
superconducting magnets. Because of the high fusion power output of a reactor,
the blanket is exposed to strong radiation, both from energetic photons and neu-
trons. The blanket must withstand the resulting thermal stresses reliably for long
time periods to ensure economic operation of a plant and at the same time fulfill
three major functions. It must shield the superconducting coils outside the blanket,
convert the fusion energy into heat energy and breed tritium.

In the European fusion program different blanket concepts are considered. Due
to its low space requirements the Helium Cooled Pebble Bed (HCPB) [60] design
is the most favourable blanket concept for a HELIAS reactor. The space between
the plasma and the coils, where the blanket is located, is very limited and puts
constraints on the aspect ratio and the size of a stellarator. Therefore it is necessary
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to minimise the thickness of blanket and shield as much as reasonably possible.
The HCPB is introduced here as reference, but a final decision on a stellarator-
specific blanket concept can only made after a complete neutronic analysis and
experiments, as e.g. planned for ITER. Work towards the neutronic analysis of a
HELIAS has recently been started, see Article VII. For this purpose a 3D neutron
source was developed, validated and implemented in the widely used Monte Carlo
neutron transport code MCNP [61].

The HCPB has originally been developed for tokamak power reactors but it is
currently anticipated that the technology can be readily adapted to stellarators.
The breeding material is a Li;SiO4 ceramic enriched with SLi together with beryl-
lium pebbles which serve as an efficient neutron multiplier providing a high tritium
breeding ratio. The blanket is organised in segments with a cross-section of about
0.85 m?.

The cooling system uses helium with an inlet temperature of about 300°C and an
outlet temperature of 500°C at about 8 MPa pressure using ‘EUROFER’ (a ferritic
martensitic steel) as structural material. With a conventional Rankine cycle, one
can expect a thermal power conversion efficiency of about 40%. An independent
helium purge flow loop at low pressure (about 0.1 — 0.2 MPa) is used to extract
the tritium from the ceramic breeder and from the beryllium. Due to the high
aspect ratio, the average neutron wall load in a HELIAS is about half of that of
a tokamak of the same fusion power. This also means that the power density in
the blanket is about a factor two lower. Without changing the blanket design, the
flow velocity of the coolant could be reduced, which would reduce the associated
pumping power considerably. This advantage is somewhat reduced by the fact that
the total blanket volume can be up to a factor two higher in a HELIAS increasing the
required pumping power somewhat. This is due to the difference in aspect ratio. As
the HELTAS has a higher aspect ratio, the surface area which needs to be covered by
a blanket is higher. As the radial extent of the blanket is fixed, the blanket volume
increases compared to a tokamak.

Similar to the modular coils, the blanket and shield are massive components con-
sisting of high-technology parts. Consequently, they also contribute significantly to
the reactor costs. Additionally, due to the use of materials like lithium and beryl-
lium, and the radioactive activation with time, the blanket will have an impact on
safety considerations.

Divertor

To ensure a steady-state operation of a fusion reactor, the accumulation of the
fusion ash — helium — and first wall impurities must be prevented. This is done
with a so-called divertor, which consists of special plates which intersect the plasma
in a controlled way. The main function of the divertor is the removal of particles
and the radial transport of heat out of the plasma chamber. The divertor plates,
therefore, need to be actively cooled. Reactor-suitable pumps [62| will have to be
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located behind the plates to remove the neutral particles.

For the placement of the divertor plates in a 3D stellarator, the inherent magnetic
field structure is exploited. In a HELIAS configuration with low shear, i.e. small
de/dr, the rational surface at the edge with + = 5/5 produces five large magnetic
islands. These islands provide an intrinsic separatrix at the edge. These naturally
occurring magnetic island chains can be exploited by placing independent divertor
plates symmetrically at the top and bottom of each field period [63]. These intersect
the magnetic islands at the edge in order to efficiently control the particle and energy
exhaust. The island divertor concept was successfully tested in Wendelstein 7-AS
[64] and seems to be a promising exhaust concept for a HELIAS reactor. As such it
will be further investigated in Wendelstein 7-X.

However, at finite 3, plasma currents have an impact on the magnetic configura-
tion and thus may shift or deform the islands at the edge. Therefore, these currents
(e.g. bootstrap and Pfirsch-Schliiter currents) are minimised during the optimisa-
tion of the magnetic configuration. Although the island divertor concept provides
a very broad flux expansion due to the very long connection lengths (an order of
magnitude longer than in tokamaks), the total effective wetted area is only 2 to 3
times higher than in tokamaks due to the discontinuity of the divertor plates. If
the heat load limit is strictly set to 5 MW /m?, most of the power must be radiated
before reaching the divertor, including radiation in the plasma centre and near the
separatrix, meaning that (partial) detachment is required [65].

Due to the direct interaction with the plasma, the divertor must withstand very
high heat loads in continuous operation. In addition, with the high neutron fluence,
the divertor must be replaced on a fixed maintenance schedule. The question of
suitable materials and divertor concepts is a topic of ongoing research. In fact, the
issue of plasma exhaust is one of the greatest challenges in fusion research.

Plasma Heating

In a commercial fusion reactor it is envisaged that the plasma is self-sustained by
the energy released from the fusion reaction for which charged alpha particles carry
3.5 MeV and thus one fifth of the released energy. The energy is transferred to the
background plasma by collisions while the neutrons are unaffected by the magnetic
field and go directly to the blanket. When the power generated and transferred from
the alpha particles is in balance with the power losses of the plasma, the machine is
in equilibrium and the plasma is regarded as ‘ignited’.

A figure-of-merit for the ignition of a fusion power plant is the fusion gain which
is the ratio of the produced fusion power to the externally supplied heating power

(3.1)

The requirement for a fusion power plant is thus to operate at ) > 1, i.e. on
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the order of @ ~ 30...50. If the plasma is completely self-sustained by the alpha
heating, () becomes infinite.

There are two main reasons why a system for external heating is required. The
first is, that for the start-up of the device external heating is required to bring a
pre-filled gas to plasma conditions and finally to the temperatures where the fusion
power starts and ultimately takes over. Depending on the amount and species of
impurities present in the start-up phase of the plasma, heating on the order of
50...100 MW is required to overcome the loss channels such as radiation, for a
detailed discussion see Article V. The second reason is that one can also envisage
operation which is not completely ignited, i.e. constant external heating is provided
to maintain the plasma conditions.

It should be noted that there is some difference between the heating scheme in
stellarators and in tokamaks. Tokamaks require a high plasma current for operation.
Thus, for tokamaks the heating system serves also as a means to drive current in
the plasma. For this purpose neutral beam injection is employed which has a high
efficiency in terms of how much power is required to drive a certain amount of
current. But tokamaks also require micro-wave heating to control the plasma, i.e.
stabilise occurring instabilities such as neoclassical tearing modes, an instability
which degrades confinement and can lead to disruptions.

In a stellarator, plasma current should be avoided as discussed in the last chapter.
Therefore stellarators favour electron cyclotron resonance heating (ECRH). ECRH
can reach a very high power density meaning that only small openings to the plasma
chamber are required. This helps also to protect the sensible components of the
heating system from neutrons. In particular, a remote steering launcher is an option
for a stellarator power plant. Further, ECRH is already in existence and is directly
scalable to power plant scenarios.

For this purpose one uses so-called gyrotrons, which are designed to emit mi-
crowaves which resonantly couple to the electron cyclotron frequency for a specific
value of the magnetic field. This provides a localised resonance in the plasma lead-
ing to a very efficient absorption of electromagnetic waves. The heated electrons are
then thermalised within the plasma due to collisions, heating the ions in the process.

Current gyrotrons as employed for W7-X can produce micro-waves with a power
of about 1 MW (up to 30 minutes), which can be easily scaled by combining an array
of gyrotrons. Ten such gyrotrons will be installed at W7-X with the possibility for
later upgrades.

Balance of Plant

Along with the main heat generating system, a fusion plant needs, like every power
plant, components for power conversion and distribution, generally known as balance
of plant (BOP). Often given little attention, the balance of plant plays an important
role for the reliable operation of a power plant. The objectives that must be achieved
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by the balance of plant are an efficient conversion of thermal power to electricity,
reliable supply of electricity to the power plant components and effective operation of
all auxiliary systems. To make a fusion power plant economical the balance of plant
systems must work with high efficiency and availability at low construction costs.
Conceptually the design of the balance of plant of a fusion power plant is similar
to those of conventional power plants although the use of a different coolant leads
to certain changes. Due to its better safety properties gaseous helium is foreseen
as coolant for the blanket and divertor in combination with a Rankine or Brayton
cycle. This requires a high amount of pumping power but at the same time provides
a higher thermal conversion efficiency.

Safety

The safety of future fusion power plants has been assessed in many studies. In the
European Power Plant Conceptual Study (PPCS) [66], the safety properties of four
tokamak models are investigated applying different levels of extrapolation to both
the assumed physics and technology properties of the plants. Important findings of
the study are that a total loss of coolant would not result in a melting of components
such as the plasma facing wall. Furthermore, in-plant energies are not sufficient to
cause accidents which result in radiation doses to the public which would require
evacuation. Finally, all activated material could be either recycled in a new power
plant or regarded as non-radioactive and returned to the general materials cycle
after several decades of decay. Studies for the ARIES compact stellarator come
essentially to the same conclusions [67]. What up to now has not been considered
in any relevant detail are the possible differences between tokamaks and stellarators
with regard to the physics or technology properties. From the physics point of view,
the favourable stability properties of stellarators near operational boundaries and
the absence of disruptions could also turn out to be an advantage with regard to
safety. From the technology point of view the more complex in-vessel geometry and
the resulting blanket and neutron shield requirements have to be considered when
comparing stellarators and tokamaks. First detailed studies of the distribution of
neutrons in a 3D HELIAS geometry and their interaction with the blanket and shield
have just recently started, see Article VII.
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3.2 Systemic Approach for the Integrated Concept
Development of next-step Stellarator Devices

As may already be grasped from the physics and engineering considerations de-
scribed so far, even the conceptual design of a power-plant-like fusion device is a
complex and demanding task. In the past, stellarator reactor studies considered only
individual design points with focus on engineering aspects of the actual confinement
device |68, 69]. While these studies are important for the investigated aspects, many
physics aspects were treated only superficially. Moreover, due to the focus on in-
dividual designs, it is not possible to obtain a broader overview in particular with
respect to parameter variations and uncertainties.

In order to overcome these drawbacks, this work goes a different, more systematic
way, where not only specific aspects of next-step stellarator devices are examined,
but rather they are treated as a complete system. Consequently, this work has the
aspiration to develop concepts of next-step stellarator systems in an integrated man-
ner, i.e. consistently combining physics, engineering and economic considerations, in
order to produce conceptual designs and assess uncertainties which will guide future
research.

In order to facilitate such studies, so-called ‘systems codes’ are often employed
as valuable tools for the design process which are explained next followed by the
applications to next-step stellarators.

3.2.1 Systems Codes

Systems codes, also known as design codes, are simplified yet comprehensive models
of a complete fusion facility. Such codes bring together physics, engineering and eco-
nomic aspects allowing development of self-consistent design points. Furthermore,
the sensitivity and robustness of such design points can be tested against variations
of important parameters. With this approach especially critical development direc-
tions for physics scenarios or technology advancements can be identified necessary
to guide future research directions. Following this strategy, dedicated experiments
in today’s devices may be performed as well as state-of-the-art simulations. With
the obtained results, systems codes models can be further upgraded to improve the
overall modelling. This is a long-term iterative process as conceptually outlined in
Article ITI, page 94, of this thesis and shown here in Fig. 3.2.

Systems codes are commonly applied in the tokamak community, especially with
respect to a tokamak demonstration fusion power plant, also known as ‘DEMO’, for
which many studies are ongoing [70]. Considering confinement concepts with a 3D
topology, similar studies have been done for the heliotron concept [71]. However, so
far no systems code existed capable of modelling a helical-axis advanced stellarator
(HELIAS). Since the development of a systems code from scratch would take several
man-years and is thus beyond the scope of a PhD-thesis, it was decided to review
an existing, tokamak systems code — PROCESS [72] — and develop and implement
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Figure 3.2: Concept of systems codes and their interaction with detailed simulations and
experiments. The left scale illustrates the required effort (in terms of com-
plexity and time) to carry out the individual tasks.
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stellarator-specific models into this framework. This strategy had the additional
advantage, that both the tokamak and stellarator concepts could be compared within
a common code framework.

PROCESS is a well-established, partly modular, European tokamak systems code
that gained maturity through years of development and application. A solver based
on Lagrangian multipliers is employed within PROCESS to allow for design opti-
misation with respect to the descriptive models and constraints. This is done by
minimising (or maximising) a user-defined figure-of-merit consistent with the rele-
vant inputs (iteration variables, constraint equations, and limits). The framework
of PROCESS consists of detailed, well-developed plasma physics, engineering and
economic models allowing for a broad scope of application.

In a first step, the systems code PROCESS has been assessed to identify changes
necessary to accommodate helical-axis advanced stellarators. Based on this assess-
ment, HELTAS-specific models have been developed as documented in Article I11
of this thesis designed for a systems code approach consisting of three major models:

e First, a geometry model to describe the plasma shape (flux surfaces) based
on Fourier coefficients. In position-space the geometry is described by cylin-
drical coordinates, which have been decomposed in a Fourier series allowing
modelling of any arbitrary 3D toroidal surface. Such a formulation allows one
to accurately calculate the important geometrical parameters such as plasma
volume, surface area and cross-section which have direct impact on e.g. fusion
power or neutron wall load. Moreover, it is possible to scale both the minor
and major plasma radius by scaling of the corresponding Fourier coefficients
making the model very flexible and suitable for a systems code approach.

e Second, a basic island divertor model for the energy exhaust is derived from
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geometrical considerations, in addition assuming cross-field transport and ra-
diation at the X-point. The model is of analytic nature and combines physics
and engineering relations. From the engineering side, the length of the divertor
plate is estimated by considering how a helical field line in the scrape-off layer
just passes the divertor plate on the inner side but eventually hits the divertor
on the outer side where the radial distance is given by the size of the mag-
netic island. The broadening of the heat along such a field line is estimated
by assuming diffusive cross field transport where the time it takes to reach the
divertor is determined by the connection length.

e And third, a coil model which calculates the maximum field at the coils, the
total stored magnetic energy, and the dimensions of the winding pack has been
developed based on the sophisticated HELIAS 5-B [59] reactor design. For
this purpose scaling relations and analytic inductance and field calculations
are employed in combination with a critical current density scaling of the su-
perconducting material used, i.e. scalings for both NbTi and Nb3Sn have been
implemented.

It should be noted, that Article III represents the very first work where HELIAS-
specific systems code models have been developed. Since the aim of this approach
was not only to simulate individual design points but also to carry out parameter
variations over wide ranges, a consequent requirement for the developed models was
to retain low calculation times (in comparison to more specific codes which require
hundreds of CPU-hours for single runs). A particular difficulty has therefore been
the reduction of the 3D complexity of the stellarator to lower dimensions in order
to shorten calculation times without sacrificing too much accuracy. Although a
PROCESS run for a single stellarator design point takes a few minutes compared to
a few seconds for a tokamak, this time frame is entirely sufficient for the envisaged
applications.

However, the systems code PROCESS employs empirical confinement time scal-
ings to extrapolate the confinement time, i.e. to describe the radial transport of
energy in power plant sized devices. But as already discussed in chapter 2 and Ar-
ticle I, empirical confinement time scalings are not sufficient to confidently predict
the confinement properties of a HELIAS power plant. Therefore, in addition to the
systems code approach, a 1D transport code (as introduced in chapter 2) is employed
to calculate and estimate the neoclassical and turbulent transport and thus provide
a more sophisticated estimation of the confinement in the systems studies.

The transport simulations could not be directly coupled to the systems codes since
the transport simulations can be very time consuming. Therefore, the transport sim-
ulations have been done for a representative design point in the envisaged engineer-
ing parameter regime. Essentially, the simulations provide an energy confinement
time 7. But in order to use this result for the systems studies it is convenient to
rephrase it as an renormalisation factor f.., with respect to the ISS04 scaling. This
‘offset’ to the scaling can be directly implemented for the systems studies. Strictly
speaking, the obtained renormalisation factor would only be valid for the simulated
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design point. However, in order to be able to effectively use the systems code, the
assumption has been made, that the renormalisation factor is valid in the parameter
regime around this reference point. Thus, the empirical confinement time scaling
could be used without the need to carry out transport simulations for every design
point. Still, a few iterations back and forth between the systems studies and the
transport simulations were required to arrive at a consistent design.

The models described above have been successfully implemented in the systems
code PROCESS and, subsequently, a verification study has been carried out as de-
scribed in detail in Article TV, see page 103. First, W7-X was modeled within
the stellarator-representation of PROCESS and compared to the real machine pa-
rameters which showed good agreement of the important parameters within 10%
deviation. Secondly, a tokamak DEMO case has been modeled by the 3D stellarator
modules where the coil module has been adopted using ITER parameters as basis.
Moreover, the island divertor model was modified to take into account the tokamak
symmetry and continuous divertor plates. The subsequent modelling of a tokamak
DEMO using the stellarator modules showed good agreement to the original PRO-
CESS tokamak models with differences of maximum 10%.

With this tool available and given confidence from the verification exercises, stel-
larator systems studies have been conducted. Moreover, a direct comparison between
a tokamak and a stellarator power plant design has been carried out.

3.2.2 Design Window for a HELIAS Power Plant
Systems Studies

In Article V, page 107, a systems code approach has been applied for the helical-axis
advanced stellarator line with the aim of defining the accessible design window for
a power-plant-sized HELIAS. For this purpose the stellarator version of PROCESS
(v. 389) described above is used. However, before such a study can be undertaken,
several general assumptions must be made about the constraints and goals of such
a device. These are described in detail in Article V, but the most important shall
be summarised here.

Most notably, transport simulations, as discussed in chapter 2, were carried out
separately using dedicated codes to serve as input for the systems studies. In agree-
ment with Article I, the confinement enhancement factor was limited to fen < 1.5
and the volume-averaged temperature fixed to (T;) ~ (T.) = 7 keV. In order to esti-
mate the helium ‘ash’ in the plasma, first a source profile has been defined by taking
the alpha particle birth profile and slowing down on the flux surface (i.e. neglecting
losses of alpha particles). Secondly, using the neoclassical transport approach as
discussed before employing DKES, the particle flux of the helium ash is calculated
and in combination with the source profile a helium density profile is obtained. This
leads to a 10% concentration of helium ‘ash’ in the plasma which reduces the fusion
power due to fuel dilution.
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From the engineering side, the aspect ratio was fixed to A = 12 to provide enough
space for blanket and shield between plasma and coils. For simplicity, the blanket
has been modelled according to [73] with a blanket thickness of 0.8 m. Helium was
chosen as coolant for blanket and divertor as described in the last section leading
to a pumping power of Py, = 200 MW and a thermal conversion efficiency of
Nen, = 0.4.

Although a systems code provides comprehensive modelling of a fusion power
plant, such a code comprises hundreds of different parameters. Therefore, a par-
ticular difficulty lies in the creation of a suitable input file which needs to specify
equations, constraints, boundary conditions and a high number of input parameters
across many systems. Moreover, PROCESS intrinsically allows only a parameter
scan in one dimension. In order to allow for an N-dimensional scan, a utility was
developed in the course of this thesis'.

For the engineering parameter variation, the major radius and the magnetic field
strength on-axis were varied over a wide range with the fixed goal to achieve 1 GW
net electric power similar to other base-load power plant concepts. The results of
this systems study are shown in Fig. 3.3.

24 : 24 : : : : :
'E Ty =K f:ad :8% \f% N
E, 23 E 23t 75
= = £ \
ool ! N a6, %, d
4 T = 1.3 MW/’ 4 AN 3
521t 5 21) P ]
5 20F Ty, =L5MW/m’ 5 20 Fag = 87% A 1
=) ©
= 19 = 19 \ )
846 48 5 52 54 56 846 48 5 52 54 56
Magnetic Field on Axis: B, [T] Magnetic Field on Axis: B, [T]

Figure 3.3: Design window analysis for a HELIAS power plant device with 10% helium
ash concentration constrained to achieve Pyeiel = 1 GW = const. show-
ing isocontours of the volume-averaged thermal plasma B (blue), the average
neutron wall-load (orange), and the stored magnetic energy (red) [left]. Com-
plementary are shown the isocontours of the confinement enhancement factor
fren (black) and the radiation fraction of the power crossing the separatiz to
keep the peak heat load on the divertor plates at 5 MW /m? (red) [right].

The accessible design window depends strongly on the envisaged beta-limit and
suggest that the beta-limit should be investigated experimentally. The average
neutron wall load on the other hand does not limit the design of a HELIAS device as
it does not exceed 1.5 MW /m? even at smaller machine sizes due to the high aspect

! After successfully placing a project within the German DAAD-Rise program, I obtained funding for an
American student, S.B. Torrisi, who programmed the N-dimensional parameter scanner [74] under my
supervision and in collaboration with CCFE.
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ratio and surface area. The required confinement enhancement factor with respect
to the ISS04 scaling lies between f,o, = 1.2 — 1.3 for machines of every size at high
field. This is in line with results from detailed 1D transport simulations; see Article
I. In order to control the power exhaust of such a HELIAS device, 85 — 87% of the
power must be radiated to protect the divertor and ensure a peak heat load limit
of 5 MW /m?. This may be considered an upper limit as so far only bremsstrahlung
and synchrotron radiation were considered in the plasma core, but additional power
could potentially be radiated from the core if impurities were to be injected. Even
under the most conservative assumptions with 8 = 4.5% and 10% helium ash, a
feasible design window emerges around R = 22 m, B; = 5.5 T. But if a scenario
with effective helium exhaust (e.g. through a positive electric field by means of a
hollow density profile [75]) can be found and/or the beta-limit can be verified to
be higher, the design window drastically increases opening many more options for
potential devices and robust design points.

Beyond the design-window analysis, it was shown that single design points can be
further studied using plasma operation contour analysis (POPCON) [76]. Such a
detailed study of a single design point allows, for example, the determination of the
external heating power that is required to reach the ignition state. Furthermore, the
POPCON analysis can be used for sensitivity studies. As examples, the impact of
the confinement enhancement and the tungsten impurity concentration on the igni-
tion window were additionally studied in Article V. It became clear that a higher
confinement strongly reduces the required external heating power while increasing
the available ignition window. In contrast, an intrinsic impurity concentration of
tungsten would make the start-up very difficult as tungsten has a strong radiation
maximum at around 2 keV while the ignition region at higher temperatures is not
affected very much.

Economic Comparison to Tokamaks

In the second part of Article V, the stellarator has been compared to the toka-
mak concept. A tokamak design point was chosen with the same set of goals and
assumptions and the total construction costs compared. One of the most important
findings is that the costs for a stellarator power plant are on the same level as the
costs for an equivalent tokamak; see Fig. 3.6 in the next section. Although the
stellarator is a larger device in terms of its dimensions, the masses for the differ-
ent components are comparable to those of a compact tokamak leading to similar
construction costs in this analysis. A detailed cost break-down and comparison of
a tokamak and stellarator design point have shown that the costs of the tokamak
magnet system are higher due to the high costs for the poloidal field coil system
and the transformer. The stored magnetic energy of a stellarator is only a fraction
of that of a tokamak. Also, the equipment costs for the tokamak are higher than
for the stellarator as the tokamak requires current drive to operate in steady-state
which is more cost intensive.
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3.2.3 Options for an Intermediate-Step Burning Plasma Stellarator

With the definition of the design window for a HELIAS power plant and indications
for the economic viability of the concept in comparison to tokamks, the next question
is: ‘How close are we to such a device from today’s point of view?’ and ‘What steps
are necessary to build such a device?’

In other words, in order to advance HELIAS reactor studies, it is necessary to
assess the gaps which exist in physics knowledge and available technology from
today’s point of view. The identification of such gaps is important in order to be
able to make decisions about the focus of stellarator research in the near future.
In particular, the development of a qualified research strategy depends on such an
assessment and has been studied in Article VI, page 117, of this thesis.

Step-Ladder Approach

Indicative representations for the assessment of physics and engineering gaps are
so-called ‘step-ladder’ plots that show the relation of today’s experiments to power-
plant-like devices in terms of the governing dimensionless parameters. For the def-
inition of the leading dimensionless physics quantities which characterise a mag-
netised plasma, dimensional analysis |77, 78] or transformation invariance |79] can
be employed. Consequently, one obtains the three commonly employed dimension-
less plasma parameters which are the normalised plasma pressure 3, the normalised
gyroradius p* and the collisionality v*, defined as:
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where a is the minor radius, Ry the major radius, p the plasma pressure, vy, the
thermal velocity and vy, the thermal collision frequency.

In order to measure the reactor relevance of existing and planned magnetic con-
finement devices, it is convenient to rephrase the leading operation parameters of a
device in so-called ‘dimensionless’ (omitting dimensional constants) engineering pa-
rameters B* oc Ba®*, P* o« Pa** and n* oc na®*/B [80]. Considering the Kadomt-
sev similarity constraints |77|, B*, P* and n* must remain constant in differently
sized devices, in order to obtain the same dimensionless plasma physics parameters.
Thus, the formulation of such dimensionless engineering parameters allows one to
link both the governing dimensionless physics quantities and the machine parame-
ters. This ‘link’ is established using empirical scaling laws which can be expressed
not only as a function 7z = 75(R, a, B, P,n,¢), but also as 7z = 7(v*, p*, ).

The combined engineering-physics parameter view can be seen in Fig. 3.4, where
the left side shows the step-ladder plot for ASDEX Upgrade, JET and ITER as
adapted from [80]. The right side of Fig. 3.4 reflects the same approach for the
HELIAS line employing the scaling law ISS04 for the energy confinement time 7g
[48].
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Figure 3.4: Step-ladder plots for ITER-like tokamaks (left) and the HELIAS line (right).
The left side shows operation windows of ASDEX Upgrade (AUG), JET and
ITER in dimensionless engineering parameters with isocontours of dimen-
stonless physics parameters at constant n*. The right side shows the same
for the HELIAS line. The W7-X operation windows refer to operation phase
1 (OP1) and 2 (OP2) for X2 and O2 heating, respectively, where n* has been
adapted to ECH cut-off densities and ‘HELIAS 5-B’ is an engineering-based
reactor study [59].

Comparing the step-ladder plot of ITER-like tokamaks with the HELIAS devices,
indicates that the physics basis of advanced stellarators is less well covered than that
of tokamaks. In physics dimensionless parameters, the gap from existent devices to
burning plasmas is clearly evident. In comparison to tokamaks, the change both
in B*, P* and n* as well as in p* and v* is more substantial for the discussed
stellarators. This fact reflects, that the degree of maturity is more advanced for
tokamaks. In particular, the ITER device plays a key role in the advancement of
the tokamak-line.

The analysis of required control parameters in figures of dimensionless variables
shows that the step from W7-X to a HELIAS reactor would be very large in the
dimensionless engineering and physics quantities. In particular, simultaneous at-
tainment of v*, p* and 3 of an envisaged reactor working point cannot be achieved
in W7-X.

Apart from the dimensionless physics quantities shown, other global parameters
can be investigated which are not necessarily dimensionless but which can be used
to characterise the step-size to reactor conditions. For example, the parameter P/R
[81] which is the ratio of the power losses to the major radius of the machine, is used
as a figure-of-merit in the tokamak-community to measure the extrapolation of the
exhaust system [82]. It is assumed that the radial power decay length of the power
flowing to the divertor does not change with size [83|. This means, the wetted area
on the divertor scales only with R.
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Other parameters of interest are the fusion triple product nT'7g which characterises
the fusion burn conditions and p* which is the normalised alpha particle pressure and
is a measure of the expected fraction of the energy density of high energy particles in
the plasma which can act as a drive for Alfvénic instabilities. As outlined in detail
in Article VI, considerable gaps also exist for these parameters.

Somewhat differently stated, 3D burning plasma effects which are important in a
HELIAS reactor are not accessible in smaller devices. These arguments give rise to
the conclusion that a direct step from W7-X to a HELIAS reactor bears high risks
of not achieving the desired performance. Therefore an intermediate-step burning-
plasma HELIAS device appears prudent in order to investigate the physics of 3D
burning plasmas and to reduce development risks towards commercial fusion. Dif-
ferent options for such an intermediate-step machine are presented in the following.

Systems Studies of possible next-step Stellarators

Since the step from W7-X to a HELIAS power plant is rather large both in engineer-
ing and physics quantities, a number of different machines could be envisaged to fill
this gap. In the following two boundary cases are studied. The first case represents
a reasonably small device, which could be realised on a near-term time scale using
mostly today’s technology, in the following called ‘Option A’. The second case, which
can be regarded as the upper boundary, is meant to be a DEMO-like design which
employs reactor-ready technology and should consequently produce a net amount of
electricity. Since there are still possibilities for a design compromise between those
two boundary cases, the DEMO-like concept is referred to here as ‘Option C’ (i.e.
‘Option B’ would be the in-between compromise which is not investigated in this
work). It should be pointed out that a direct step from W7-X to a HELIAS power
plant is not generally excluded, however the options presented here would greatly
reduce the development risks.

According to the identified physics and engineering gaps as discussed above a
tentative list of high-level requirements was specified in Article VI and serves as
input for the systems studies for the Options A and C. Moreover, a number of
sub-goals were defined according to the level of sophistication for each option. For
example, detailed 1D transport simulations were carried out for both Option A and
C which served as input to the according systems studies. For the details, the reader
is referred to Article VI. The resulting design window analysis is shown in Fig. 3.5
for Option A (left) and C (right).

According to Fig. 3.5, it can be concluded that the beta-limit does not play a role
for Option A unless one would go to very low field and small device sizes. But this
would also require substantially more external heating power as the contours of beta
and external heating power are nearly parallel. At 50 MW external heating power a
beta of about 4.5% is reached. Although the systems studies have been iterated in
alternation with detailed transport studies in order to limit the uncertainty concern-
ing the confinement, the results remain sensitive to the achieved confinement. For
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Figure 3.5: Design window analysis for the intermediate-step HELIAS — Left: Option
A, constrained to achieve 500 MW fusion power with a confinement enhance-
ment factor of fren < 1.8. Right: Option C, constrained to achieve 200 MW
net electric power. — Shown are isocontours of the volume-averaged thermal
plasma (B) (blue), the average neutron wall-load I'nwr, (orange), and external
heating power (black).

example, a reduction of the confinement by 10% from f.e, = 1.8 to 1.6 would double
the required heating power. Being a stellarator, the device would be designed for
steady-state operation and the average neutron wall load of 0.4 — 0.5 MW /m? may
open opportunities for material testing. The exhaust requirements for Option A are
moderate compared with a reactor as the maximum required radiation in the SOL is
only on the order of 50% even when ignoring core radiation by impurities. Although
the systems studies for Option A suggest that NbTi can be used, the maximum
field on the coil reaches values of B, &~ 10 T for 4.5 T on-axis which would require
super-critical helium cooling at 1.8K. However, as the NbT1i scaling of W7-X is used,
errors of 10% are conceivable which could make the difference between normal and
super-critical cooling. A more detailed engineering study is required to assess which
maximum field can be achieved on-axis using NbTi. In an older study for a 4-period
HELIAS (HSR4/18i [68]) the field on the coils could be reduced by trapezoidally
shaping the winding pack. These aspects should be included in a future study.

For Option C, the use of Nb3Sn is envisaged from the beginning allowing higher
fields with fewer constraints. But even at higher fields, the design points are not
ignited, i.e. external heating power is required to sustain the plasma. Since the
goal was fixed to 200 MW net electric power, the fusion power is rather low with
1100 MW and the alpha heating thus does not suffice to self-sustain the burn condi-
tions. However, one can also view this from another perspective: in order to achieve
200 MW net electric power, a DEMO-like HELIAS does not need to be ignited.

The aspect ratio for Option C is with A = 12 higher than for Option A with
A = 10. This is necessary to have enough space for the blanket, but the plasma
volume is somewhat reduced. Again, the heating power contours are nearly parallel
to the beta contours and the beta-limit does not seem to play a role unless very small
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devices are considered. For Option C it appears favourable to go to higher fields
since a higher fusion power is required at low field due to the reduced confinement.
As a larger range of major radii was considered, the average neutron wall load
varies between 0.5 — 1.0 MW/m? and the required radiation fraction in the SOL
lies between 60 — 80%. Also for Option C, the systems studies were iterated with
detailed transport simulations in order to obtain a higher accuracy for the predicted
confinement and led to fro, < 1.5.

Economic Comparison

As the options presented here for an intermediate-step stellarator represent bound-
ary cases with quite a conceptual difference, an economic comparison rating the
effect of the level of sophistication on the construction costs should show a signifi-
cant difference.

The current version of PROCESS accommodates a basic cost-model with which
it is possible to estimate the construction costs of a design point based on the total
sum of material costs. In fact, the systems code PROCESS can calculate for each
component of a fusion device the size. Each component is described by a material
or even several materials. Based on the size of the components and the material
densities the total weight for each material can be estimated. Every material in turn
is associated with specific cost-per-weights which allows estimation of the costs of
each component and in total the direct costs of the device as a sum of all individual
components. The direct costs are complemented by indirect costs which are a flat
rate of the direct costs and represent together the total construction costs. A cost
penalty for the complexity of components is not yet included in the model (costs of
certain components may thus be underestimated). The PROCESS cost model has
been benchmarked with the dedicated cost analysis code FRESCO which showed
a reasonable agreement for the total costs of a tokamak test case with about 20%
difference [84]. The cost estimates will be given here as ‘PROCESS currency units’
(PCU) since the cost analysis is carried out for all devices in the same framework
allowing a relative comparison between the individual devices while absolute values
should be treated with care.

For the economic comparison, exemplary, favourable design points are selected
from each design window analysis and compared in a cost-breakdown. For Option
A, a medium-sized low-field machine was selected with R = 14 m and B, = 4.5 T
while for Option C, a high-field, larger machine seems to be a favourable design
point with R = 18 m and B; = 5.5 T. The total construction cost of both these
design points have been broken down into their major contributions, which are the
magnets, the blanket, the buildings, the equipment and indirect costs. The results
are shown in Fig. 3.6. In addition to these design points, the total construction costs
of a HELIAS power plant and an ‘equivalent’ tokamak (Model B of the European
PPCS study [70]) are presented as reference which have been discussed in section
3.2.2 and Article V.
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plant and an ‘equivalent’ tokamak.

The total magnet costs are higher for the tokamak than for the HELIAS as the
massive PF coils and transformer add considerable mass of superconducting material
(Nb3Sn) and additional costs for assembly. The stored magnetic energy is lower in
the stellarator since there is nearly now stray-field. This is because the HELIAS
exploits the intrinsic magnetic islands as divertor while the tokamk requires the
large PF coils to achieve a divertor configuration. The blanket cost on the other
hand is higher for the HELIAS as the total surface area covered by the blanket is
higher due to the higher aspect ratio. This in turn means also that the average
neutron wall load is lower in the stellarator ensuring longer lifetime of the exposed
inner components. The costs for the buildings are comparable in both the tokamak
and stellarator case. The reactor building for the HELIAS must be broader but the
tokamak reactor building on the other hand higher while the requirement for other
buildings are similar. The equipment costs, in contrast, are higher for the tokamak
as consequence of the requirement for external current drive.

A further striking result from this comparison as seen in Fig. 3.6 and discussed in
Article VI is the fact that the cost difference between the boundary cases Option
A and C is about a factor two. In particular the magnet costs contribute to this
difference which are much higher for the DEMO-like device than for the near-term
step. This is attributed to two reasons. First, Option C is a larger device with
higher field and requires therefore a higher amount of superconducting material.
Second, the costs for Nb3Sn are considerably higher than for NbTi. This provides
justification for the strategy to employ NbTi for the near-term device.

The results presented here are only a first step for the integrated concept develop-
ment of next-step HELTAS devices. Systems codes and the according models which
describe physics and engineering aspects are constantly improved and new models
are being developed. For the HELIAS line it is expected that W7-X will improve our
understanding of many physics topics in the upcoming years allowing to further ver-
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ify or improve the stellarator modules. Further, efforts are undertaken at different
research institutes to refine the cost models substantiating economic studies. Thus,
systems studies will remain an important research topic in the upcoming years.
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Chapter 4

4 Summary & Conclusions

With the worldwide increasing energy demand and the transformation of our society
towards sustainability, fusion seems to be a promising option supporting a sustain-
able electricity supply in the future. Great advancements have been achieved in
fusion research over the last decades and the commercial application seems to be
nearly in reach considering the long development times of such a complex technol-
ogy. In particular with the construction of ITER and the recent start of operation of
the optimised advanced stellarator — Wendelstein 7-X — renewed attention is put on
the prospects of fusion power plants. However, while considerable research has been
concentrated on the tokamak DEMO development, only little attention has been de-
voted to next-step HELIAS devices. Consequently, the approaches and techniques
used in this work for the concept development of next-step helical-axis advanced
stellarators are in nearly all aspects carried out for the first time. In particular, the
systematic approach including considerations of plasma transport, is fundamentally
new for HELIAS devices. In other words, this work builds the foundation for the
concept development of any kind of advanced stellarator which may follow W7-X.
A number of detailed conclusions obtained from this thesis are summarised below.

e With a power balance model it has been shown that only slight variations of
the confinement improvement with respect to the reference scaling (in terms of
the renormalisation factor) have great impact on the size of a stellarator power
plant. This approach also demonstrated that there are certain limits associated
with the confinement. It has been found that a lower limit of f.., = 0.5 exists
below which no stellarator power plant of reasonable size can be built. But
there exist also upper limits at which a further confinement improvement is
of no benefit in reducing the size of the machine. This is in the range of
fren = 1.5...1.7 where the plasma reaches its §-limit and the plasma volume
shrinks as outer flux surfaces become stochastic. (Sec. 2.3.1; Article I)

e In order to estimate the confinement improvement for the reactor case, a neo-
classical transport model has been applied to a reactor-relevant magnetic con-
figuration. It turns out, that the renomalisation factor continuously decreases
when upscaling from W7-X to reactor-relevant sizes and reaches values around
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fren = 1.2...1.3. The resulting important conclusion is that empirical con-
finement time scalings cannot be used to predict the confinement in stellara-
tor power plants. While it is true that the transport regimes change having
an impact on the confinement, a sensitivity study of additional ‘anomalous’
transport at the edge showed, that the decrease of the renormalisation factor
is rather robust. However, the understanding of turbulent transport in stel-
larators is still in its infancy and progress in the understanding and modelling
may provide new insights. Considering the formal scaling technique, in today’s
experiments the heating power P is an independent external parameter. But
under reactor-relevant conditions this parameter is determined by the engineer-
ing and physics parameters and thus ceases to be independent. This change
of paradigm contributes strongly to the deviation of the renormalisation factor
under reactor conditions from the prediction of W7-X. (Sec. 2.3.1; Article I)

State-of-the-art non-linear full-flux-surface GENE simulations showed that the
normalised ITG heat flux is similar both in W7-AS and W7-X, i.e. the heat
flux density increases linearly with Ly above a certain threshold. A basic
critical gradient model has been proposed reducing the complex 3D treatment
of turbulence to a computationally tractable 1D description. The model was
consequently implemented in the 1D transport code for the characterisation of
the turbulent transport in the plasma edge. Integrated transport simulations
of neoclassical and turbulent transport have been done based on experimental
data of W7-AS and the model was able to reproduce the W7-AS experimental
values adequately. (Sec. 2.3.2; Article II)

The ‘stiffness’, a parameter of the critical gradient model which describes the
resilience of the temperature profile, has been employed for predictive trans-
port simulations of W7-X. The important result from these simulations is that
the confinement improvement for W7-X holds even for the critical gradient
model. However, a sensitivity analysis showed a strong dependence of the
global confinement with respect to variations in the ‘stiffness’. Further, the
results of such simulations are strongly dependent on the boundary condition
which have been taken from basic scaling relations. Finally, the predictive sim-
ulations have been taken one step further for the stellarator reactor case. Even
for the reactor case a suitable burn-point is found, although the model leads
to a strong reduction of the temperature at the edge and a global confinement
enhancement factor of f., = 1.3 is obtained. (Sec. 2.3.2; Article II)

For the first time, HELIAS-specific systems code models have been developed
capable of accurately describing the 3D properties of a stellarator while retain-
ing small calculation times. The developed models include a geometry model
to describe the plasma shape, a basic island divertor model to describe the
energy exhaust and divertor heat load as well as a coil model which calcu-
lates the maximum field at the coils, the total stored magnetic energy, and the
dimensions of the winding pack. (Sec. 3.2.1; Article III)

The HELIAS models have been successfully implemented in the widely used
European systems code PROCESS and verified against two test cases. First,



W7-X was modelled and the results compared to real machine parameters,
second, the 3D generality of the stellarator models was exploited to model a
tokamak DEMO and compared to the original tokamak models. Both test
cases showed agreement within 10%. (Sec. 3.2.1; Article IV)

For the first time, a systems code approach has been applied for the helical-
axis advanced stellarator line with the aim of defining the accessible design
window for a power-plant-sized HELIAS. The major radius and the magnetic
field strength on axis were varied over a wide range with the fixed goal to
achieve 1 GW net electric power. The results have shown that the accessible
design window of a stellarator power plant depends strongly on the envisaged
beta-limit and the plasma core helium dilution. This is somewhat in contrast
to an intermediate-step stellarator, where the beta-limit does not play a role.
Consequently, if a scenario with effective helium exhaust can be found and/or
the beta-limit can be verified to be higher, the design window drastically in-
creases opening many more options for potential devices and robust design
points. Therefore, it is important that both the beta-limit and scenarios with
efficient impurity exhaust are investigated in detail in the W7-X experimental
campaigns. (Sec. 3.2.2; Article V)

Although not explicitly discussed in this summary, contours of heating power
were assessed as a function of temperature and density to study exemplary
design points in more detail. As examples, the impact of the confinement en-
hancement and the tungsten impurity concentration on the ignition window
were studied. It became clear that a higher confinement strongly reduces the
required external heating power while increasing the available ignition window.
In contrast, an intrinsic impurity concentration of tungsten would require sub-
stantially more heating power as tungsten has a strong radiation maximum at
around 2 keV while the ignition region at higher temperatures is not affected
very much. (Sec. 3.2.2; Article V)

An exemplary conservative HELTAS design point has been compared to an
‘equivalent’ tokamak including construction costs. It is an important finding,
that the costs for a stellarator power plant are on the same level as the costs
for an equivalent tokamak. Although the stellarator is a larger device in terms
of its dimensions, the masses for the different components are comparable to
those of the more compact tokamak leading to similar construction costs in
this analysis. (Sec. 3.2.2; Article V)

In order to measure the reactor relevance of existing and planned magnetic
confinement devices, the ‘step-ladder’ approach has been applied for the HE-
LTAS line. Comparing the step-ladder plot of ITER-like tokamaks with the
HELIAS-like devices indicates that the physics basis of advanced stellarators
is less well covered than that of tokamaks. The analysis of required engineering
and physics parameters in terms of dimensionless variables shows that the step
from W7-X to a HELIAS reactor would be very large. In particular, simulta-
neous attainment of v*, p* and 3 of an envisaged reactor working point cannot
be achieved in W7-X. (Sec. 3.2.3; Article VI)
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e The arguments stated above give rise to the conclusion that a direct step from

W7-X to a HELIAS reactor has larger uncertainties. Additional risks appear
for the development of physics scenarios of stellarator reactors if a burning
plasma HELIAS is not available. Therefore, an intermediate-step burning-
plasma HELIAS device is proposed in order to investigate the physics of 3D
burning-plasmas and to reduce development risks. (Sec. 3.2.3; Article VI)

Since the step from W7-X to a HELIAS power plant is rather large both in
engineering and physics quantities, a number of different devices could be envis-
aged to fit the requirements of an intermediate-step machine. Consequently,
two boundary cases have been investigated employing the systems code ap-
proach. Case one represents a reasonably small device which could be realised
on a near-term time scale using mostly today’s technology (Option A). Case
two, in contrast, represents an upper boundary with a DEMO-like design em-
ploying reactor-ready technology and envisions the production of a net amount
of electricity (Option C). (Sec. 3.2.3; Article VI)

For the economic comparison, exemplary design points were selected from each
design window analysis and compared in a cost-breakdown. For Option A, a
medium-sized low-field machine was selected with R = 14 m and B, =45 T
while for Option C, a high-field, larger machine with R = 18 m and B; =5.5 T
was chosen. The difference in total construction costs between those two design
concepts is about a factor two. (Sec. 3.2.3; Article VI)

4.1 Outlook

There are many open questions and challenges which need to be addressed in future
studies. A number of important points are listed below.
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e A collaboration with the Karlsruhe Institute of Technology has been started

in order to carry out a complete neutronic analysis of a HELIAS power plant.
As stated above a neutron source has been provided which has recently been
incorporated into a widely used Monte Carlo neutron transport code (MCNP),
see Article VII. In the next steps it is planned to integrate the 3D HE-
LIAS geometry in the code and to simulate the detailed neutron wall load and
in particular the tritium breeding ratio employing the HCPB blanket design.
Ultimately this should lead to an engineering design of a stellarator-specific
breeder blanket. These results may then be incorporated in a systems code to
improve the blanket modelling.

With the start of the operation of Wendelstein 7-X, many scientific results will
be obtained over the coming years. Most importantly, W7-X must demonstrate
the success of the optimisation of the magnetic configuration with its associ-
ated beneficial properties, in particular in view of steady-state operation. The
transport must be investigated in detail in order to improve our understanding
and modelling capabilities especially in terms of anomalous transport. The



resulting enhancement of predictive models then allows to further assess the
expected transport properties in next-step stellarators which may have great
impact on the design of such a device.

From a theoretical point of view, upcoming work should concentrate on the
investigation of the beta-limit and the finding of feasible modular coil sets
for quasi-isodynamic configurations. Considering the high alpha pressure in
a fusion reactor, it must be assessed to what degree fast particles can drive
Alfvénic instabilities. In particular, it must be studied if a threshold exists
for the fast particle pressure beyond which deleterious effects appear. While
configurations with a higher beta increase the design window of HELIAS power
plants, the characterisation of fast particle effects may have great impact on
the design of an intermediate-step stellarator.
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Abstract

In fusion power plant studies a high confinement improvement with respect to empirical scalings is often assumed in order
to design compact machines. In this work the limits of such a confinement enhancement is studied for helical-axis advanced
stellarators (HELIAS).

As a first exercise, the well-established power balance approach is used to investigate the impact of confinement enhancement (in
terms of the ISS04 renormalisation factor) on the required size of HELIAS power plants. It is found that both a lower (0.5) and an
upper limit (1.5 — 1.7) exists for which, respectively, ignition is no longer possible or further confinement enhancement irrelevant
due to physics limits.

In the second part of the work a predictive neoclassical transport model is introduced and employed in order to determine a self-
consistent confinement time based on transport modelling. It is found that the confinement enhancement with respect to the ISS04
scaling decreases in comparison to W7-X as the device is scaled to reactor size dropping from ~ 2.5 to 1.2 — 1.3. This behaviour
is explained with underlying scaling relations and transport effects. The results from both models are consistent and important for

future HELIAS systems studies.

Keywords: HELIAS, scaling laws, renormalisation factor, confinement enhancement

I INTRODUCTION

The ultimate goal of fusion research is to demonstrate the
feasibility of the economic production of electricity. To achieve
this goal, extrapolation to burning plasma devices beyond the
scope of current experiments is necessary. Such studies allow
one to identify critical technology and research areas to assess
necessary future steps, e.g. experiments, simulations and tech-
nology development, on the way to fusion power plants. In
addition, the dimensions and design parameters of such devices
can be estimated.

In the assessment of the required size of stellarator power
plants, a critical parameter is the confinement enhancement
with respect to empirical scaling laws. As stellarators are sub-
ject to high neoclassical transport, such enhancement of the
confinement is assumed by postulating further optimisation of
magnetic configurations.

From the variety of stellarator magnetic configurations, cur-
rently two major, promising concepts are explored in larger ex-
periments. On the one hand, the heliotron-line is investigated
with the Large Helical Device (LHD) in Japan where the mag-
netic field is created by continuous coils. On the other hand the
helical-axis advanced stellarator-line (HELIAS) will be studied
in the Wendelstein 7-X (W7-X) experiment in Germany em-
ploying a modular coil set with a 5-period symmetry.

Based on these concepts several reactor studies have been
carried out in the past. For the heliotron-line these center
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around the notion of the Force Free Helical Reactor (FFHR)
(Ref. 1) while HELIAS power plant studies have considered
four and five field period candidates, HSR4/18 and HSR5/22
(Refs. 2, 3) respectievely. The corresponding machine parame-
ters are summarised in Tab. L.

In the references cited different assumptions on confinement
enhancement over existing empirical scalings are made but have
not been thoroughly checked for consistency. Therefore, in this
work the limits of confinement enhancement are investigated
(with focus on the helical-axis advanced stellarator line) and
their impact on the design process of fusion power plants dis-
cussed. Being a complex topic, this work is here seperately dis-
ussed from the general HELIAS systems studies*> which apart
from confinement properties take many other limitations into
account such as neutron wall load, divertor exhaust, as well as
engineering considerations. These studies are still ongoing and
not subject of this work.

This work is organised as follows: in section II a 0-D global
power balance model for a stellarator burning plasma device
is derived using the approach of Ref.® Before the model is
employed, stellarator-specific physics constraints on the mag-
netic field strength B, and on the normalised plasma pressure
By = l/Vde 2uo Y, nkT/B? are discussed and the well-
known sensitivity on fusion power illustrated. The section is
concluded with an analysis of the renormalisation factor, f,,
(representing confinement enhancement / degradation depend-
ing on the magnetic field structure) and its impact on the device
size required to achieve ignition for a 4- and 5-fieldperiod HE-
LIAS. The section concludes with a direct extrapolation of W7-
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W7-X HSR4/18 HSR5/22
Major radius Ry [m] 5.5 18 22
Average minor radius a [m] 0.53 2.1 1.8
Plasma Volume V [m?] 30 1570 1407
Average magnetic field on axis B; [T] 2.5 5.0 5.0
Number of coils 50 40 50
Line averaged electron density 7, [10%° m™3] <20 2.6 2.12
Central electron temperature T [keV] <50 15 15
Average plasma (3) [%] <50 4.2 4.2

TABLE I: Main physics and engineering parameters for W7-X, HSR4/18 and HSR5/22.

X to power plant conditions under the constraints mentioned
above.

Next, in section III, a predictive 1-D neoclassical transport
model is introduced. This model allows the simulation of the
transport in an up-scaled W7-X high-mirror configuration. The
confinement times predicted by the model are compared against
the empirical ISS04 scaling’ and the discrepancies found (in the
sense of a confinement enhancement factor) are highlighted and
explained. Finally the results from the 0-D and 1-D model are
compared yielding consistent conclusions. The various results
and implications of the work are discussed and summarised in
section IV.

I GLOBAL POWER BALANCE APPROACH

In the following section, a basic power balance model is
derived to identify the predominant parameters relevant to ar-
rive at the conditions for plasma ignition. Such approaches are
widely used with similar methodologies.

For further discussions in this paper, the energy confinement,
being a relevant quantity in the model, was investigated and
physical and technical constraints introduced. The energy con-
finement is quantified through the energy confinement time 7g
and empirical scaling laws give its relation to geometry, heat-
ing power, plasma density and magnetic field properties. For
the most recent stellarator scaling ISS04 (Refs. 7, 8) this reads:

T?SO4 - ‘fren .0.134 a2.28R0.64P70.61ﬁe0.54B?.84tg./4§1 (1)

where a is the plasma minor radius in m, R the major radius
in m, P the heating power in MW, 7, the line-averaged elec-
tron density in 10! m=3, B, the magnetic field strength on axis
in T, and ¢,/3 the rotational transform at 2/3 of the minor ra-
dius. The renormalisation factor, f,,, can serve the function
of a confinement enhancement / degradation factor similar to
the H-factor used in tokamaks but, for stellarators, f;., also re-
flects the complex structure of stellarator magnetic fields and is
therefore dependent on the magnetic configuration.

Employing the definition of confinement time 7z and taking
the ISS04 scaling, the power leaving the plasma through trans-
port processes becomes P, = W/Tg where W is the plasma
energy. Assuming on the one hand toroidal geometry and on
the other hand that density and temperature only depend on the

minor radius r (in analogon to nested flux surfaces) the plasma
energy may be described by

3 1
W= mat Ry [ dop Y o) Ti0) @)
J

where p = r/a is the normalised minor radius and n;, T; are
the local density and temperature of the particle species j = e,
i (electrons or ions). Neglecting for the moment profile effects,
the local plasma pressure p = };n;kT; can be replaced by the
volume-averaged plasma beta (8) ~ p/B?. The profile depen-
dencies are collected in a constant ¢; such that the plasma en-
ergy becomes the simple expression

3

where A is the aspect ratio A = Ry/a. The profile parame-
ter ¢; was chosen such that it agrees with the results from the
HSR4/18 and HSR5/22 reactor studies.

The fusion power produced by such a device, under the same
assumptions, can be expressed as

1
Pjus = E (2ra)* Ry fo dp p np(p) nr(p) (v} (p) )

with £ = 17.6 MeV being the energy released by one D-T
fusion reaction. With np = ny = n,/2and Tp = Tr = T,
it is possible to approximate the rate coefficient of the D-T
reaction by {(ov) ~ T? in the relevant reactor temperature
regime 10 keV < T < 20 keV. The fusion power then becomes
Py = E (ma)* Ry fol do p ng(p) T?(p). Combining again den-
sity and temperature as the pressure p and replacing this by the
volume-averaged (8) the simple relation

)’ B! R}
A2
emerges with an additional profile parameter ¢, similarly cho-
sen to agree with HSR4/18 and HSR5/22. The values are sum-

marised in Tab. II.

In addition to the fusion power and the plasma transport
losses it is necessary to characterise the power balance of such
a fusion reactor. The flow chart of the power balance treated
here is illustrated in Fig. 1. As the aim of this work was the
investigation of global effects only, the power flow is not bro-
ken down to smaller scales. The useable thermal energy in this

Pfus =0 5)
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Configuration Cl o
HSR4/18 0.1175 0.004276
HSR5/22 0.1169 0.004215

TABLE II: Values of the profile parameters c¢; and ¢, of the global power bal-
ance model determined to comply with the results of the HSR4/18 and HSR5/22
reactor studies.

work is defined as the total fusion power modified with a fac-
tor M. This additional factor takes into account the additional
energy generated by nuclear reactions in the blanket / divertor.
Thus, the thermal power Py, produced in this model reads

Py=M- Pfus + PHear + nBoPPBoP- (6)

The integrated cooling system, with a thermal conversion ef-
ficiency 7, converts the thermal power to the gross electrical
power P, = 1y Py,. A fraction of this gross electrical power
must be recirculated within the power plant itself to operate the
various subsystems. In this study this power is referred to as
the auxiliary power Payx = frecPer. The remaining net electri-
cal power can than be provided to the grid.

The auxiliary power in turn consists predominantly of two
components. One component is the power required for the
balance of plant systems, Pg,p, mainly driven by the required
pumping power Pgop = Pp,. The other component is the ad-
ditional heating power, P4, needed to compensate the plasma
transport and radiation losses in excess of alpha particle heat-
ing: Pgeat = Pioss + Praa — Po. Here, P4, is the power loss
by radiation that in a stellarator reactor mainly comes from
bremsstrahlung, as synchrotron and line radiation are negligi-
ble in comparison, as long as impurities are not introduced
on purpose to increase core radiation. With the heating sys-
tem efficiency 7., the power required to operate the system is
PHeaz,Gross = PHeat/T]heat-

Auxiliary Systems P, Heating Systems

Thermal Conversion System

Prtcar Gross ‘
B e
U h

Sree un
( N
1= fe

Power Distribution Connection to Power Grid

Fig. 1: Flow chart for the basic power balance model of stellarator burning
plasma devices.

II.A Magnetic Field Strength and Plasma Beta

The strength of the magnetic field has a significant influence
on the global confinement as can be seen in the empirical con-
finement time 1SS04 (rz ~ B%#*), introduced at the beginning
of this section. Moreover, the substitution of the plasma pres-
sure p o (B) B? reveals a sharp dependence of the plasma en-
ergy and of the fusion power on the magnetic field strength B,
and (B) (equations (3) and (4)). Again, as is well known, an
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increase of both parameters is beneficial for the global perfor-
mance and the constraints for both B, and () are therefore high-
lighted.

II.A.1. Physics and Engineering Constraints

For B, it was shown in’ for a 4-periodic HELIAS that 4.4 T
magnetic field can be achieved on axis using existing NbTi tech-
nology with conventional helium cooling at 4.2 K. The field in
this case could be pushed higher up to 5 T if super-critical he-
lium at 1.8 K is applied as indicated in.”> With the advancement
of superconductor material development and the large scale use
of NbsSn in ITER, it was concluded in'® that the Nb;Sn tech-
nology could be safely employed for stellarators allowing a
magnetic field strength of up to 5.6 T on axis. However, the
application of new materials is limited by availability, costs and
the capability of complex 3D shaping. It was also shown in'!
that the forces and stresses arising in 5-period HELIAS with
Rp = 22 m and a magnet system achieving 5.6 T on axis are
manageable.

While the achievable magnetic field is more an engineering
issue the constraints of the achievable (8) are driven by physics
considerations. A HELIAS may operate only within a cer-
tain ‘window’ of (8). That means both a minimum threshold
and a maximum limit on the value of (8) exists. The lower
(B) limit is related to the confinement of the fast a-particles.
In order to confine the collisionless @’s in a HELIAS config-
uration, so-called ‘minimum-B’ configurations are necessary.
To achieve these configurations the diamagnetic effect of the
plasma is necessary providing a deeper magnetic well and a
faster poloidal VB drift beneficial for the fast particle confine-
ment. The minimum-B configurations are not achieved until the
local g is sufficiently large. As the before-mentioned effect gets
stronger with increasing 3, dependent on the profiles a certain
minimal value of (8) must be reached. This value is dependent
on the magnetic well in the specific vacuum configuration'? and
for the HELIAS line lies typically around (8) = 3 — 4%.

The maximum (8) is anticipated to have a ‘soft’ limit com-
ing from an increase of MHD instabilities gradually enhancing
transport and decreasing confinement, but it is ‘soft’ in the sense
that stellarators are observed to still operate above the ideal
MHD ballooning limit and beyond the Mercier limit.!3!415:16
Linear MHD stability considerations yield a beta limit of 4.5%
in W7-X. But as already pointed out, stellarators are observed
to operate above such limits reducing their credibility. In the
end, (8) may be limited by equilibrium-considerations, namely
the stochastisation of the magnetic field at increasing beta. At
increasing () the magnetic field becomes stochastic at the edge
causing a continuous destruction of flux surfaces such that this
stochastic region expands thereby decreasing the plasma vol-
ume. This effect could ultimately limit beta to the range 5 — 6%
as suggested by theoretical studies.!’

11.A.2. Sensitivity on Fusion Power

To study the magnetic field strength and (5) within the con-
straints outlined above the magnetic field strength was varied
continuously between 4 T and 6 T for the global power balance
model for two constant () values. The first was (8) = 3.6%



as a lower bound and the other was (8) = 4.9% as an upper
bound, chosen to be close but still somewhat below the beta-
limit pointed out above. All other parameters were chosen as
in HSR5/22 and kept constant except that the plasma density
was increased along with the magnetic field in order to keep
the value of () constant. The fusion power was chosen as the
figure of merit for the plant performance. The results are illus-
trated in Fig. 2.

It can be seen from Fig. 2 that at constant (8), the fusion
power increases substantially with increasing magnetic field
strength. The full step from NbTi technology with B, = 4.5 T to
Nb3Sn or Nb3Al technology with B, = 5.6 T roughly doubles
the fusion power. A vertical step from (8) = 3.6% (solid line)
to (8) = 4.9% (dashed line) also nearly doubles the generated
fusion power. If both the magnetic field strength and (8) can
be increased simultaneously then a substantial gain in fusion
power is achieved.
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Fig. 2: Fusion power as function of the magnetic field strength for HSR5/22
parameters with constant (8) = 3.6% (solid line) and (8) = 4.9% (dashed line)
where the horizontal line on the left is the maximum field strength of NbTi
technology at 4.2 K and the limit on the right is the maximum field strength of
Nb3Sn superconductors at 4.2 K. The star-like symbol is the reference of the
HSRS5/22 point design.?

IILB The Renormalisation Factor (0-D)

The ISS04 data set showed a distinct clustering of sub-sets
when plotted in figures of any available stellarator-heliotron
scaling.” This clustering motivated introduction of a sub-set
dependent factor (f.,) which led to much more statistically
significant scaling in (a, R, n, P, B,¢). f., has been determined
from reference scalings and is comparable to H-factors in toka-
mak scalings. It has been interpreted as reflecting configuration
dependent confinement properties, but, although evidence for
this interpretation has been found, it has not been conclusively
proven.” On the other hand, employing f,., to account for con-
finement enhancement effects appears to be a fairly obvious ap-
proach for the model discussed in this paper.

Therefore f,., was varied between 0 — 2 and the impact on
the machine size was investigated. More precisely, the size is
the minimum major radius R;,, necessary to achieve ignition,
which is defined as Q = oo and Py, = 0. The results are il-
lustrated in Fig. 3 for a constant fusion power of 3 GW and
for both the 4 and 5-periodic HELIAS (solid and dashed line

respectively). As the increase of f,., reflects improved con-
finement and in order to keep the fusion power constant, (3) is
increased in line with f,,,.

Fig. 3 clearly shows that a confinement enhancement, espe-
cially around f,.., = 1, allows for a reduction in the required
device size. But as (8) is increased with f,,, at one point a
beta-limit is reached above which further confinement enhance-
ment is pointless. This is shown in Fig. 3 with the circles
at () = 6 %. That means for the 5-periodic case a con-
finement enhancement with respect to the ISS04 above 1.7 is
not meaningful with a corresponding minimum major radius
of Rj,, = 17 m. For the 4-periodic concept already an enhance-
ment factor of about 1.5 reaches the beta-limit at a machine size
of Ri;n = 13 m. Another remarkable result of the study is that
a minimum f,,, = 0.5 seems to exist which precludes ignition
for smaller values (for reasonable machine sizes Ry < 30 m).
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Fig. 3: The minimum major radius for plasma ignition (Q = oo) is shown in
dependence of the renormalisation factor f.., for the 4 and 5-periodic HELIAS
concepts (solid and dashed line respectively) at constant fusion power of 3 GW.
As (B) is increased with f..,, the circles show the point where (8) = 6 % is
reached. Additionally, (8) = 4 % (squares) and (8) = 5 % (triangles) is shown.

From this result it is evident that the improvement and opti-
misation of the confinement is critical. There exists a minimum
value of the confinement that must be achieved to reach igni-
tion conditions at all, while, a very high degree of confinement
allows for the reduction of device sizes. Such an improvement
allows higher plasma temperatures and densities and is; there-
fore, interconnected to the plasma (5), which must be increased
(up to the maximum possible value) along with the confinement
improvement to truly allow for smaller devices. It is noted that,
at the same time, further issues may result from particle con-
finement and density control.'® These topics will be treated
elsewhere.

II.C Direct Extrapolation of Wendeltein 7-X (0-D)

Employing the introduced power balance model under the
physics and engineering constraints listed in subsection II.A
and additionally considering possible confinement enhance-
ment with the renormalisation factor as stated above, Wendel-
stein 7-X can be directly extrapolated to power plant conditions.
For this extrapolation two boundary scenarios are used. First a
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more conservative approach with a magnetic field strength of
B, = 4.5 T and line-averaged density 77, = 1.8 - 10 m=3,
and second a more advanced scenario with B, = 5.5 T and
n. = 2.8 - 10%° m™3. Stellarators do not exhibit the strong
Greenwald density limit observed in tokamaks.'” Nevertheless,
a radiative density limit, known as SUDO-1imit,2° has been ob-
served in some heliotron/stellarator-type devices. However, the
Large Helical Device (LHD) demonstrated the ability to oper-
ate far beyond this limit, especially if pellet injection is used.
Therefore the SUDO-limit has been reinterpreted as a density
limit for the plasma edge.”!-??> For the 5-field period case the
SUDO-limit yields a value of 1.6 - 10*° m~3 which is very high
for an edge-limit. The scenarios investigated in this work are
well below these limits and were chosen to be somewhat below
the corresponding ECRH cut-off density of the respective field
strength assuming O1-mode heating.

For both scenarios W7-X is linearly scaled up at constant as-
pectratio A = 10.3 with the requirement to yield a fusion power
of Py,s = 3000 MW. Under these constraints a corresponding
renormalisation factor is found which is needed to fulfill these
conditions. The results for both scenarios are shown in Fig. 4.
If W7-X is scaled up by factor 4 to Ry = 22 m major radius, the
required renormalisation factor for the ‘advanced’ case is below
1 meaning that the 3 GW fusion power can be reached without
further confinement enhancement. In the ‘conservative’ case
on the other hand, already a confinement enhancement factor
of about 1.2 is required to achieve the necessary conditions for
the 22 m machine. Looking next at upscaling of W7-X by a fac-
tor 3, i.e. 16.5 m major radius, already the ‘advanced’ scenario
needs a renormalisation factor of about 1.2 while the ‘conser-
vative’ scenario would need a confinement enhancement factor
of 1.8 which is here beyond the beta-limit of (3) = 6 % and
therefore not realistically accessible. Again, (8) is increased
parallel to f,.., and in the case of an upscaled W7-X, the con-
finement enhancement beyond f,., = 1.6 becomes restricted by
the beta-limit.

IIT PREDICTIVE NEOCLASSICAL TRANSPORT
MODEL

The 3D magnetic field of stellarators introduces a large class
of localised helical trapped particle orbits which leads to so-
called ‘neoclassical’ transport. This is a drawback of the stel-
larator as the resulting particle and energy fluxes are much
higher than in tokamaks. Nonetheless, these effects and the cor-
responding transport are well understood?** and even allow to
predict the stellarator-specific ambipolar electric field. These
physics based predictions are especially relevant for larger ma-
chines with higher temperatures since the neoclassical transport
scales strongly with temperature.

The neoclassical transport model, which will be introduced
below, includes profile effects and especially allows to self-
consistently calculate the plasma transport and the correspond-
ing confinement time. Two scenarios, one employing conser-
vative and one advanced physics and technology assumptions
are simulated by upscaling the W7-X high-mirror configura-
tion. By comparing the calculated confinement time to the
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Fig. 4: The required renormalisation factor f,., with respect to the ISS04 con-
finement time scaling is shown for linear extrapolation of Wendelstein 7-X with
major radius at fixed aspect A = 10.3 ratio and fusion power P ,; = 3000 MW.
Two scenarios are illustrated, a ‘conservative’ one with B, = 4.5 T and
e = 1.8 - 10%® m™3 (solid line) and an ‘advanced’ one with B, = 5.5 T and
7, = 2.8-10%° m~3 (dashed line). As again (B) is increased with f;., the circles
show the point where (8) = 6 % is reached.

ID can be obtained. The last section

ISS04 scaling a predictive f,,,
showed the critical impact of f,.,, so the 1-D simulations per-
mit an assessment of the current optimisation of the HELIAS
(upscaled W7-X high mirror configuration) with respect to the
ISS04. It should be noted that further optimisation of stellarator
magnetic configurations is the subject of on-going research.?>2
In the predictive neoclassical transport model?’-28:2%:30 it is
assumed that the plasma may be described by using a local ap-
proximation to solve the drift kinetic equation. Additional flux-
surface averaging allows reduction of the geometrical descrip-
tion of the plasma to one coordinate, namely the flux surface
label ¢ that can be related to the average minor plasma radius
r = AJY/Wmax. With this radial coordinate the power balance of
the plasma is expressed for the electrons s = e and ions s = i
by the equations

3 0n,T, 1 0
———+ ——(V'Qy) = P, + ZJI\E, 7
57a * gy (V/Q) = Pt ZIT, )

with the power source / loss term P, consisting of heating
power, bremsstrahlung and the collisional coupling between
electrons and ions. The neoclassical particle, I'y, and energy,
Q;, fluxes are expressed®* as:

(0, ZeE, (L, 3\T
Ty = -y, |2 - 282 (22 2) 2 @®)
ng Ts Livl 2 TS
n/ deEr L;z 3 T/
J=n Ty | - By (2 ) 2 9
Q. Ngl g ZI[nS TS (Lél 2) TS:| ( )

where the thermal transport coefficients L;; are obtained by the
appropriate energy convolutions with the local Maxwellian dis-
tribution function

J— f VKe XD, (K)hih;dK (10)
Vi Jo



with K = mv? /2T, h; = 1, hy = K of interpolated results for D,

from a full mono-energetic diffusion coefficient database’!3?
R E
DL=DL(p, 0 ) (1
ust Us By

Here vy, vy, Z; are the collision frequency, velocity and charge
number of electrons or ions, By the value of the magnetic field
and E, the radial electric field.

Usually, the ambipolarity constraint Z;I'; = I, is solved to
obtain the radial electric field E,. However, this approach is
often not numerically suitable because of the discontinuity and
the bifurcations of the solution. This problem can be circum-
vented with a diffusion equation for the radial electric field from
the poloidal force balance:*?

with Dg the ‘diffusion coefficient’ of the electric field and the
dielectric constant €. This is necessary as localised central heat-
ing (e.g. with ECRH) can lead to high electron and low ion
temperatures amplifying electron transport. The solution of the
ambipolarity constraint then becomes the so-called ‘electron-
root’ with a strong, positive electric field in the centre while the
edge with similar electron and ion temperatures is governed by
the ‘ion-root’ solution with a negative electric field. Eq. (12) for
the electric field allows then for a smooth crossing of E, from
the ‘electron’ to ‘ion-root’, especially where several solutions
of the ambipolarity constraint coexist.

Due to the strong temperature dependence of the neoclassical
transport stellarators are, especially in the plasma centre, domi-
nated by neoclassical transport effects where the temperature is
highest. Turbulence is assumed to play only a subdominant role
in the centre because of high neoclassical diffusion coefficients.
The plasma centre has a higher temperature than the plasma
edge and; therefore, the neoclassical transport becomes small
at the edge so that the anomalous transport phenomena starts to
dominate. This has been observed in many experiments, e.g.>3
This results in the requirement that to the neoclassical descrip-
tion the additional anomalous transport must be accounted for.
As models based on first principles for anomalous transport are
not yet available, a basic experimentally derived model is em-
ployed with:

0" = —x{"n,T; (13)

where the anomalous heat conductivity y ~ P3*n~! is taken
from experimental results obtained in W7-AS.3*35 The discus-
sion of anomalous transport in 3D configurations is the subject
of on-going research.>® To what extent Eq. (13) represents an
adequate description is not yet determined.

The neoclassical treatment, on the other hand, as described
here has been extensively validated with experiments?} and the
corresponding codes have been benchmarked in detail.**

IIILA Direct Extrapolation of Wendeltein 7-X (1-D)

In the following the two scenarios from subsection II.C are
taken up again and refined in more detail: one assumes con-
servative and the other advanced physics and technology as-
sumptions, explicitly defined in Tab. 1. Both scenarios employ

the W7-X high-mirror magnetic configuration linearly upscaled
from a major radius of 5.5 to that of 22 m. The impact of these
assumptions on fusion power, fusion gain, and the calculated
confinement time are investigated. As fueling and exhaust sce-
narios are beyond the scope of this work, both scenarios were
simulated using a flat density profile. Although the 1-D model
is capable of self-consistently treat the density profile with re-
spect to fuelling, in this work the profile was held constant and
detailed fuelling scenarios will be a topic of future investiga-
tions.

The conservative scenario assumes NbTi superconductor
technology (at 4.2 K) with 4.5 T magnetic field on axis. The
line averaged electron density is chosen to be moderate with
7, =~ 1.8 - 10%° m™3. On the one hand this leads to a smaller {3)
and as shown in the previous chapter, this implies a lower fusion
power. In the advanced scenario, the technologically advanced
Nb3;Sn superconductor technology is assumed (at 4.2 K) with
5.5 T field strength on axis. The density is also chosen higher
with 77, ~ 2.8 - 1020 m~3.

Both densities were selected to be somewhat below the
ECRH cut-off density to allow for controlled heating. The W7-
X high-mirror configuration has a mirror term of the magnetic
field strength of around 10% in the plasma centre. This pro-
vides a highly localised resonance for Ol-mode ECRH heat-
ing at Byax (including mirror term) near the magnetic axis.
In the conservative case with By = 4.5 T on axis, the W7-X
140 GHz gyrotrons are then applicable which have the reso-
nance at B = 5 T and for the advanced scenario with By = 5.5 T
the 170 GHz ITER gyrotrons would be the choice with the res-
onance at B = 6 T. Therefore the ECRH absorption profile is
modelled by a Gaussian shape assuming that the full power can
under resonant conditions be deposited in the plasma centre.

The two scenarios introduced above were simulated within
the predictive neoclassical transport model by an upscaling of
the magnetic configuration for major radii between 5.5 and
22 m. Fusion power and «@-heating were calculated self-
consistently. The fusion power and the fusion gain Q =
Pus/ Phear serve as figures of merit where the external ECRH
heating was continuously reduced while going to larger device
size until ignition is reached (Q = o0). The results are illus-
trated in Fig. 5. It can be seen that the fusion power increases
strongly with machine size (left side of Fig. 5). This increase
is due to the growth of the plasma volume with device size. As
the field and density are fixed within one scenario, the enhance-
ment of the plasma volume increases the total number of par-
ticles and; therefore, the number of fusion reactions, and thus
fusion power.

It is also evident that the step from the conservative to the
advanced assumptions, with higher density and magnetic field
increases the fusion power even more. The enhanced confine-
ment due to the stronger magnetic field results in a higher den-
sity of particles leading to a higher plasma pressure and strong
increase in fusion power. These findings confirm the results of
the global power balance approach.

As the fusion power increases strongly with increasing ma-
chine size the need for external heating is correspondingly re-
duced which was consequently decreased in the simulations.
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Scenario Config- SC Tech- By[T] 7, [10®®m™]  Gyrotrons
uration nology

conservative W7-X NbTi 4.5 1.8 W7-X: 140 GHz
high
mirror

advanced W7-X NbsSn 5.5 2.8 ITER: 170 GHz
high
mirror

TABLE III: Summary of the parameters of the conservative and advanced scenario.

Accordingly the fusion gain, which is the ratio of fusion power
over external heating, strongly increases with increasing major
radius as can be observed on the right side of Fig. 5 until reach-
ing ignition (the lines end as Q — o).
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Fig. 5: Self-consistent fusion power (left) and fusion gain (right) for the con-
servative (solid line) and advanced scenario (dashed line).

At a first glance the advanced scenarios seem capable of dras-
tically reducing the device size. These smaller sizes should be
seen as the lowest limit practicably achievable under the ad-
vanced physics and engineering conditions. But several points
are not considered in the simulations which violate the idealised
assumptions. These are discussed in the following.

The anomalous (or turbulent) transport has been treated in the
predictive simulations only by a simple scaling model based on
experimental results. Although theory suggests that some tur-
bulent micro instabilities may be stabilised in stellarators, e.g.
trapped electron modes, others like the ion temperature gradi-
ent driven modes may contribute more to the overall plasma
transport then accounted for by the simple model®” used in this
paper. Transport and thus the confinement time may; therefore,
be less favourable than the simulations suggest.

III.LB The Renormalisation Factor (1-D)

As stated in section II.B, one important figure of merit to
characterise plasma transport is the energy confinement time.
The neoclassical transport simulations for the ‘conservative’
and ‘advanced’ scenario (cf. previous section) also provided
predictive confinement times. With these predictions it is pos-
sible to characterise the confinement enhancement found in the
simulations by comparison with the empirical ISS04 scaling
law. This is done by defining the factor

O =17/t (14)

which is the ratio of the simulated confinement time over the
corresponding ISS04 value, i.e. the confinement enhancement
factor obtained from the predictive simulations. In that sense
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it could be interpreted as a 1D renormalisation factor f.0. The
label © is chosen to better distinguish the results from the ones
obtained for the 0-D power balance model.

The results are illustrated in Fig. 6 where ® is plotted against
the plasma volume for the ‘conservative’ as well as the ‘ad-
vanced’ scenario. It can be seen that ® is not a constant factor
but decreases when extrapolated to reactor conditions. For both
the conservative and the advanced scenario, ® changes from
around 2 (W7-X size) down to 1.1 — 1.3 (HELIAS reactor size).
If ® is interpreted to be a confinement enhancement factor sim-
ilar to the renormalisation factor f,.,, then this is a large change
when compared to the results from the global power balance
model (Fig. 3).

2.5

0.51

0 500 1000 1500 2000

Plasma Volume [m?]

Fig. 6: Confinement time of the predictive neoclassical simulations normalised
to the ISS04 scaling for the ‘conservative’ scenario (solid line) compared to a
normalised ® ~ V~2/5 scaling (dotted line), as well as the ‘advanced’ scenario
(dashed line). The vertical solid lines represent Q > 10 (left) and HSR5/22 in
terms of plasma volume (right).

Before the results are explained, some general remarks re-
garding confinement scaling laws are necessary in order to
avoid unphysical interpretation of the given results. Empiri-
cal scalings may accurately describe the available data range
but extrapolation outside this range is beyond the validity of
the scaling. The used expressions and their combination is not
unique and rephrasing with respect to other parameters is pos-
sible.

Some insight in the behaviour of the confinement enhance-
ment factor, ®, may be gained by revisiting the definition of
the energy confinement time 7 = W/P. The energy can be
expressed by W = VBB, Eq. (3), and the lost power with
P = P, — Pyrems + PEy according to section II. Additionally,



it is assumed that bremsstrahlung Pp,.,,,s only occurs under re-
actor conditions with usually Ppems/Po = 15% and therefore
Py, > Pprems. Neglecting bremsstrahlung, the energy confine-
ment time is
w VBB?
=— ~ I 15

= T Pyt Py (15
where Pg,, is the externally applied heating power. The alpha
heating power is 1/5 of the fusion power that may be approxi-
mated by P, ~ VB%>B* as given by Eq. (5). Inserting in Eq. (15)
leads to

VBB?

~— 16
VB2B* + Pry (16)

TE
From this representation it becomes clear that the confinement
time consists of two different parts. The first part is the influ-
ence of the alpha heating power on the confinement time, while
the second part comes from the externally applied heating. The
behaviour of 7z will be different depending on which of these
two is dominant and it is therefore useful to consider two dis-
tinct asymptotic cases:

i) No fusion power: P, =0

VBB?
= Tgxt ~ ﬁ
PExt

7
This case corresponds to the situation without fusion
power and no significant bremsstrahlung. The externally
given heating power Pg,, is thus a free parameter. This
together with the clear volume dependence is characteris-
tic of the regime in which the empirical confinement time
scaling ISS04 was derived.

ii) High fusion power: P, > Pg,,

=Ty~ (18)

BB
In this case the external heating is neglected and only alpha
particles heat plasma. The heating power is, therefore, no
longer a free parameter. Instead, it is interconnected to the
plasma volume, beta, and field: P, ~ V,BZB“. As such, g
scales in this representation differently than in case 1).

With this analysis, the confinement time of the fusion case
7% can be compared with the ISS04 scaling law by inserting the
alpha power P, ~ VB?B* in the ISS04 715504 ~ vp3/5 g4/5 p 313
leading to

1SS04, V2 19
TE 7 gl (19)
Finally, the enhancement factor ® for the high fusion power
case can be approximated with ®% = 74/ IS804 resulting in

E
BI/S

@
0% ~ V253525

(20)

As the specific plasma transport and transport regimes play only
a role in the achievable 8 and because n and B were held con-
stant in the predictive transport simulations, it can be concluded
that the degradation of the confinement enhancement factor ®
with respect to the ISS04 is directly related to the increase of
the volume in the high fusion power scenario

e ~ V725, 1)

This relation is plotted in Fig. 6 and agrees with the simulations
at high fusion power giving an indication that the decrease of ®
may be related to the fact that the heating power is determined
self-consistently by machine and plasma performance parame-
ters.

III.C Impact of Transport on the Renormalisation Factor

In the last subsection a basic scaling approach was used to
conceptually obtain a relation for the decrease of the confine-
ment enhancement factor @. In the following a basic analysis of
the underlying transport mechanism shall be given which plays
an important role for the achievable plasma performance.

III.C.1. Scaling Considerations

Considering first the empirical confinement time scaling
ISS04, the majority of data points used for the regression of
the scaling have been obtained at moderate to high collision-
ality, v = O(107"), corresponding to the neoclassical plateau
regime. The analytic limit of the neoclassical plateau regime
leads to a confinement time scaling which closely resembles
the exponents of the ISS04:3

Tneo,Pl o

nT _
" - nPpRPBAS, (22)

Although the neoclassical scaling agrees with the ISS04, in W7-
AS, the energy and particle fluxes could not be explained by the
neoclassical plateau regime as the fluxes were systematically
underestimated. Only a few high-performance discharges of
the database at 7 > 1 keV matched the predicted neoclassical
fluxes. In this context it should be noted, that a gyro-Bohm
type turbulence approach for tokamaks, the so-called Lackner-
Gottardi scaling,® leads to the same exponential relations as
exhibited by the ISS04 and neoclassical plateau regime scaling.

These basic scaling considerations already raise doubts about
the usage of the ISS04 scaling for extrapolation to stellarator
power plant conditions. This is especially true in the regime of
a burning plasma with self-sustained alpha heating as shown in
the last subsection where the dimensionless parameters p*, v*,
and B are far outside the experimental results. The similartiy
principle requires that the dimensionless quantities describing
a geometrical similar system must be the same to allow extrap-
olation which is violated here.

1I1.C.2. Neoclassical Transport Considerations

The neoclassical transport coefficients have different scaling
properties dependent on the collisionallity regime. In the up-
scaling of the ‘conservative’ as well as in the ‘advanced’ sim-
ulation scenario the core temperature increases with increasing
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machine size. This in turn means that the collisionallity is de-
creasing. Therefore, at increasing machine size both the elec-
tron and ion distribution funcion will shift to neoclassical long-
mean-free-path regimes (1/v for electrons and +/v for ions).
Due to the localised particles, the neoclassical diffusion coef-
ficients in these regimes are an order of magnitude higher for
the stellarator than for a corresponding tokamak. The neoclas-
sical theory is also relevant for small stellarators (e.g. W7-AS)
where easily D™° > 1 m?/s. It should also be noted, that the
electrons are well confined in an optimised stellarator, meaning
the ion losses would be much larger than those for the electrons.
This is prevented by the ambiporaity constraint which causes an
inward pointing radial electric field bringing the ion transport
down to the electron level while on the other hand somewhat
increasing the electron transport.

This complex combination of different transport regimes
with distinct scaling relations and additional coupling by the
ambipolar radial electric field precludes the derivation of a com-
bined analytic confinement time scaling which can only be
given for individual regimes. This means, that although em-
pirical scalings may be derived by regression, the confinement
time scales differently dependent on the plasma properties.

II1.C.3. Anomalous Transport Considerations

To complicate the situation even more, also the anomalous
transport needs to be taken into account. As of today’s experi-
ments the anomalous transport has been observed to dominate
at the plasma edge. Following this observation the empirical re-
lationship yumo = ¢ P¥*n~! has been employed for the anoma-
lous transport in the 1-D simulations where the prefactor c is a
free variable. In the upscaling simulations for both the ‘conser-
vative’ and ‘advanced’ scenario the factor was fixed to ¢ = 1.
But the strong power dependence of this simple model leads to
very high anomalous transport for larger machine sizes which
seems from today’s experiments unlikely. For this reason one
simulation has been repeated with reduced c to investigate the
general sensitivity. This is illustrated in Fig. 7, where the ratio
of the ion neoclassical to anomalous energy flux is given over
the normalised minor radius for the ‘conservative’ scenario at
machine size V = 1300 m® for ¢ = 1 and ¢ = 0.2 (selected
to achieve yu.,, = 1 m?/s at the edge observed in many experi-
ments compared to y ., = 2.5 m?/s for the ¢ = 1 case).

It can be seen from the figure that in the case with the re-
duced prefactor, ¢ = 0.2, the anomalous transport is conse-
quently reduced and the neoclassical transport dominates over
the greater part of the minor radius except at the very edge with
Xano = 1 m?/s. In the case with the ‘normal’ prefactor, ¢ = 1, the
neoclassical transport is still larger by a factor 4 in the plasma
centre but an increased portion of the edge beyond p > 0.7 is
dominated by the anomalous energy flux with y,, = 2.5 m?/s
at the very edge.

Comparing both cases, the prefactor has a strong impact on
the plasma transport and performance as the plasma S, vol-
ume averaged temperature (7;)y, and the resulting alpha power
nearly doubles in the case with the reduced anomalous trans-
port. But the confinement ratio factor ®, discussed in the pre-
vious subsection, changes only modestly from ® = 1.45 in the
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Fig. 7: Comparison of the ratio of ion neoclassical to anomalous heat flux,
Q' o0/ Oo» Over normalised minor radius, p = r/a, for the ‘conservative’ sce-
nario at machine size V = 1300 m> for two different prefactors in the anomalous
transport model: ¢ = 1 (solid line) and ¢ = 0.2 (dashed line).

case with ¢ = 1 to ® = 1.62 with the reduced anomalous trans-
port ¢ = 0.2. Also, due to the impact of the anomalous trans-
port, the lines in Fig. 7 exhibit different shape. The reason is,
that the increased anomalous transport reduces the temperature
of the plasma leading to reduced fusion power and alpha heat-
ing. As the neoclassical transport is very sensitive to tempera-
ture in the Imfp-regime (D ~ T7/2 for 1/v), neoclassical trans-
port is reduced at increasing anomalous transport. The complex
interplay with the electric field then leads to the strongly differ-
ent ratios of neoclassical to anomalous ion energy flux.

It can be concluded that, apart from neoclassical transport,
the anomalous transport plays an important role in reactor-sized
HELIAS machines. A detailed understanding and extrapolation
of anomalous, i.e. turbulent transport seems necessary to make
precise predictions about the plasma performance of a burn-
ing plasma HELIAS. Although a simple empirical anomalous
transport model was employed and gave first indications, the
descriptive significance is limited. Turbulence simulations for
3-D stellarator geometries have been started recently.’® The
aim of this investigation lies especially on the ion-temperature-
gradient mode which is anticipated to be a dominant micro-
instability contributing to transport. From these studies, more
relevant anomalous transport models may be derived compati-
ble with the 1-D code increasing the general predictive capabil-

ity.

III.LD Comparison of 0-D and 1-D Model

For the conservative scenario the direct extrapolation of W7-
X within the 0-D model with Pf,, = 3000 MW and the 1SS04
confinement time scaling at f,.,, = 1 would lead to a machine
with a major radius around 25 m. The same conservative sce-
nario achieves within the self-consistent 1-D transport model a
fusion power of 3 GW at a major radius of 21 m and reaches a
confinement time a factor 1.3 above the ISS04 scaling. If this
confinement enhancement factor of 1.3 is applied to the 0-D
model a major radius of 21 m is found which is consistent with
the transport model.



In the advanced scenario the 0-D extrapolation for f., = 1
yields a major radius of around 19 m. In the transport simula-
tions with the high density and field the conditions are already
achieved at a upscaling of W7-X times 3, i.e. 16.5 m major
radius, where a confinement time is achieved with a factor 1.2
beyond the ISS04 scaling. If this factor is again allowed for the
0-D model then the 16.5 m major radius are likewise found. All
values are summarised in Tab. IV.

Model 0-D 0-D 1-D
conservative

Major Radius [m] 25 21 21*
Conf. Enhancement Factor 1.0%* 1.3* 1.3
advanced

Major Radius [m] 19 16.5 16.5*
Conf. Enhancement Factor 1.0* 1.2% 1.2

TABLE IV: Summary of the major radius from direct extrapolation of Wendel-
stein 7-X with associated confinement enhancement factors for the comparison
between the power balance model and the predictive transport model constraint
by achieving 3000 MW fusion power. The values marked with a star are the
respective input parameters in the model.

This result is important, as it means, that empirical scalings
like ISS04 cannot be straightforwardly taken to extrapolate to-
day’s machines to devices of the size of fusion power plants.
Rather, extrapolations must be iterated with predictive transport
simulations due to the high impact of confinement on plant per-
formance. In this respect it is important to consider the details
of the magnetic configuration which plays a major role for the
energy confinement. Although this work concentrated on the
helical-axis advanced stellarator line, similar effects can be ex-
pected from other stellarators as the driving underlying physics
are the same.

Therefore, the renormalisation factor cannot be taken as a
simple constant in combination with an empirical confinement
time scaling, but in total must either be iterated with transport
simulations or a new consistent scaling be derived.

Nonetheless, the consistency of the 0-D and the 1-D model
is a promising result. It means, that indeed predictive transport
simulations can be carried out to narrow down an achievable
confinement enhancement factor which then in turn can be used
for systematic studies in a more simplified model as e.g. the
power balance model of systems codes — as long as the transport
simulations are iterated with the corresponding parameters.

IV CONCLUSIONS

From both models it is concluded that the confinement en-
hancement with respect to the ISS04 scaling has on the one
hand a lower limit of about 0.5 under which ignition is not pos-
sible anymore. On the other hand, it has an upper limit in the
range 1.5 — 1.8 which is determined by the beta-limit above
which the confinement enhancement no longer contributes to
higher machine performance. Moreover; from the transport
simulations can be learned that a confinement enhancement fac-
tor cannot be arbitrarily assumed since the confinement time is
self-consistently determined from machine parameters and the
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complex interplay of transport effects. For the extrapolation of
W7-X to reactor conditions using the predictive transport model
the confinement enhancement is found to be in the range of 1.2
— 1.3. This means, empirical scalings and constant renormal-
isation factors cannot be used to directly extrapolate to fusion
power plant devices, but, rather extrapolations must be iterated
with predictive transport simulations. All these conclusions are
in contradiction with the common assumptions of many power
plant studies where confinement enhancements factors are ar-
bitrarily assumed up to a factor 2 in order to design compact
machines. Results of these studies should be reassessed un-
der the limits of confinement enhancement. It should be noted
that similar simulations have also been carried out for a He-
liotron configuration which exhibited the same behaviour, but
such work was not pursued in detail as the focus of this work is
put on HELIAS devices.

In this work the W7-X high-mirror configuration has been
upscaled. But optimisation procedures have progressed lately
so that new quasi-isodynamic (minimum-B, maximum-J) con-
figurations with poloidally closed contours of B may be an op-
tion for the future which exhibit very low neoclassical transport
and good confinement of fast particles. Additionally, new in-
sight into occurrence of turbulent micro instabilities allows fur-
ther optimisation of such advanced configurations for reduced
anomalous transport. Such configurations are candidates for
HELIAS power plants and achieve even higher confinement en-
hancement factors (with respect to the ISS04 scaling).

Finally it can be concluded from the consistency of the global
power balance approach and the predictive transport model that
systems codes (which employ power balance models) can in-
deed be used to design and study HELIAS power plants as long
as the corresponding confinement times are provided iteratively
from the detailed predictive transport simulations. This makes
the iteration process more complex since f,., introduces new
dependencies on all important parameters which must be con-
sidered for consistency. Nonetheless, with this approach new
systematic studies of HELIAS burning plasma devices are to
follow in the future.
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Abstract

Due to the reduction of neoclassical transport in optimised stellarator configurations, it is expected that turbulence will significantly
contribute to the heat and particle transport — at least in the edge region of the plasma — and may thus pose a limit to the achievable
confinement and performance of such devices. In order to predict the confinement and develop plasma scenarios for W7-X and beyond
for Helias reactors in an efficient way, it is important to develop models which can describe the basic characteristics and level of turbulent
transport using only a fraction of the computational power which is normally required for gyrokinetic simulations on petaflop scale.

In this work we concentrate on the ion-temperature-gradient (ITG) mode which has so far been well investigated and is considered to
strongly contribute to transport. Non-linear full-flux-surface gyrokinetic simulation results are compared for W7-X and its predecessor W7-AS.
Although the fluctuations are more localised in W7-X, it is intriguing that the normalised heat-flux scaling is nearly identical.

On this basis experimental results from high performance W7-AS discharges are reviewed which show strong turbulent transport at the
plasma edge. As the experimental characteristics of the turbulent ion transport are similar to the theoretical gyrokinetic results, a basic
critical gradient model is proposed and tested in 1-D transport simulations against the W7-AS experimental results showing good agreement.

The model is further applied to W7-X showing that, even under consideration of a critical gradient model for the ion heat-flux, the global
confinement enhancement with respect to the empirical ISS04 scaling of T}IED/T}ESS04 = 1.7 is retained. Extrapolation to a Helias reactor
scenario shows similar promising results with a confinement improvement factor of 1.3. However, the overall transport is sensitive to the
‘stiffness’ used in the critical gradient model.

Keywords: Helias, W7-X, W7-AS, Transport modelling, Critical gradient model

1. Introduction 3 to its strong temperature dependence, neoclassical transport
is expected to still be predominant in the high temperature
A key property for the success of fusion power plants is the plasma core, but as the temperature decreases strongly towards
confinement of the plasma energy and particles. The tokamak the plasma edge, neoclassical transport is reduced and turbu-
demonstrates good confinement over a wide range of experi- lent transport becomes important. Already in Wendelstein 7-
mental devices, and this success triggered the ITER project [1], ,, AS (W7-AS), the predecessor of W7-X, it was shown that tur-
a large tokamak experiment under construction in France, de- bulent losses overcome the neoclassical transport in the outer
signed to achieve a significant amount of fusion power. Despite third of the minor radius even in plasmas with ‘optimum con-
this encouraging feature, tokamaks suffer from disruptions and finement’ [5].

plasma instabilities driven by the internal current, thus limit-
ing their performance. In addition, tokamaks are difficult to
operate in steady-state considering the required high amount
of current drive, leading to very high demands on the control
system.

The stellarator concept, on the other hand, is free of all of
the above mentioned drawbacks. However, at increasing tem-
peratures stellarator experiments demonstrated a degradation
of confinement attributed to the effective transport of particles
‘trapped’ in certain unfavorable locations of the complicated
magnetic field, i.e. the neoclassical transport. In modern op-
timised stellarators of the Helias-type this issue is overcome
thanks to a sophisticated three-dimensional shaping of the mag-
netic field. This optimisation principle will be validated by
the Wendelstein 7-X (W7-X) experiment [2], which started op-

In this context, renewed attention is focused on the prospects
20 of optimised stellarators as fusion power plants. However, in or-
der to assess the size and performance of such devices, an accu-
rate prediction of the plasma transport is required, which cru-
cially affects confinement. So far such predictions were achieved
by employing empirical confinement time scalings. These es-
45 timations, despite their merit of being obtained by regression
from a large database of various stellarators worldwide [6], are
hardly adequate for studies on optimised configurations [7]. In
these devices plasma turbulence is expected to play an impor-
tant role perhaps even overcoming the neoclassical transport

so  which dominates in existing stellarator experiments.

While many well-validated codes and tools have been de-
veloped in the course of stellarator research for the prediction

eration in 2015. Further, enhanced optimisation for so-called and analysis of the neoclassical transport effects [8], the treat-

‘quasi-isodynamic’ configurations is subject of ongoing research ment, of turbulence in 3D magnetic ﬁellds l.las only recently
3, 4] ss been started [9]. So far, complex gyrokinetic codes are used

to investigate turbulent behaviour in stellarators which require
peta-flop scale supercomputers to run. But in order to prepare
operation of high-performance discharges of W7-X efficiently,
predictive capability of turbulent transport is required on a
60 more efficient computational scale. Such a development is the

With the drastic improvement of trapped-particle confine-
ment in advanced stellarators, however, transport losses in-
duced by turbulence will inevitably play a significant role. Due

*Corresponding author, Tel.: +49 (0)3834 88-2583 topic of this paper with concentration on the ion energy-flux
Email address: Felix.Warmer@ipp.mpg.de (F. Warmer) induced by the ion-temperature-gradient instability (ITG).
Preprint submitted to Nuclear Fusion January 25, 2016
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In section 2 indications and features of ITG transport from
gyrokinetic simulations of W7-X and W7-AS are presented and
the similarity of the ITG behaviour between those two devices
is highlighted. Further, experimental results of W7-AS high
performance discharges are reviewed in view of the edge tur-izs
bulent transport. On the basis of the qualitative agreement
between theory and experiment, in section 3 a basic critical
gradient model (CG) is proposed to describe the turbulent ion
heat-flux which is compatible with a neoclassical 1-D trans-
port code. Application to a W7-AS test case shows, that theiso
model can capture the basic transport features. Consequently
the model is also applied for W7-X in section 4. As still several
uncertainties remain in this approach the section is concluded
by sensitivity analysis of W7-X confinement with respect to
parameter variations in the basic CG-model. Beyond that, theiss
model is also applied for a reactor scenario of the Helias line in
section 5. The various results and implications of the work are
discussed and summarised in section 6.

2. Turbulence in Advanced Stellarators “

In tokamak and stellarator plasmas, two important microin-
stabilities which are thought to be responsible for turbulent
transport are the ion-temperature-gradient (ITG) mode and
the trapped-electron-mode (TEM), and as such both should be
considered as relevant for predictive transport modeling. Re-
cent advances in stellarator gyrokinetics [10, 11] have demon-
strated, however, that the role of the electrons in W7-X is not
as great as in tokamaks. For instance, TEMs appear to be15
much less unstable and the kinetic electrons do not exert a
high impact on ITG. These findings justify to a certain degree
the simplifying premise that the electrons follow a Boltzmann
distribution, which also renders turbulence simulations on the
stellarator surface feasible, in terms of computational resources.
Notwithstanding this favorable behavior, future work should
encompass the full electron dynamics in order to contain ad-
ditional turbulence channels, like TEMs, electron temperature
gradient driven turbulence and, of course, electromagnetic ef-
fects.

The focus of this paper is therefore the turbulent ion heat-
flux and the ITG instability. In the following the properties
of ITG-induced transport in W7-X from full flux-surface gy-
rokinetic simulations are reviewed and new results for W7-AS
are presented for the first time. The ITG features of both de-
vices are compared and experimental results from W7-AS are
reviewed.

0

2.1 Indications for ITG-induced Transport from Gy-

rokinetic Simulations

155

It is well known from tokamaks (in particular in L-mode) how
temperature gradient driven instabilities have strong impact
on the plasma transport leading to so-called profile ‘stiffness’.
When the temperature gradient exceeds a critical threshold,ieo
the transport in tokamaks is observed to increase severely thus
holding the temperature gradient at its critical value. The tem-
perature profile is therefore independent of any heating scheme
and the temperature which can be reached is largely deter-
mined by the boundary condition. An exception may be toka-ies
mak plasmas with an internal transport barrier which exhibit
improved core confinement with steeper pressure gradients. In
tokamak H-mode, the edge develops a so-called pedestal which
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shifts the stiff temperature profile as a whole towards higher
temperatures by a sharp increase of the edge temperature [12].

But so far, neither profile stiffness nor pedestals have been
observed in stellarator experiments. In the absence of a plau-
sible assumption for the temperature profile, it is advisable to
conduct a theoretical investigation of ITG-induced turbulence
in stellarators using a numerical gyrokinetic formulation. In
tokamaks, it is usually sufficient to simulate a single flux tube
to determine the transport on a flux-surface, as thanks to ax-
isymmetry, all flux tubes are identical. In stellarators, in con-
trast, different flux tubes are not geometrically equivalent, thus
requiring the simulation of the entire flux-surface to determine
quantitatively the transport level. For this purpose, the gy-
rokinetic code GENE [13, 14] was employed, which is capable
of treating an entire flux-surface of any toroidal configuration
[15], while maintaining the local approximation in the radial
direction.

The results of a full flux-surface GENE simulation for W7-X
is illustrated in Fig. 1 [16]. The turbulence is driven by the
ion-temperature-gradient for gyrokinetic ions and Boltzmann
distributed (adiabatic) electrons.

All simulations were done at the radial location where the
normalised toroidal flux takes the value s = 0.5, ignoring the
gradients of density and electron temperature. In addition, due
to the computational limitations, both the shear and the radial
electric field could not be taken into account.

Beyond that, only little is known about turbulent particle
transport in advanced stellarators. In particular, are gyroki-
netic simulations of stellarators not yet able to calculate the
turblence induced particle flux. However, this is beyond the
scope of this work.

In future works, it is foreseen to include both the effect of
the density gradient as well as the electric field which are an-
ticipated to reduce ITG turbulence.

Figure 1: ITG-induced root-mean-squared electrostatic potential
fluctuations of a full-flux-surface GENE simulation of Wendelstein
7-X [16].

As can be seen from Fig. 1, a remarkable stellarator-specific
outcome is that the strongest turbulent fluctuations are located
on a thin band on the outboard side of the flux-surface while
the remainder of the surface is relatively quiescent. This is in
strong contrast to tokamaks where typically the full outboard
side is dominated by strong fluctuations. Thus, it has been
identified that the variation of the curvature on a flux-surface
in a stellarator such as W7-X causes the localisation of the tur-
bulent fluctuations. This localisation affects the scaling of the
energy transport with respect to the ion gyroradius normalised
to the minor radius, p* = p;/a. It turns out that, already
when a single flux-surface is considered, i.e. the radial direc-
tion is treated locally, the ion heat-flux varies with p* such that
as p* takes larger values, the transport stiffness (i.e. the rate
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Figure 2: Normalised heat-flux density over the ion-temperature-
gradient length for non-linear full-flux-surface GENE simulations of
W7-X for three different values of the normalised ion gyroradius p* =
pi/a. Results from simulations of the most unstable flux tube at two
values of the temperature gradient length are shown for comparison
[16].

at which the heat-flux increases with the temperature gradi-
ent length) is decreased as seen in Fig. 2. In tokamaks, on
the other hand, it was shown that a similar p*-dependence of
the turbulent transport is established, once radially non-local
effects were introduced in gyrokinetic simulations [17, 18]. Al-
though numerical evidence is still lacking, a plausible assump-
tion is that stellarator transport would behave in a similar way,
and therefore the individual dependencies (surface plus radius)
could in principle combine, so that the trend shown in Fig. 2
could be even more pronounced.

In the limit p* — 0, the stiffness converges to a maximum?1s
value which can be regarded as the worst case in view of the
ITG-mode and thus the stiffness becomes independent of p*,
which will be important for the comparability of W7-AS and
W7-X in the next subsection.

220

2.2 Comparison of W7-AS and W7-X

In order to clarify if conclusions about W7-X can be extrap-
olated from its predecessor W7-AS, similar non-linear full-flux-
surface gyrokinetic simulations for W7-AS had to be carried out
as well. The resulting time-averaged root-mean-squared elec-?%
trostatic potential fluctuations are for both devices compared
in Fig. 3.

It turns out that there is some qualitative difference in the
poloidal distribution of the fluctuations. While the fluctuations
for W7-X are quite localised in a small band on the outboard??°
side, for WT7-AS the fluctuations are somewhat more broadly
distributed. Still, the fluctuations in W7-AS are stellarator-
specific compared to tokamaks where the full outboard side
has equally high fluctuations. Also, the fluctuations distribu-
tion in W7-AS is similar to other investigated quasi-omnigenous?*
stellarator configurations such as MPX which showed a similar
pattern [16].

Despite this difference, the question arises if the unique fluc-
tuation pattern has some impact on the heat-flux. To answer
this, the normalised heat-flux density @ = Qi/Qgp is com-
pared for W7-X and W7-AS in Fig. 4. The radial flux-surface

averaged heat-flux density Q; is thereby normalised to the gyro-
Bohm value

2
Qup = B0 (1)
where p; is the ion gyroradius, vr; the thermal speed, p; the
ion pressure and a the minor radius of the machine.
The normalised temperature gradient a/Lr;, being the driv-
ing factor of the ITG mode, has been varied between 2 and 2.75
in order to compare the stiffness of both configurations.

ITG transport scaling for Wendelstein (s=0.5)
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Figure 4: Normalised heat-flux density as a function of the ion-
temperature-gradient for non-linear full flux-surface GENE simula-
tions of W7-X (p* = 1/400) and W7-AS (p* = 1/150).

As has been pointed out in the last subsection, the stiffness
depends on the normalised gyroradius if its value is larger than
p* > 1/150. Therefore, both for W7-X and W7-AS a very
small p* was chosen, such that one can assume the results of
the stiffness presented in Fig. 4 to be independent of p*. This is
important in order to be able to compare the stiffness in these
simulations for both devices as this limit represents the absolute
worst case for either configuration, thus ensuring comparability.

Interestingly, the scaling of the normalised heat-flux density
is very similar for both W7-X and W7-AS in the local limit.
The critical gradient length is for W7-X slightly shifted up-
wards with (a/Lz;)'5¢ = 1.5 compared to 1.25 for W7-AS. The
stiffness, i.e. the linear increase of the heat-flux density with
increasing ion-temperature-gradient length, is nearly identical.
This favorable similarity allows to employ existing experimen-
tal results from W7-AS, in order to predict salient transport
properties for W7-X, as presented in the following.

One has to keep in mind, that with a plasma volume of 30 m?
W7-X is much larger than W7-AS with 1 m? and will employ
much higher heating powers. In order to be able to relate the
heat-flux densities of both devices some global scaling aspects
must be considered. Starting with the power balance, the total
power crossing the flux-surface is

Q-Vr
P= dS=A(Q-V 2
- (@-vr) )
where (...) represents the flux-surface average and A = V' ~

472 R - r is the radial derivative of the volume enclosed by the
surface with the major radius R at the radial location r. The
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Figure 3: ITG induced root-mean-squared electrostatic potential fluctuations of a full flux-surface GENE simulation of W7-AS (top) and

W7-X (bottom).

radial flux-surface averaged heat-flux density is as above de-
noted by (Q - Vr) = Q;.

In steady-state the total heating power injected into the
plasma must also be exhausted. The total power crossing thearno
last closed flux-surface (assuming low radiation) thus becomes

P~4An’Roa-Q (3)

where a is the minor radius of the device. This equation can
now be used to compare the heat-flux density in two differently
sized machines with different heating power as for W7-AS and
W7-X and one arrives at
PW'X (R i a‘)wms

= e 4
Q“‘IX P (R . a)w.lx ( )

W7AS
However, equation (4) is only valid for the last closed flux-
surface of the considered volume. In order to extend this total
balance to a local description, one can make use of the results
presented in Fig. 4 taking @W = @wms = @ Replacing Q.
WTAS

by Qg5 - @, a local model for W7-X based on WT7-AS results
can be formulated to

a P
Qi (TT) = PW7X :

WTAS

: mes .

(R . a)wns i
(R ! a)\wx

In order to use this ansatz to describe the ITG heat-flux
density in W7-X, it remains to define Q(a/Lz). One could
use the theoretical findings as shown in Fig. 4. However, here
we refrain from doing so, as several important effects were notzso
accounted for in the GENE simulations.

In order to check if the theoretical findings are consistent
with experimental results and further to build a broader ba-
sis to define Q(a/Lr), the experimental results of W7-AS are
reviewed in these respects in the next section. 285

(5)275

4
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As in the following the main parameters of W7-AS, WT7-
X and a Helias reactor scenario [19, 20] (described in more
detailed in section 5) are frequently used, the main parameters
of these machines are summarised in Tab. 1.

WT7-AS W7-X Reactor
R [m] 2 5.5 22
a [m] 0.17 0.53 1.6
By [T] 2.5 2.5 5.5
P [MW] 1 9 600
Toage [keV] | 0.1 0.1 2.5

Table 1: Main design parameters of W7-AS, W7-X and a Helias
reactor scenario.

2.3 WT7-AS Experimental Results

The results of the gyrokinetic simulations suggests that
transport induced from ITG turbulence could play a signif-
icant role in quasi-isodynamic advanced stellarators. In the
following, the experimental data from WT7-AS is reviewed with
respect to indications for edge turbulent transport. For such
a study two well documented high performance discharges of
WT-AS, #34609 and #34313, are selected, which have been
analysed in terms of neoclassical transport [21]. The profiles
for the discharge #34609 are shown in Fig. 5. The correspond-
ing profiles for the discharge #34313 are similar with about
half the density in the centre compared to #34609.

It can be seen from Fig. 5, that a clear discrepancy arises be-
tween the experimental, Q;"", and the neoclassical ion energy-

flux, Q7°°, in the outer region of the minor radius r/a > 2/3a
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Figure 5: Experimental ion (green) and electron (red) temperature (top-left), experimental plasma density (red, top-middle) as well as
experimental (blue points) and neoclassical (red) radial electric field (top-right) for the W7-AS discharge #34609. Also shown are experimental
(dashed-blue) and neoclasscial (red and green lines) particle fluxes (bottom-left), ion energy-flux (bottom-middle) and electron energy-flux
(bottom-right). The experimental curves have been obtained by integration of the particle and power sources excluding for the energy-fluxes

the term ¢I'E) (see discussion below). The neoclassical fluxes have been
the DKES code.

of the presented discharges. This indicates that, apart fromoos
neoclassical transport, other transport mechanisms must de-
termine the energy-flux at the edge.
In order to assess the contribution of turbulence to the ion
200 transport, the driving factor, namely the normalised ion tem-

perature gradient length 300
= . 6
L T ©)

is plotted as function of the minor radius in Fig. 6.
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Figure 6: Normalised ion-temperature-gradient over the minor radius320
of the experimental results from W7-AS for #34609 and #34313.

The normalised ion temperature gradient length increases

obtained using equation (11) and thermal transport coefficients from

for both #34609 and #34313 sharply in the outer third of the
minor radius which coincides with the region where the neo-
classical and experimental ion energy-flux deviate. It seems
therefore likely that the edge energy-fluxes of the presented
cases of W7-AS are related to turbulent transport driven by
micro-instabilities. These observations are in contrast to the
behaviour seen in tokamaks where — especially in L-mode plas-
mas — the normalised temperature gradient length is constant
over nearly the entire minor radius [12]. It cannot yet be con-
clusively answered why the temperature gradient length is low
in the core region of W7-AS. However, the focus here is on the
ion heat-flux at the edge which is analysed in the following in
more detail.

From a time-scale separation argument [22] one can argue
that neoclassical and turbulent energy-fluxes are additive, thus
one can define the ‘residual’ energy-flux Q;*® derived from the
experimental profiles as

ges — Qfxp _ ?GO. (7)
As this residual energy-flux is here speculated to be driven by
turbulence, in the following the residual energy-flux is related
implicitly over the minor radius to the normalised temperature
gradient, see Fig. 7.

Looking again at Fig. 5 one realises that there is a very high
particle flux " at the plasma edge which cannot be explained
by the neoclassical analysis. This particle flux I" has been ob-
tained by integration of the particle sources from gas puff, NBI
deposition and recycling using the EIRENE code [23].

If one distinguishes the power balance between electrons and
ions, as is done here, one has to consider the power loss/gain
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turbulent transport found in Helias-type configurations can be
used for transport estimations based on simulations and ex-
isting experimental results alike. We should mention that a
similar approach has also recently been proposed for the LHD

of the individual particle species due to the raidal electric field,
i.e. the term ¢ -I' - E, needs to be considered in the power
balance of each species. For the ions, the integral form of theseo
power balance thus becomes

330

335
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345
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355

QP (r) = %/ [Py 4 Pej — Pey —T'T; +qUE,]V'dr (8)
0

where P, is the absorbed heating power, P.; the collisional36

power exchange between electrons and ions and P, the power
loss through charge exchange.
In the original analysis carried out in [21] the term ¢-T' - E,

was not included due to the uncertainty of the radial electric

field. However, for the sake of relevance to the present work, ansm
analysis was carried out including the power loss due the radial
electric field. Due to the uncertainty of the radial electric field
measurements, we consider on the one hand a case using the
neoclassical ambipolar radial electric field and and on the other
hand a case using a fit of the experimental data points of E,..375
The results are shown in Fig. 7,
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Figure 7: Residual edge ion energy-flux density as function of the
normalised temperature gradient length of the experimental resultssy,
from W7-AS for discharges #34609 (blue) and #34313 (orange) ex-
cluding ¢ - I' - E;. for the experimental heat-flux. Further are shown
cases for #34609 including the term for the neoclassical (dashed line)
and a fitted experimental radial electric field (pointed line).

In Fig. 7 a clear correlation between the residual edge™
ion energy-flux and the normalised temperature gradient is
observed. It is intriguing that such an experimental map-
ping resembles very much the typical critical gradient be-
haviour found in the ITG gyrokinetic simulations — even when
q-I' - E, is considered. Following this argumentation, the crit-
ical gradient from the W7-AS experiments is in the range of
(a/L7i)eris = 2...3, which is higher than the value obtained
from the GENE simulation for W7-AS with 1.25.

The total residual ion energy-flux is comparable in both dis-
charges. The normalised density gradient length at the edge is
also comparable in both discharges, reaching large values to-
wards the edge.

400

405

3. The Transport Model

Following a widely used practice in the tokamak community
[24, 25, 26, 27, 28], in the following we introduce a basic crit-
ical gradient heat-flux model (CG). The basic features of theso

6
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experiment combining fits from linear ITG growth rates and the
zonal flow (ZF) residual levels [29]. This approach, although
quite successful for LHD, would not be applicable to W7-X. For
instance, it has been shown that the dynamic as well as the long
term ZF behavior is entirely different in the two devices, due
to the distribution of trapped particles [10].

The contribution of anomalous transport in W7-AS has his-
torically been expressed via a rule following the inverse plasma
density, also involving a fudge factor, obtained from a regres-
sion of experimental data [30, 31]. In this work, we concentrate
instead on a basic critical gradient model, in which the energy-
flux density is directly related to the driving gradient. Below
criticality, no heat-flux is assumed, while beyond that thresh-
old the heat-flux is expected to quickly grow. As demonstrated
by the non-linear gyrokinetic simulations, see Fig. 2, such a
relation can very well be described by a linear relation [26].
In its most basic form we can describe these features with the
expression

(¢ =woy-H(y), (9)
where w is the linear increase, from here on called ‘stiffness’, y
the normalised temperature gradient minus the critical value:

i (2
Y LTi LTi crit

and H is the Heaviside function to ensure that the energy-flux
is zero below marginality, i.e. y < 0. The model in this form
has thus two free parameters, the stiffness w and the critical
gradient (a/Lti),,;,, which need to be determined.

For the analysis of the neoclassical transport, it is assumed
that the plasma may be described in the local approximation to
solve the drift kinetic equation. Consequently all quantities are
assumed to be constant on flux-surfaces such that the plasma
is described only in one dimension by the flux-surface label .
The transport code [32, 33] solves the power balance for the
electrons and ions and the neoclassical ion energy-flux density
is as usual expressed as

(10)

(11)

neo __ sl i VTL»L Z’LET 7 V,IYZ
Qi = —nT; [D21 ( e T ) + Dss T, ]

where the thermal transport coefficients D;; are obtained by
the appropriate energy convolutions with the local Maxwellian
distribution function and the mono-energetic diffusion coeffi-
cient describing the radial transport. A database of the mono-
energetic diffusion coefficients is prepared in advance for each
magnetic configuration using the DKES code [34, 35]. The ra-
dial electric field E, is obtained by solving the ambipolarity
constraint Z;I'; = I'c where Z; is the charge number and I'; .
the particle fluxes of ions and electrons, respectively.

In our approach here, the total ion energy-flux considered in
the power balance is according to the scale separation argument
the sum of the neoclassical part and the turbulent energy-flux
(here described by the CG-model):

Qi = Qi + Q¢ (12)
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The neoclassical transport of the electrons is modeled in the
same way as for the ions, while the turbulent transport of the
electrons is modeled as

&= —x2"n. VT, (13)

where the turbulent heat conductivity x&"°¢
derived empirically from a regression over a wide range of ex-
perimental data from W7-AS [30, 31].

There is no specific reason to assume that the electron-driven
edge transport cannot be described via micro-turbulence, simi-
larly to what the present work suggests for the ion-driven trans-
port. However, in the absence of simulations involving electrons
as gyrokinetic species, we are forced to fall back on the empir-
ical description expressed by Eq. (13). A more physics moti-
vated model, as has been proposed for the ion transport, will
be the subject of a future study. In the next step, the transport
model shall be applied to the W7-AS experimental data with
focus on the ion energy-flux in order to test the applicability of
the proposed critical gradient model.

~ n~! has been

3.1 Test of CG-Model against WT7-AS Data

It is self-evident that the model cannot be validated at this
point, not even within W7-AS, as no other well documented
high performance discharges are available. However, by simu-
lating W7-AS including the critical gradient model, it can be
tested that the model, at least, does not contradict the experi-
mental observations and is capable of reproducing the profiles.

For the preparation of the W7-AS simulations in the first
step a database of mono-energetic transport coefficients must
be created. This has been done with DKES employing the W7-
AS magnetic configuration with a finite beta-profile reaching a
volume-averaged value of () = 0.4 %. In the experimental
discharges of relevance here, the full field was used with B; =
2.5 T.

For the simulations the density profile is used as input and
kept constant since we are not interested in transient behaviour
and, in particular, a model for the turbulent particle flux is
missing. The plasma heating is also taken constant, and mod-
elled according to the calculated absorption profiles from which
the radiation from impurities is directly subtracted.

The turbulent electron heat conductivity is adjusted such as
to reach the same value at the edge as in the experimental data
with x298° = 1.6 m?/s.

As the transport model solves a set of coupled diffusion
equations, the required boundary conditions play an impor-
tant role. Both the edge ion and electron temperatures are set
at T, = 0.1 keV in agreement with the experimental values.

Finally the two free parameters of the critical gradient model
are adjusted according to the experimental observations with
the W7-AS stiffness parameter being w_ . ~ 0.006 MW/ m?
per unit length of a/Lz; and (a/L1i)cric = 2.3.

With these inputs the integrated 1-D simulations are con-
ducted, and the temperature profiles, the energy-fluxes as well
as the radial electric field are calculated self-consistently. The
simulation results for discharge #34609 are compared to the
experimental results of W7-AS in Figs. 8, 9 and 10.

As can be seen from the figures, the integrated transport
modeling is capable of reproducing the experimental profiles.
Only the ion temperature profile deviates in the ‘transition-
region’ around r = 0.1 m where the plasma transport changes

1.5 1.5
_— - 1
3 3
X, X,
— 3
s " o5
—#34609
=—1-D simulation|
0 0
0 0.05 0.1 0.15 0 0.05 0.1 0.15

r[m] r[m]

Figure 8: Results for the ion and electron temperature from the 1-D
simulations with the critical gradient model (black) in comparison
with the experimental results from W7-AS for #34609 (blue).

0.6 0.6

g 04 04
= ket
= s
9 (e]
E
g 02 0.2

0 0

0 5 10 0 0.05 0.1 0.15

all, r[m]

Ti

Figure 9: Results for the turbulent ion energy-flux over the ion-
temperature-gradient length (left) and total ion energy-flux over mi-
nor radius (right) from the 1-D simulations with the critical gradient
model (black) in comparison with the experimental results from W7-
AS for #34609 (blue).
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Figure 10: Results for the ion-temperature-gradient length (left) and
the radial electric field (right) from the 1-D simulations with the
critical gradient model (black) in comparison with the experimental
results from W7-AS for #34609 (blue).
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from neoclassically driven towards being dominated by turbu-
lent transport. Interestingly, the near-axis as well as the edge
regions are in good agreement. It is unlikely that the CG-
model is responsible for this deviation as the turbulent trans-
port starts to a play role only for » > 0.1 m. Fig. 9 showssso
that the critical gradient behaviour is captured well by the
CG-model and the total ion energy-flux is in agreement with
experiment. Only at the very edge, the model seems to slightly
overestimate the energy-flux. This can be understood from the
right side of Fig. 10 which shows that the ion-temperature-
gradient deviates from the experimental values, being some-s3s
what larger at the edge thus leading to increased energy-flux.
This is most likely caused by the boundary condition since only
small changes of the edge temperature directly influence the
edge temperature gradient.

Recalling the experimental data, Fig. 5, one recognises that
there is rather strong scattering of data points in the region
around 7 = 0.1 m. Nonetheless, the agreement between simu-
lation and experiment is well within experimental accuracy.

It can be concluded that the critical gradient model is in-
deed suited to capture the basic features of the ion turbulent™”
transport observed in the W7-AS experiment and moreover al-
lows a quantitative assessment of the ion energy-flux. In the
next step this modeling approach shall be applied to a W7-X
scenario, where reference parameters for the stiffness and the
critical gradient are derived from a combination of the W7-AS

experimental values and the gyrokinetic results. 545

4. Transport Prediction for W7-X

Similar to the W7-AS simulations, several general inputs®’

need to be defined in order to carry out the simulations for
W7-X. First, for the preparation of the DKES database, the
so-called ‘standard case’ (all coils carry equal current) mag-
netic configuration of W7-X has been selected with a volume-
averaged plasma beta of (8) = 2 %. Although W7-X has been®®
optimised for a small Shafranov shift, the magnetic field is still
modified by a finite beta, which has impact on the neoclassical
transport coefficients.

For the density, a ‘standard’ profile has been selected and
kept constant to avoid a fuelling scenario which requires de-
tailed knowledge of particle sources and sinks. In fact, densitysso
control in large stellarators is generally problematic and re-
quires central sources such as pellet injection to avoid hollow
density profiles [36].

Regarding the turbulent electron transport, as so far no bet-
ter quantitative assessment exists, the turbulent electron heatses
conductivity has been set to x2%° = 1.6 m?/s at the very edge
and falling off towards the centre at a rate x¢™° ~ 1/n, in line
with the W7-AS experimental data.

4.1 Reference Scenario 570
In the reference scenario, the heating scheme is chosen to be
neutral beam injection (NBI), which in combination with the
power transfer from electrons to ions by collisions is necessary
to effectively heat the ions and thus bring the ion temperaturesrs
to a maximum value which in turn leads to a significant ion-
temperature-gradient. Consequently the heating power of the
NBI has been chosen very high at 9 MW absorbed power. Such
a heating scenario is not only most relevant for the investigated
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ion heat-flux, but also most relevant for future reactor scenarios
where T; ~ T..

For the CG-model the same value for the critical gradient
has been used as found in the experimental discharge #34609.
The stiffness, however, had to be modified according to the
used normalisation. Starting from equation (5) and replacing
therein the W7-AS heat-flux density by the critical gradient
model, an expression for the modeling of the ion heat-flux in
W7-X is obtained with

(B - a)yns

P
a W7X
— ] = . cWyns - Y - H(y). 14
Q“‘)\ (717 LT) ]DWTAS (R . a‘)v\-”x w\\l:\S y (y) ( )
where
WT7AS
a a
= - . 15
Y LTi ( LTi ) crit ( )

The stiffness parameter to be employed for the W7-X simula-
tions is consequently

P . (R~ a)yus

WX

P (R : a)\vrx .

W7AS

w\\TX = w\\«'TAS ~ 10 : wW?AS (16)
for a W7-X heating power of 9 MW. Implicitly it is assumed
that the critical temperature gradient length is similar in both
devices (as indicated in section 2).

This is of course only true under certain assumptions. First,
we assume that the effect of the finite gyroradius, density gra-
dient and radial electric field have a similar impact on both
configurations. Secondly, the local plasma parameters at the
edge must be similar according to equation (3). Consequently,
the Dirichlet boundary condition for the temperature has been
set to Tj. = 0.1 keV which corresponds to the experimental
values from W7-AS.

In this context, equation (3) also explains why we do not
expect a much higher edge temperature (something like a
pedestal) in W7-X. Reformulating equation (3) in terms of tem-
perature one obtains

P~ TP2Q. (17)
Although the heating power is a factor 10 higher in W7-X than
in W7-AS, the strong temperature scaling indicates that the
edge temperature may not increase much more than a factor
two from 0.1 to 0.2 keV at the edge. However, this depends
also on the coupling of the confinement region to the scrape-off
layer.

Results for the 1-D predictive transport simulation including
the CG-model using W7-AS parameters are presented in Fig.
11.

The turbulent transport, as represented by the CG-model,
starts to overcome the neoclassical transport at a radius of
0.4 m. This means, that more than 2/3 of the core plasma are
still dominated by neoclassical transport and ‘only’ the outer
third of the plasma is governed by the turbulent energy-flux.

The most striking result of this predictive simulation is the
fact, that the improvement of the global confinement with re-
spect to the empirical ISS04 scaling [6] is retained. In this ref-
erence case using the W7-AS parameters for the stiffness of the
CG-model, the confinement improvement is fren = 75/ Téssoéx =
1.7 reaching a volume averaged beta of () = 2.4% and cen-
tral temperatures of about 7. o ~ T30 = 4 keV. In the present
methodological context, these results are promising suggesting
a good global confinement for W7-X.
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Figure 11: Profiles for the density (top left), temperature (top right), plasma beta (bottom left) and radial electric field (bottom right) for
the 1-D predictive transport simulation of the W7-X ‘reference’ scenario with 9 MW absorbed NBI heating power, 0.1 keV edge temperature

and experimental W7-AS parameters for the CG-model.

It should be noted that the empirical ISS04 scaling has been
derived at moderate to high collisionality and the exponen-
tial relations resemble very much those of the gyro-Bohm-
type Lackner-Gottardi scaling [37] representing the ion plateau
regime. Nonetheless, the scaling serves as reference to assess
the improvement (or degradation) of confinement with respect
to experimental experience.

As several assumptions (mostly conservative) have been
made throughout this work, the sensitivity of the global con-
finement is studied in the next subsection with respect to vari-
ations in the parameters introduced for the critical gradient
model. Such a sensitivity study is important in order to as-
sess to what degree a critical gradient model can be trusted
regarding deviations in the underlying assumptions.

4.2 Sensitivity Analysis

Due to the introduced assumptions and uncertainties, in the
following the sensitivity of the global confinement of W7-X with
respect to variations in the stiffness of the CG-model shall be
investigated. For this purpose the predictive transport simula-
tions for W7-X described above have been repeated both with
smaller and higher stiffness w compared to the reference sce-
nario while keeping the critical gradient (a/L7;)crit at the same
value. The corresponding results are shown in Fig. 12.

A considerable increase of the stiffness by a factor two leads
to degradation of the confinement from fren = 1.7 down to 1.4.
Still, the global confinement stays well above the ISS04 empiri-
cal scaling retaining the generally good confinement properties
of W7-X. A reduction of the stiffness by a factor two increases
the global confinement to fren = 1.9. The confinement further
increases to fren = 2.2 for a marginal level of stiffness.

The variation of the critical gradient length (a/Lr;)crit, on
the other hand, does not impact the confinement at all in the
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Figure 12: Sensitivity of the confinement time normalised to the
emiprical ISS04 scaling with respect to the variation of the stiffness
of the CG-model in the 1-D simulations at fixed NBI heating power
with 9 MW. The reference scenario is displayed in the middle.
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predictive simulations as the edge normalised temperature gra-
dients are much higher than the critical gradient. Generally
the stiffness in advanced stellarators is not so pronounced —
quite in contrast to tokamaks. Consequently, also the critical
gradient in the predictive simulations does not play a signifi-e7s
cant role. Due to the rather low stiffness, the ion temperature
profile becomes very steep towards the edge, as has been shown
in subsection 2.3 from the W7-AS experimental data. Those
gradients are much larger than the critical gradient. If the crit-
ical gradient is reduced, the turbulent transport shifts a fewsso
centimeter closer towards the centre, however, the neoclassical
transport still dominates over 2/3 of the minor radius.

The boundary condition for the edge temperature has not
been varied to a great degree since an increase of the edge
temperature strongly increases the ion heat-flux which in turness
should lead again to a temperature reduction. This is in line
with existing experimental data from stellarators worldwide
which so far did not observe pedestal structures as known from
tokamaks.

A final variation has been carried out for the heating scheme.s%
For this, the reference scenario was modified to use 9 MW ab-
sorbed ECRH power instead of NBI. The density was kept fixed
and the ECRH absorption is very localised at the resonance
in the centre of the plasma compared to rather broad power
deposition with NBI. This leads to so-called electron-root con-ses
finement [38], i.e. the electron temperature in the centre is
much higher than the ion temperature. Additionally a positive
electric field arises holding back the electrons. In this case the
confinement improvement with respect to the NBI case is clear
and the confinement improvement reaches fren = 2.8 compared7oo
to fren = 1.7 for the reference case. However, this result is
obtained for a fixed value of the turbulent electron heat con-
ductivity. In reality it could be possible that the turbulent
electron heat-flux increases with increasing electron tempera-
ture gradient although this has not been observed in W7-AS.

This sensitivity study shows, that even if the stiffness in the
presented approach is underestimated, the prediction for the
improvement of the W7-X plasma confinement with respect to
the ISS04 scaling holds. Unless the turbulent electron transport
is also substantially underestimated or other transport channels
become apparent, the predictive transport simulations for W7-
X are promising.

705

Based on these results it is intriguing to extend the modelingrio
approach beyond W7-X and to apply the model for a Helias
reactor scenario, which is consequently followed in the next
section.

715
5. Extrapolation to Helias Reactor

The reactor version of the 1-D code includes some additional
reactor-specific features. The plasma is therein assumed to
consist equally of deuterium and tritium and the fusion power
output is self-consistently calculated according to the density,720
temperature and geometry. The resulting alpha-particle power
mostly heats the electrons which at the high densities consid-
ered transfer their power by collisional coupling to the ions.
Based on these input power profiles for the electrons and ions,
the power balance equations are solved including neoclassical
and turbulent transport (here CG-model). From this, the tem-
perature profiles are self-consistently calculated until an equi-
librium is reached. 725
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90

The ‘Helias 5-B’ engineering design [19] serves as reference
case for the reactor scenario. This is a recent study where the
usage of NbsSn as superconductor is discussed and a support
structure is proposed based on bolted plates. In addition, the
design point has been checked with Helias systems studies using
a systems code approach and parametric variations therein [20].
The parameters of this reactor case are summarised in Tab. 1.

In order to carry out predictive transport simulations of a He-
lias reactor, a suitable magnetic configuration has to be defined.
As dedicated reactor configurations are still a topic of ongoing
research, the existing W7-X ‘high-mirror’ configuration was se-
lected due to its reactor-relevance. Although the coil setup and
currents are different, this configuration is very similar to the
initial Helias 5-B configuration. The DKES database has been
prepared for a (8) = 4 % equilibrium to account for finite beta
effects. The dimensionless nature of the DKES approach al-
lows a linear upscaling of the magnetic configuration [32]. The
configuration has been scaled by a factor 3.6 to match a plasma
volume of 1400 m?®, which corresponds to the described reactor
design point with a fusion output of 3 GW. The magnetic field
on-axis has been set to 5.5 T accordingly.

Again, a ‘standard’ flat density profile has been used and
kept constant. Also the turbulent electron heat conductivity
has again been described by x2"° ~ 1/n and falling off towards
the centre with x2%° = 10.0 m?/s at the very edge. Such a
high value has been chosen to avoid an unphysical decoupling
of the electron and ion temperature at the edge.

In Fig. 4 it was shown that the normalised heat-flux den-
sity @ obtained from the non-linear GENE simulations has the
same behaviour and values both for W7-AS and W7-X. Since
gyrokinetic simulations for a reactor are not yet available, a
consistent study is not yet at hand. Nevertheless, in order to
provide a first estimate, we might work under the unverified
assumption that

~ -~ ~
Ql{ = Q\\TX = Q\’MTAS'

It is then possible to obtain the stiffness for the Helias reactor
similar as has been done above for W7-X with
PR (R . a)\vms

S Wy N 5.0 - Wy

w., =
! P (R - a),

(18)

(19)

Due to the higher power to surface area ratio the stiffness pa-
rameter for the reactor would in this ansatz be a factor five
higher than in W7-AS and in the reference scenario of W7-X.
Since we assumed @, = Q.,, for the normalised heat-flux den-
sity, it follows from the difference of the power to surface area
ratio that also the edge temperature must be different in the
reactor case.

As the coupling of the bulk plasma transport to the scrape-
off layer in a stellarator reactor is not yet fully clear, we use a
scaling approach to define the temperature at the plasma edge.
Recalling the definition of the heat-flux density

Qi:@'QgB:§

and setting this equation into relation for the reactor case and
WT-AS, it follows that

5/2 2
<TR>/ _ B (B) My
71\\7»\5 R«\T»\S B\\'7,—\S n[{

where the definition of Q45 has been explicitly used. Inserting
the appropriate parameters, results in a edge temperature ratio

(20)

(21)
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Figure 13: Profiles for the density (left) and temperature (right) for the 1-D predictive transport simulation of the reactor scenario using a 5
times higher stiffness as in W7-AS and W7-X as well as an 5 times increased turbulent electron heat conductivity.

between the reactor case and W7-AS by a factor 25, i.e. T, =
2.5 keV compared to T;,,; = 0.1 keV at the edge.

Using the stiffness parameter w, = 5.0 - w,,,, the same crit-
ical gradient length as in W7-AS, and as boundary condition
for the edge temperature ' = 2.5 keV, predictive transportres
simulations for the reactor scenario were carried out. The re-
sulting density and temperature profile of the reactor scenario
are shown in Fig. 13.

It can be seen, that in this scenario the turbulent transport
dominates over the outer third of the plasma minor radius andzo
the temperature in this region is considerably reduced. The
global confinement in this case is TE‘D/TIESS(M = 1.3 in terms of
the empirical ISS04 scaling. The stiffness cannot be increased
much beyond w, = 5.0 - w,,,, as otherwise the temperature
would shrink further and the fusion output reduced such that
the scenario would not be reactor capable anymore if the den-
sity is not further increased. It may seem surprising that the
reactor scenario reaches a confinement improvement factor ofrss
only f&. = 1.3 compared to W7-X with fW™* = 1.7. However,
this is due to the paradigm change of the underlying scaling re-
lations. Under fusion conditions, on the one hand the tranpsort
regimes change which exhibit different scalings [32] and on the
other hand the heating power is no longer a free parameter,so
rather it is interconnected to the plasma volume, plasma beta,
and the magnetic field, also influencing the scaling of the con-
finement time [7].

An interesting result for these scenarios is, that if the stiff-
ness for the reactor scenario could be reduced by a factor two,ss
the confinement would improve from T}ED/TIESSM = 1.3 to 1.5.
Thus, the device size could be reduced while achieving the same
fusion power output.

It remains unclear to what degree the presented scenario for
the reactor is an adequate description of the plasma transportzeo
under fusion conditions. However, the finding that w, = 5.0 -
Wy, 1S close to an upper limit for the Helias reactor is an

11

important result. Experimental results of W7-X will allow us to
draw the connection between W7-AS and W7-X such that the
presented model can be validated and further improved. This
in turn will allow a further refinement of reactor scenarios.

It should be noted again, that the predictive simulations are
very much dependent on the boundary condition. If the edge
temperature in the reactor case is decreased to 0.1 keV instead
of 2.5 keV, the stiffness parameter must be decreased by a factor
five, i.e. down to w, = 1.0 - w,,,, in order to stay at the same
fusion power output.

6. Conclusions and Outlook

In an effort to achieve predictive capability of neoclassical
and turbulent transport behaviour in the W7-X experiment at
an efficient computational level, current understanding of the
properties of turbulence in the W7-X magnetic configuration
has been reviewed. While the TEM is considered to be strongly
stabilized due to the separation of bad curvature and the lo-
calisation of the trapped particles, the ITG mode is expected
to be a major driver of transport even though it is much more
localised on the outboard side of a flux-surface than compared
to tokamaks.

In order to assess the relevance of these theoretical findings in
terms of their applicability to real experiments, the properties
of the turbulence induced transport in W7-X have been com-
pared to its predecessor W7-AS. For this purpose non-linear
gyrokinetic ITG-mode simulations on a full flux-surface have,
for the first time, been carried out for the W7-AS configura-
tion. While there is qualitative agreement between both de-
vices, the electrostatic potential variations in W7-X are more
localised on a thin band on the outboard side of a flux-surface
than in W7-AS. However, the scaling of the heat-flux density
normalised by gyro-Bohm values with respect to increase of
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the ion-temperature-gradient length (excluding density gradi-
ent and radial electric field) is nearly identical in both devices.

In order to draw a connection to experimental data, high
performance W7-AS discharges have been reviewed. It is in-
triguing that the observed turbulent transport shows the typ-,,,
ical critical gradient behaviour found in the simulations and
scales accordingly with the ion-temperature-gradient length.

Following this, a basic critical gradient model has been pro-
posed which describes the observed behaviour and character-gs°
istics. The model has been implemented in a 1-D transport
code framework. For testing, the code and the model have
been applied to W7-AS discharge #34609 where additionally
the turbulent electron heat-flux was fixed according to an em-""
pirical description. It was found that the CG-model is able to
reproduce the experimental profiles.

Based on the similarity of the ITG heat-flux scaling of W7-g70
AS and W7-X in GENE, the integrated 1-D transport model
has been applied for the prediction of the confinement in W7-X.
A high-performance scenario with 9 MW NBI power and a den-
sity of 1-10%° m~3 was simulated and found, that even with the
CG-model the global confinement improvement with respect to
the empirical ISS04 scaling is retained with a confinement im-
provement factor of 74" /7_)135304 = 1.7. A sensitivity analysis
showed that a factor two increase of the stiffness decreases the
confinement improvement to a factor 1.4 while a reduction of
the stiffness by a factor two increases the confinement to 1.9.

Finally, the same methodology was applied to a Helias re-8s
actor scenario using again the same critical gradient length as
in W7-AS and W7-X, but a five times higher stiffness and an
accordingly scaled edge temperature of 2.5 keV to remain con-
sistent. The turbulent electron heat-conductivity was increased””
in order to prevent a decoupling of the electron and ion tem-
perature at the edge. But even with the turbulence induced
transport and the increased electron transport a suitable reac-gqs
tor solution is found with a global confinement improvement
of 1.3 with respect to the ISS04 scaling. However, the stiffness
in this reactor scenario cannot be increased very much as oth-
erwise the reduction of the ion temperature would reduce the®®
fusion power output which can only to some degree be com-
pensated by an increase of the density. Further, if the edge
temperature is set to 0.1 keV, the stiffness must be reduced905
to the W7-AS / W7-X level to achieve the same fusion power
output.

It should be noted that, although the introduced CG-model
is rather basic, this work represents a first attempt to includesio
first-principle physics motivated models for the prediction of
turbulent transport in integrated plasma scenarios. In the next
steps, it is foreseen to include both the effect of the density
gradient as well as the electric field which are anticipated to
reduce ITG turbulence. It will also be investigated to what
degree modes can be considered which drive electron transport.
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Abstract

In order to study and design next-step fusion devices such as DEMO, comprehensive systems codes are commonly
employed. In this work HELIAS-specific models are proposed which are designed to be compatible with systems codes.
The subsequently developed models include: a geometry model based on Fourier coefficients which can represent the
complex 3-D plasma shape, a basic island divertor model which assumes diffusive cross-field transport and high radiation
at the X-point, and a coil model which combines scaling aspects based on the Helias 5-B reactor design in combination
with analytic inductance and field calculations. In addition, stellarator-specific plasma transport is discussed. A strategy
is proposed which employs a predictive confinement time scaling derived from 1-D neoclassical and 3-D turbulence

simulations.

This paper reports on the progress of the development of the stellarator-specific models while an implementation and
verification study within an existing systems code will be presented in a separate work.

This approach is investigated to ultimately allow one to conduct stellarator system studies, develop design points of
HELIAS burning plasma devices, and to facilitate a direct comparison between tokamak and stellarator DEMO and

power plant designs.

Keywords:

HELIAS, stellarator-specific models, Systems Code

1. Introduction

With ITER [1] under construction, design studies now
concentrate on a fusion facility which is to follow ITER.
This follow-up step is often referred to as ‘DEMO’, short
for demonstration fusion power plant with the aim of
demonstrating the technical maturity of the magnetic con-
finement fusion concept. But even the conceptual design
of such a power plant like fusion device is a complex and
demanding task. Therefore, to facilitate such studies, so-
called ‘systems codes’ are often employed as valuable tools
for the design process.

Systems codes, also known as design codes, are com-
prehensive yet simplified models of a complete fusion fa-
cility. Since they bring together physics, engineering and
economic aspects as outlined above, self-consistent design
points can be developed and their sensitivity against vari-
ation of critical parameters tested. With this approach
especially critical development directions for physics sce-
narios or technology advancements can be identified. Fol-
lowing this, dedicated experiments and simulations may be
performed and as a result of that, systems codes models
updated, as is conceptually shown in Fig. 1 below.

For the tokamak concept, design activities have pro-
gressed lately employing different systems codes world-
wide. For example, in the ARIES systems studies [2] a
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broad range of devices and corresponding possibilities have
been studied, but also in the European PPCS studies [3],
employing the systems code PROCESS [4], different toka-
mak scenarios have been investigated. Also basic power
balance models can be employed to assess the required
size of DEMO, taking also into account pulsed devices [5].
Many additional tokamak systems codes and studies exist,
but it is beyond the scope of this work to cover all of them.

Design
optimization
= Simplified models
/ = Self-consistent design points

l/ = Parametric scans

|

\;J

Systems codes

/j’

_

Simulation / Experiment
= Physics
= Technology

= Test of design point
®= Model validation

L

Improvement of
predictability

Figure 1: Concept of systems codes and their interaction with de-
tailed simulations and experiments. The left scala illustrates the
required effort (in terms of complexity and time) to carry out the
individual tasks.

Required effort

Systems codes have also been employed outside the toka-
mak community for the conceptual design of a heliotron
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DEMO. In contrast to the tokamak, the heliotron magnetic s
field is created by continuous helical coils. This means the
3D effects of the helical coils and plasma shape must be
considered, introducing additional complexity compared
to axissymmetric tokamaks. This is done in the design ap-
proach within the heliotron systems code HELIOSCOPE
[6] which led to the concept of a Force Free Helical Reactor
DEMO (FFHR-d1) [7, §].

Another magnetic confinement concept is the helical ad-
vanced stellarator (HELIAS). The HELIAS is a modular
stellarator concept with periodic symmetry including inte-0
grated optimisation of the magnetic field with respect to
several criteria at the same time, e.g. Shafranov shift, neo-
classical transport, etc., where the magnetic field is estab-
lished by extneral non-planar coils. But so far no systems
code exists capable of modelling a HELIAS. Therefore thisos
work concentrates on the development of a HELIAS sys-
tems code module with the aim of implementation in the
systems code PROCESS. PROCESS is a well-established,
partly modular, tokamak systems code which gained ma-
turity through many applications. A solver based on La-1o
grangian multipliers is employed within PROCESS to al-
low for design optimisation with respect to the descriptive
models and constraints. Such an approach is followed to
allow for stellarator systems studies and design point de-
velopment of HELIAS burning plasma devices as well asus
comparative studies to tokamaks.

The purpose of this work is to report on the progress of
the development of HELIAS models for systems codes and
is organised as follows: In section 2 the essential differences
between tokamak and stellarator are identified which re-2o
quire preparation of new systems code modules. The corre-
sponding models are described in section 3 which include
a geometry model based on Fourier coefficients, a basic
island divertor model which assumes cross-field transport
and high radiation, and a model for the non-planar, modu-12s
lar coils based on scaling aspects with respect to the Helias
5-B reactor design [9] in combination with analytic calcu-
lations. Furthermore, stellarator-specific plasma transport
is discussed and a strategy proposed for the development
of a predictive confinement time scaling. The work is sum-130
marised and the results are discussed in section 4. A de-
tailed verification study of the HELIAS module will be
presented in a seperate work [10] where the models have
been implemented in the systems code PROCESS.

©

5
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2. Identification of Required Models

The tokamak and the stellarator differ in the point of
how the rotational transform is created. In the tokamakisw
this is done by driving a toroidal current in the plasma.
The helical advanced stellarator concept, considered here,
in contrast twists the magnetic field by poloidally rotating
the elongated flux surfaces around a non-planar magnetic
axis achieved exclusively by a set of non-planar modulariss
coils. This fundamental difference has several implications:

A tokamak may only be operated as long as a current is
driven in the plasma, which is either limited in time by the
available magnetic flux, if driven inductively, or requires
a large amount of power if driven non-inductively, e.g. by
neutral beam injection (NBI). The HELIAS, in contrast,
operates intrinsically steady-state, ‘current-free’ and with-
out disruptions. ‘Current-free’ means that HELIAS config-
urations are optimised with respect to minimal bootstrap
and Pfirsch-Schliiter currents and the net toroidal current
is, therefore, several orders of magnitude below tokamak
levels.

As the poloidal field component in the tokamak is cre-
ated by the plasma current, the toroidal field component
is achieved by planar, identical, typically ‘D-shaped’ coils.
This makes the tokamak plasma shape (flux-surfaces) ax-
isymmetric. The plasma geometry of the stellarator, in
contrast, is fully three-dimensional with a periodic sym-
metry. Also the stellarator coils for the HELIAS line are
3D, non-planar, modular, and comparably numerous.

The complex 3D shaping of the stellarator magnetic field
structure generally introduces localised helically trapped
particle orbits which have an overall impact on the plasma
transport. The resulting, so-called, ‘neoclassical’ transport
can be very high in stellarators and is an essential optimi-
sation criterion of helical advanced stellarators. Usually
also an ambipolar electric field arises connected to the neo-
classical transport. Additional 3D anomalous transport
must be considered making the description of stellarator
transport a complex task, especially since 3D turbulence
simulations for stellarators have just been started. In toka-
maks, in contrast, the turbulent transport is observed to
be dominant drawing on a solid base of experiments and
experience. In addition, tokamaks are geometrically simi-
lar which more confidently allows to describe the transport
by empirical confinement time scalings based on the simi-
larity principle.

Last, but not least, the axisymmetry of the tokamak al-
lows to employ a toroidally closed divertor, either only on
the bottom (so-called ‘single-null’) or up-down symmetric
(so-called ‘double-null’). In the HELIAS concept a chain
of naturally occuring magnetic islands at the plasma edge
is employed. Independent divertor plates are placed sym-
metrically at the top and bottom of each module intersect-
ing the magnetic islands at the edge in order to efficiently
control the particle and energy exhaust. From a tokamak
viewpoint this could be seen as a discontinuous multi-null
divertor.

In order to identify specific and independent models
which need to be developed for a HELIAS systems code
approach, the general considerations from above need to
be checked with an existing systems code. For this purpose
the well-developed and commonly employed systems code
PROCESS has been selected. The source code of PRO-
CESS and its corresponding tokamak models have been
thoroughly reviewed with respect to stellarator-specific
considerations. From this investigation it is concluded that
in a systems code such as PROCESS, the plasma geome-
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try, the modular coils, the island-divertor and the plasma
transport models require independent treatment compared
to the tokamak models while treatment of current-related
aspects can be neglected. The correspondingly developed'®
models are described in the next section.

3. The Stellarator Module
200

In the following stellarator-specific models are proposed
which are designed to be applicable to systems codes and
which together build up a consistent HELIAS module.
One requirement of this development is to retain small
calculation times without compromising the necessary ac-zs
curacy and complexity of the 3D stellarator-specific prop-
erties.

3.1. Plasma Geometry

210

At finite normalised plasma pressure (8) = 2 (p/B?)
the shape of the confined plasma is determined by the
shape of the nested closed flux surfaces (in stellarators
even at (8) = 0). In position-space those surfaces may
be represented by cylindrical coordinates (R, ¢, z), but in
practice it is more convenient to decompose these coor-
dinates in a Fourier series with respect to poloidal and
toroidal angle coordinates, respectively u and v as wells as
the flux surface label s:

215

Mmax Mmax

R(s,u,v) = Z Z Ry, n(8) cos(mu — Nnv)
m=0 N=—Nmax 220
Mmax Mmax

z(s,u,v) = Zm.n($) sin(mu — Nnv)

m=0 n=—nNmax

where N is the number of field periods and ¢ (s,u,v) is
defined in the same way as R and z.

Using this representation allows one to accurately cal-**°
culate the important geometrical parameters relevant for
the systems analysis by summation over the correspond-
ing combination of Fourier coefficients. The important
geometrical parameters are the effective average plasma
cross-sectional area (F) in m?, the plasma volume V in®
m? as well as the total surface area of the confined plasma
S in m2. These parameters are important due to their di-
rect impact on relevant physics and engineering quantities,
e.g. the volume for the confinement time and fusion power
or the surface area for neutron wall load.

In order to employ and use this model, the Fourier coeffi-
cients Ry, » and 2, , of the last closed flux surface (LCFS)
must be provided. These can be obtained from equilibrium
calculations employing e.g. the equilibrium code VMEC.

The advantage of this model is its generality as every
arbitrary toroidal shape can be treated, including tokamalk?2+
and heliotron geometry. Moreover, it is possible to scale
both the minor and major plasma radius by scaling of the
corresponding Fourier coefficients making it very flexible
while sustaining the general shape.

0

235
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3.2. Island Divertor

For tokamaks, often so-called 2-point models are used
to describe the particle and energy transport from an up-
stream position parallel along the magnetic field to the
divertor target. For stellarators, in contrast, such 2-point
models are more complex and additional terms and pa-
rameters must be considered [11, 12]. However, the cor-
relations of some of these parameters are to-date unclear.
For this reason the 2-point model approach is avoided here.
Instead, a more basic and fundamental model is proposed
based on geometrical considerations. The model combines
relations of physics as well as engineering and is therefore
well suited for scaling. Another advantage of such a basic
model is that parts of it can be easily replaced once a more
detailed understanding, e.g. of the power decay width, is
available.

The heat load on the divertor plates, qqiv, is defined as
the ratio of the power transported to the divertor, Py,
over an effective wetted area, Aeg. The total power ar-
riving at the divertor is the power crossing the separatrix,
PsoL, provided from the plasma transport model, less the
SOL and X-point radiation: Paiy = Psor(l — frad), where
the radition fraction is contained in the factor fiaq.

The wetted area can be seen as the product of the to-
tal length of all divertor plates, L, and the power decay
width, A4, at the divertor plate. Accounting additionally
for some asymmetry with a factor f, the heat load becomes

_ Paiv  PsorL(l — frad)
qdiv = = . fa-
Ao Lt -

(1)

The total length Lt of the discontinuous island divertor is
the sum over all identical divertor plates of which there are
two in every field period, therefore Lt = 2nLp with the
toroidal and poloidal mode number n and m respectively.

Here, the length of a single divertor plate Lp may be
estimated from a geometric approach. Starting from the
X-point and following a flux tube, the field lines experience
a radial pitch of angle © in the island region while going
helically around the torus until striking the divertor plate
as illustrated in Fig. 2. A field line which just passes the
divertor plate on the inner side will strike the divertor plate
at the far outer point after m field periods. The radial
distance from the inner to the outer side of the plate is
then the helical length 27 Rm/n times the pitch angle ©.
The radial extent is enhanced by diffusive broadening of
the flux channel F, and the length of the divertor plate is
then determined from the inclination of the divertor plate
relative to the field lines ;. Combining this, the wetted
length of one divertor plate is

Lp—oxr. ™ ©

N Aim

F,. (2)

Both F, and A, are attributed to cross-field transport.
Two main assumptions are made in the island divertor
model:
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o diffusive cross-field transport is considered (due to
much longer connection lengths in stellarators com-
pared to tokamks)

e high radiation fraction is assumed in the SOL and at
280
the X-point (which is necessary to protect the divertor
from severe heat loads)

From general diffusive transport behavior the power de-
cay width is described by Ay = /X1 -7 with the per-
pendicular diffusion coefficient x; and the characteristic
diffusion time 7| which is determined by parallel transport.2ss
The second assumption made above implies a cold island
in which the temperatures are so low that the remnant
heat is mainly transported by convective processes onto
the targets.

From the geometric view introduced above it is clear?®
that the characteristic time for a flux channel to undergo
diffusion is determined by the connection length from the
X-point to the target plate Lx_,r and the ion sound speed
cs = /2T /m of the particles 7y = Lx_,7/cs. The con-
nection length in turn may be estimated from the distance
between X-point and divertor plate A, as illustrated in,s
Fig. 2. This is related to the connection length and field
pitch © by Lx_,7 = A/O. The typical dimension of A is
related to the radial width of the magnetic islands w, such
that

R- bmm 300

A:fw'wr:fw'4 (3)

n-t

where f,, is a fractional factor of order 1/2, by, ~ ©
the radial field perturbation, and ¢ the magnetic shear in
the SOL. The flux channel broadening which determines
the divertor plate length can be derived with the same_
general diffusive transport behavior with the connection
length now being one helical circumference and therefore

1 X1
Fp=1+—, | —F—. 4
z + O\ cs2n R )
310
Island Divertor
plate

315

2 G I e — a0 2
m
} 27mRO—
e\ T 1 n
X-point of n/m resonance
Plasma core ]
) S 320
o
Y m E
2mR—
n helical

(n/m resonance)

Figure 2: Geometrical illustration of a flux tube in the scrape-off32s
layer intersected by a divertor plate.

Due to the analytic nature of the model, the single as-
pects can be consolidated in a single formula for the head
load with respect to the required input parameters as:

Psor(1 — fraa)
471'RTI’LFX

Alim cs f
o- XL 2 fw R bmn “

The input parameters are obtained from the envisaged re-
actor design, e.g. R, Psor, the considered magnetic con-
figuration, e.g. ©, m, n, as well as from experience from
existing devices for engineering, e.g. «yim, and physics,
e.g. X1, Cs.

It should be noted, that due to the basic nature of the
model, the quantitative accuracy is limited and sensitive
to the input parameters. The model should rather be in-
terpreted to predict the dimension of the heat load. More
importantly, as the heat load is usually limited by mate-
rial constraints the model is useful to estimate the required
radiation fraction f..q4 in order to ensure safe divertor op-
eration for a specific design.

qdiv =

3.3. Modular Coils

Since the design of coils for an optimised stellarator
configuration is a demanding process requiring complex
codes, computational power and, experience, several major
approximations must be considered to represent modular
coils in a systems code approach:

e the sophisticated Helias 5-B reactor design study and
its coil design are used as reference basis [9]

e the coil shapes of this design are assumed to be ‘fixed’
but the overall size shall be scalable

e based on physics principles, scaling factors and rela-
tions are introduced to flexibly scale the design ac-
cording to a set of desired parameters

With the Helias 5-B coil design as basis and under the as-
sumption of fixed coil shapes several scaling factors can
be introduced with relation to Helias 5-B parameters.
Namely a scaling factor for the major radius fr and one
for the coil radius f;. As HELIAS devices have closely
positioned coils, the total coil current can be consequently
scaled with f; = fp - fr where fp is the scaling factor for
the magnetic field strength on axis.

A semi-analytic method is employed, in order to calcu-
late the maximal magnetic field on the surface of the coil,
Brax, the total stored magnetic energy, Wi,e, as well as
the cross-sectional dimension of the winding pack (WP).
Each coil consists of IV turns placed in the winding pack as
in Helias 5-B where the size of the WP is considered an in-
put in the analytic description for the moment (but is later
calculated self-consistently with an additional constraint).
The turns are approximated by circular filaments. The
mutual inductance, M, between two arbitrarily spaced and
oriented circular filaments can then be calculated analyti-
cally [13].
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The total inductance Loy is obtained by summation oversso
all mutual inductances of circular filaments and the self-
inductances of the coils. The latter are simply approxi-
mated by the inducantance of a circular loop with circular
cross section of radius (Agect /77)1/ 2, where Agect is the re-
cangular winding pack section area. From this follows thesss
total stored magnetic energy simply by Wy,qg = %LtotI 2
with the total coil current 1.

The magnetic field at any point in space can be straight-
forwardly calculated as sum of solenoid fields, using stan-
dard loop formulas and elliptic integrals as, e.g., found in3o
[14]. This way the average magnetic field on the plasma
axis as well as the maximal field, By,ax, at the coils can be
found.

Until this point the dimensions of the winding pack were
a free parameter, but the aim of this model is to self-
consistently calculate important parameters. For this pur-
pose the critical current density behavior of the respective
superconducting material may be employed as a natural
constraint. Treating the coil winding packs as single cur-
rent carrying conductors, the NbsSn ITER scaling [15] -
assuming constant operation temperature - can be simpli-
fied to

10.9-\/fr Bl 6

f(]* o fI 33_Bmax ( )
where f, is the scaling factor for the winding pack cross
section area. The constant factor contains the critical field
of the superconductor and the maximal field of Helias 5-B.
With this constraint the magnetic energy and field calcu-
lations given above can be iterated with respect to f, and
determined self-consistently. The cross-sectional area of
the winding pack is subsequently scaled by fq2 from which
the radial and toroidal width of the WP can be obtained.
But it should be noted that the WP aspect ratio of radial
to toroidal extension is kept fixed according to Helias 5-B.
Similar formulas can be derived for other superconductors
such as e.g. NbTi. 395

Based on the magnetic field and the corresponding
stored magnetic energy, the total required mass of sup-
port structure can be estimated. Since the Virial theorem
links the magnetic energy and the minimal mass of support
structure, this principle can be used to derive an empiricalso
scaling between these parameters on the basis of existing
superconducting devices, as e.g. demonstrated in [16]. By
considering in addition the most recent superconducting
devices such as W7-X, LHD, and ITER the empirical scal-
ing of [16] is updated to

405

(7)

with the stored magnetic energy Wpae in MJ and the mass
of support structure Mgty in t, illustrated in Fig. 3. It
can be seen from the figure that several experiments, both
tokamaks and stellarators, are well aligned with the em-o
pirical fit (blue line) reaching over several orders of mag-
nitude. It should still be noted that the figure represents

Mgrue = 1.3483 - 07821

mag
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a double logarithmic plot and a single device may deviate
up to a factor two as e.g. W7-X where it was not con-
sidered to minimise the support structure mass. Another
uncertainty is introduced by the fact that it is not every-
where clear whether the conductors and other structural
elements within the winding packs (e.g. conductor jackets)
are counted as structural material or not. It is clear from
the figure, that with increasing stored magnetic energy
the used support structure is getting closer to Viriral limit
which represents the minimal required support structure
from an energy point of view. This means that the sup-
port structure is optimised and used more efficiently with
increasing stored energy. This can be understood as the
support structure becomes a costing factor with increasing
mass.

1,E405
1,E404 ’/é oT7
/ # TorSuprall
+LCP
—1,E+03 i
-E- / / » ORMAK-F/BX
@ /). / *TNS
= 1,E402 / # *JET
®W7X
/ ®LHD
LEO1 = / +ITER
/ / ® HELIAS 5-B
1,E400

1,E+00 1,E+01 1,E+02 1,E+03 1,E+04 1,E+05 1,E+06
Stored Energy [MJ]

Figure 3: Virial limit of the required support structure with respect
to magnetic energy (red line) and an empirical scaling (blue line)
based on engineering designs of shown devices (colored rectangles).

Since the casing of the Helias 5-B coils is part of the
support structure, and as the circumferential length of
the coils is known from the calculations above, the cross-
sectional area of the coil casing can similarly be related to
the magnetic energy. Is should be noted here, that based
on the advanced and optimised support structure design
of Helias 5-B it is intrinsically assumed in the coil model,
that the high magnetic forces and stresses on the order
of 650 MPa are within allowable limits as investigated in
[9, 17] in detail and not treated further here.

8.4. Plasma Transport

The current description of plasma transport in PRO-
CESS is based on confinement time scalings. It is thereby
possible to choose between different existing emprirical
scalings which have been derived from experiments. Also
for stellarators, several empirical confinement time scal-
ings exist. The most recent is the so-called ‘ISS04’ scal-
ing which has been obtained from combined experimentel
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data of the international stellarator heliotron confinement
database [18]. Such scalings can be easily integrated into
the systems code PROCESS.

Alternatively to relying for the plasma transport de-
scription on empirical confinement time scalings derivedsss
in parameter regimes which are outside the range of a re-
actor, the idea here is to follow a predictive ansatz based
on available theoretical and numerical knowledge.

In this approach an uncertain, yet likely influential, part
is the so-called anomalous transport which is dominant in
stellarator experiments at the plasma edge [19]. Since it
is believed that the underlying mechanism to anomalous
transport is turbulence caused by micro-instabilities inside
the plasma, complex 3D turbulence, gyrokinetic GENE
simulations have been started for helical advanced stellara-
tor geometries [20]. The goal thereby is the assessment of
turbulent behaviour of e.g. ion-temperature-gradient in-
stabilities (ITG) in 3D geometry. From such an analysis
simplified 1D models may be developed compatible with
well-established neoclassical transport simulations [21, 22].
With such a combination of neoclassical and turbulent
transport, predictive physics scenarios can be simulated al-
lowing one to derive the corresponding confinement times
which may be compactly employed to describe the plasma
transport in a systems code.

3-D GENE

g w,Lr .

1-D Transport Code

Iy

0-D PROCESS

460

465

Figure 4: Startegy for predictive confinement time scaling develop-
ment. The 3D GENE simulations for the ITG transport may allow
one to derive a critical temperature gradient length L7 . and lin-
ear increase w with respect to the gradient. These results can be
combined with a 1D transport code to derive predictive confinement*°
times 7 and a renormalisation factor fren, with respect to empirical
scalings.

This strategy is conceptually illustrated in Fig. 4. It was
shown in [23] that the trapped electron modes (TEM) aress
stabilised in helical advanced stellarator configurations in
a large region of the parameter space. Instead, ITG modes
may still contribute significantly to the plasma transport.
For this reason the strategy for the predictive confinement
time exploration concentrates on the ITG induced trans-
port.

In tokamaks ITG transport is usually well described
by a critical-gradient model. This means that the ITG
modes are destabilised above a certain threshold of the
temperature gradient length, Lil = —1/T; dT;/dr (wheresss
r denotes the radial coordinate), or in dimensionless form

wr, = a/ Ly, (here, a denotes the averaged minor radius of
the stellarator). Then, the ion heat diffusivity defined as
(Q;) /wr, is found from the GENE simulations to increase
almost linearly (at least well above marginality) with re-
spect to the gradient wy, (the brackets (---) denote aver-
aging with respect to the simulation box and time). The
critical gradient L7, . and the slope of the linear fit are
readily derived as illustrated by the example in Fig. 5.
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3 — linear fit, W=1.6, » . =1.1
crit
2.5¢
"2
S a
H [} - —
& is @, = I
v
1_
0.5
0 ' ' :
0 0.5 1 1.5 2 2.5 3
w
t

Figure 5: Scaling of the ion heat diffusivity as a function of the ion
temperature gradient from GENE simulations (blue) and a linear fit

(red).

It should be noted that the inclusion of a density gradi-
ent and the equilibrium radial electric field is lacking in the
present results. Preliminary studies for W7-AS data, how-
ever, show a significant reduction of the ITG instability
with increasing density gradient. The same is true for the
radial electric field, as long as the sign of the electric field
is favourable (in the opposite case, a further amplification
of the ITG dynamics might occur; detailed calculations
are ongoing).

Nonetheless, an exemplary application of the neoclassi-
cal 1D transport code with an ITG critical gradient model
shall be demonstrated here. For this purpose two simu-
lations are carried out. To put the results of the simula-
tion with the ITG model in relation, the first simulation
employs for comparison an empirical anomalous transport
model which has been obtained from W7-AS where the
diffusion coeflicient scales with the absorbed power and
inversely with the density, x. ~ P3/4n~! [24, 25]. For
this first simulation the diffusion coefficient has been ad-
justed to be on the order of 1 m?/s at the plasma edge.
The second simulation employs the ITG critical gradi-
ent model where the diffusion coefficient scales with the
ion temperature gradient using the corresponding values
obtained from the GENE calculations. For both simula-
tions presented here, as additional boundary condition, the
temperature at the edge was chosen to be below 100 eV
since the strong temperature pedestals found in tokamak
H-mode discharges have yet to be observed in stellarators.
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Figure 6: Transport model study: Comparison of a neoclassical 1D transport simulation employing an empirical anomalous transport model
obtained from W7-AS (up) and an ITG critical gradient model (bottom). Both simulations are done for Pygr = 10 MW heating power and
similarly flat density profiles (left). Next to the figures, also the corresponding line- and volume-averaged densities and temperatures can be

found as well as particle and energy confinement times.

For both simulations, the most reactor-relevant, W7-X
high-mirror configuration has been chosen and both sim-
ulations were carried out with the same fixed density pro-
file (neglecting fuelling and particle exhaust issues) with a
central electron density of 0.8 102° m~2. For compatibilitysos
also the heating scheme for both simulations was chosen
to be 10 MW neutral beam injection. This heating scheme
was selected in order to heat the ions and reach significant
ion temperature gradients. The resulting temperature pro-
files are shown in Fig. 6 and the corresponding neoclassicalsio
and anomalous diffusion coefficients are illustrated in Fig.
7.
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Figure 7: Comparison of neoclassical (coloured) and anomalous diffu->%
sion coefficients (black) for an empirical anomalous transport model
obtained from W7-AS (left) and an ITG critical gradient model
(right).

As the neoclassical effects were an optimisation crite-ss
rion for the W7-X magnetic configuration, the neoclassical
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transport has been minimised to a level were it becomes
comparable to turbulent transport. It can be seen from
Fig. 7 that ITG turbulence may thus be the dominating
transport channel over the whole plasma. This would lead
to ‘stiff’ temperature profiles well-known from tokamaks
as can be inferred from Fig. 6 (bottom-right). The ITG
simulation here showed that the performance of the plasma
in terms of confinement time and central temperature is a
factor 2 below the neoclassical simulation which employs
an empirical anomalous transport model.

It should be noted, that in tokamaks ‘stiff’ temperature
profiles are usually observed in combination with a strong
edge pedestal structure. Such large structures are not seen
in stellaratros and are therefore excluded in the simulation
here. But depending on the assumptions on a pedestal the
anomalous diffusion profile would shift which in turn would
have impact on plasma transport and performance.

Interestingly, to date ‘stiff’ temperature profiles have
not been observed in stellarator experiments. This dis-
crepancy with the presented results might admit several
explanations, the most probable of which is the use of a lo-
cal (flux-tube) model for the simulations, which is not able
to capture the overall geometrical effects on the magnetic
surface. Indeed, incorporating such an information (which
is outside the scope of the present investigation) provides
a milder heat-flux scaling to the one obtained here, in view
of the dependence on the normalized ion gyroradius p;/a,
which is peculiar to stellarators only.

As already noted, also the inclusion of a density gradi-
ent and the equilibrium radial electric field is lacking in
the present results. A significant reduction of the ITG in-
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stability is expected with increasing density gradient and
the radial electric field, as long as the sign of the electric
field is favourable. Further improvements in terms of the
density gradient and the equilibrium electric field mightseo
also alleviate these differences and will be addressed in a
future work.

4. Summary

HELIAS-specific models were developed for a systems
code approach, especially with respect to modular systems
codes as e.g. PROCESS. The main differences between”
the tokamak and the helical advanced stellarator concept
have been reviewed. Since the stellarator is a steady-state
device working without plasma current, the poloidal mag-
netic field must be created by the external coils. This im-
plies a complex three-dimensional plasma shape as defined
by flux surfaces as well as non-planar coils of several dif-
ferent geometries. The 3D shape of the plasma introduces
additional localised particle orbits which cause significant
neoclassical transport. The naturally occurring magnetic
islands at the edge lead to a discontinuous island divertor
concept.

By thorough comparison and review of these consider-%°
ations with the models found in the well-established sys-
tems code PROCESS, four independent, specific models
were identified for which stellarator-specific developments
are required. By taking into account that systems codes
models should require low calculation times while preserv-
ing the stellarator complexity, up to now the following
three models have been successfully developed. A geom-
etry model based on Fourier coefficients which can repre-**
sent the complex 3D plasma shape, a basic island divertor
model which assumes diffusive cross-field transport and
high radiation at the X-point and a coil model based on
the Helias 5-B design in combination with inductance and®®
field calculations.

The implementation of the proposed stellarator mod-
ule to the systems code PROCESS and its verification is
described in detail in a separate work [10]. In the men-*
tioned work the HELIAS models are tested with respect
to W7-X and, exploiting the generality of the models, with
respect to a tokamak DEMO reference case. Both bench-
marks exhibit very good agreement, justifying the use of™*
the HELIAS module for future systems studies.

Beyond that, a transport description strategy has been
developed which is anticipated to employ a confinement
time scaling derived from sophisticated 1D neoclassical”™
and 3D turbulence simulations. Using gyrokinetic GENE
simulations, critical parameters for the important ion-
temperature-gradient mode can be obtained. With these
simulations it is possible to develop a critical gradient640
model compatible with the 1D transport code. Although
a systematic study of the ITG transport in W7-X with re-
spect to the density gradient length and the electric ﬁeld645
is still under investigation, the basic principle of the strat-
egy could be demonstrated by comparison of an empirical
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anomalous transport model with a ‘worst-case’ ITG trans-
port model. The developed module will now be employed
for detailed parameter studies for upscaled HELIAS con-
figurations.
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Abstract

In order to study design points of next-step fusion devices such as DEMO, comprehensive systems codes are commonly employed. The code
package PROCESS is such a tool, widely used for tokamak systems studies. In this work, the implementation and verification of a HELIAS
module into PROCESS is addressed. These HELIAS models include: a plasma geometry model based on Fourier coefficients, a basic island
divertor model, as well as a coil model which combines scaling aspects based on the Helias 5-B reactor design in combination with analytic
inductance and field calculations. The models are verified firstly with respect to W7-X. Secondly, the generality of the models is used to
represent the tokamak which is compared against the original tokamak PROCESS models using a DEMO design as reference case. Both

approaches show very good agreement.

Keywords:

HELIAS, PROCESS, Systems Code, verification

1. Introduction

Systems codes are simplified, yet comprehensive models of an 5,
entire fusion power plant used to carry out respective systems
studies. These studies focus on the analysis of the complex
interplay between physics, engineering, and economic consider-
ations allowing assessment of parametric dependencies on the
design of the plant. The goal of systems studies and systems ,
codes is the development and optimisation of design points for
next-step fusion devices. With this approach critical research
areas can be identified. This ansatz is commonly applied in
the tokamak community, especially with respect to a tokamak
demonstration fusion power plant, also known as ‘DEMO’, for ,
which many studies are ongoing.

The systems code PROCESS has been assessed to identify
changes necessary to accommodate helical advanced stellara-
tors (HELIAS). Based on this assessment, HELIAS-specific
models have been developed in [1] designed for a systems code 4,
approach consisting of three major models. First, a geometry
model to describe the plasma shape (flux surfaces) based on
Fourier coefficients. Second, a basic island divertor model for
the energy exhaust is derived from geometrical considerations,
in addition assuming cross-field transport and radiation at the
X-point. And third, a coil model which calculates the max-
imal field at the coils, the total stored magnetic energy, and
the dimensions of the winding pack based on the sophisticated
Helias 5-B [2] reactor design. For this purpose scaling relations
and analytic inductance and field calculations are employed in
combination with a critical current density scaling of the su-
perconducting material used.

Moreover, a strategy for a predictive confinement time scal- 6
ing has been discussed in [1] where it is shown that 3D tur-
bulence, gyrokinetic GENE simulations have been started for
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HELIAS geometries [3] with the aim of assessing the behaviour
of e.g. ion-temperature-gradient instabilitites. The guiding
results can be combined with well-established neoclassical con-
siderations [4] allowing to carry out predictive transport sim-
ulations to derive corresponding confinement times which may
be compactly employed in systems codes. This development
is underway. Meanwhile, stellarator-specific empirical confine-
ment time scalings like ISS04 [5] are available and can be used
within PROCESS.

In this work progress is reported on the implementation of
the HELIAS models into PROCESS [6] and also the verifica-
tion of the models with respect to two test cases. In section 2
the architecture of PROCESS and the implementation of the
HELIAS models are briefly reviewed. The verification of the
HELIAS module is then discussed in section 3 in two parts.
First, the models are compared against the stellarator Wendel-
stein 7-X design and predictions for its performance and second,
the generality of the models is used to represent the tokamak
and in turn assessed with respect to the original PROCESS
tokamak models using a DEMO design as reference case. The
work is summarised and the results discussed in section 4.

2. PROCESS Architecture

PROCESS is a well-established, partly modular, European
tokamak systems code which gained maturity through years
of applications. A solver based on Lagrangian multipliers is
employed within PROCESS to allow for design optimisation
with respect to the descriptive models and constraints. This is
done by minimising (or maximising) a user-defined Figure of
Merit consistent with the relevant inputs (iteration variables,
constraint equations, and limits). The framework of PROCESS
consists of detailed, well-developed plasma physics, engineering
and economic models allowing for a broad scope of application.

The modularity of PROCESS also allows implementation
options for different confinement concepts. This means, the

November 14, 2014

103



70

75

80

85

90

95

100

105

110

HELIAS models for the plasma geometry, island divertor, and
modular coils could be straightforwardly implemented with
only minor adaptations. This allows also to retain the use of
the non-device-specific systems in PROCESS, such as the bal-

ance of plant and economic models, and the numerical solveriis

which allows constrained optimisation of the design.

3. Verification of the HELIAS Models

120

In order to verify the stellarator module a twofold compar-
ison is carried out. First, the stellarator module is applied
to represent Wendelstein 7-X and the results are compared to
the W7-X design and predictions for its performance. Second,
the generality of the models allows modification of the stellara-
tor module so that it can represent the tokamak. This toka-
mak representation of the stellarator module is then compared
against a tokamak DEMO reference design point created by the
orginal tokamak PROCESS models.

3.1. Comparison to Wendelstein 7-X

3.1.1. Plasma Geometry

The plasma geometry model [1] is based on Fourier coeffi-
cients which allows one to describe arbitrarily complex flux-
surfaces. For the validation study the W7-X high-mirror con-
figuration is chosen and the specific Fourier coefficients are ob-
tained from the corresponding VMEC [7] equilibrium. The
geometrical parameters of the plasma major radius, plasma
minor radius, plasma volume and surface area calculated by
the plasma geometry model are in very good agreement with
the VMEC results, yielding for both R = 5.5 m, a = 0.53 m,
S =120 m* and V = 30.1 m°.

3.1.2. Island Divertor

The model of the island divertor concept [1, 8] consists of
a geometrical description including cross-field diffusion and ra-
diation around the X-point. For the verification with W7-X,
experimental data are not yet available. Therefore, the island
divertor model is compared against a 3D EMC3-Eirene [9] simu-
lation of a W7-X high-power discharge scenario. For the EMC3125
simulation a heating power of P = 10 MW and perpendicular
heat diffusion coefficient of x 1 = 1.5 m? /s have been chosen. In
accordance with W7-X and the simulation results the following
values were selected as additional input for the island divertor
model: the inclination of the divertor plate relative to the ﬁeld130
lines agim = 2°, the temperature in front of the divertor plates
Ti = 15 eV, the radiation fraction in the SOL f,.q = 0.05, and
the field line pitch angle © = O(10™?). The EMC3 simulation
is illustrated in Fig. 1 and the results are compared in Tab. 1.

EMC3 ID Model
Island Size [cm] 14 14%* 1%
X-point - target distance [cm)] 12.5 12.5%
Divertor plate Length [m] 1~15 1.6
Power Decay Width [cm] 7.4 9.3
Effective wetted area [m?] 1~2 1.5
Heat load [MW /m?] 6.5 6.9 1o

Table 1: Comparison of the important parameters of an EMC3-
Eirene simulation of Wendelstein 7-X with the corresponding output
from the island divertor model. The values marked with a star have
here been used as inputs to the island divertor model. 145
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It can be seen from the EMC3 simulation results in Fig. 1,
that the energy deposition has a 3D pattern, e.g. long tail in
the front of the plate. This means that the parameters defined
in the island divertor model cannot be straightforwardly rep-
resented by a single value. Especially for the effective length
of the wetted area of the divertor, only a range of values can
be given (Tab. 1). The value for the effective wetted area
calculated by the island divertor model lies within this range
and the value for the divertor plate length at the boundary of
the EMC3 range. The power decay width and the heat load
agree to the right order of magnitude but show a discrepancy
of about 20 %.

W7-X,10MW

35 7
MW/m2

Strike line v

Power load / MW/m?2
N »
T T

X N L.
-20 -10 0 10 20 E
distance to strike line (cm)

Figure 1: Heat load distribution on a W7-X divertor plate for an
EMC3-Eirene simulation and perpendicular cut of the divertor plate
front for P = 10 MW and x, = 1.5 m?/s.

Contributing to this discrepancy is the fact that the basic is-
land divertor model assumes two stellarator-symmetric targets
in each field period, while in reality there are four in W7-X. Al-
though the island divertor model does not take such details into
account the first comparison results are encouraging. This pre-
liminary result suggests that the island divertor model provides
an acceptable estimation of the heat load within the frame of
a systems code but nedds to be justified in a future work.

3.1.3. Modular Coils

The model for the modular coils [1] is a combination of ana-
lytical calculations and scaling relations which are based on the
detailed Helias 5-B coil design employing NbsSn as supercon-
ductor. To be able to compare the coil model with the existing
WT7-X coils a scaling for the critical current density of NbTi
was implemented. This was done in the same fashion as for
NbsSn. Apart from that, the size has been scaled to represent
the geometrical parameters of W7-X. The results are compared
in Tab. 2.

Agreement is found between the self-consistent model and
the values for W7-X except for the estimated masses. The mass
of the support structure is calculated from an empirical scaling
which goes over several orders of magnitude. This scaling gets
closer to the virial limit at high magnetic energy representing
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W7-X Coil Model
Field on Axis [T] 3.0 3.0*
Field on Coil [T] 6.7 6.6
Magnetic Energy [MJ] 620 640
Mass of Sup. Struc. [t] ~300 212
Winding pack [mmxmm] 166 x 226 167 x 177
Ampere Turns [MA] 1.74 1.74
Total weight of WP [t] ~100 62
Average Coil Length [m)] 8.5 8.5

Table 2: Comparison of the important parameters of the coil design
of Wendelstein 7-X with the corresponding output of the coil model.
The value marked with a star has been used as input.

the necessarity for mass optimisation. In W7-X minimisation
of the mass of the support structure was not attempted and it
therefore deviates from the model

Also the winding pack aspect ratio is more radially elongated
for the W7-X coils which introduces a discrepancy for the wind-
ing pack dimensions between W7-X and the coil model as well
as for the winding pack mass. In addition, the electrical insula- 4,
tion and winding pack embedding require relatively more cross
section in W7-X than in a reactor coil.

Next-step HELIAS devices will have very high stored mag-
netic energy requiring much more support structure, meaning
that optimisation with respect to minimal mass will play a role.,q
Therefore, it is expected that the mass calculations will have
better validity for extrapolation of larger devices closer to He-
lias 5-B while the other parameters are expected to retain their
very good agreement.

205

3.2. Application to Tokamak-DEMO: a test-case

In order to further verify the stellarator module, the corre-
sponding models are applied to an axisymmetric tokamak case
and the results are compared to the original tokamak PRO-
CESS module. For this study an advanced tokamak DEMO
design point was selected as reference case with a major ra-
dius Rp = 7.95 m, minor radius a = 2.9 m, plasma elongation
Kk = 1.78 and plasma triangulartiy ¢ = 0.5.

3.2.1. Plasma Geometry

The axisymmetric plasma shape in the tokamak PROCESS
geometry model is described by two intersecting circles, from
which the plasma volume, surface and cross-sectional area can
be obtained with simple analytic formulas.

As the stellarator geometry model is based on Fourier coef-
ficients, a magnetic equilibrium has been created with VMEC
closely representing the tokamak DEMO design point. The
toroidal cut for the PROCESS tokamak DEMO shape and the
VMEC magnetic equilibrium are both shown in Fig. 2. It can
be seen that the created VMEC equilibrium properly resembles,io
the tokamak PROCESS shape.

A comparison of the important geometrical parameters,
namely the plasma volume, 