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Proceedings of the
12th Carolus Magnus Summer School
on Plasma and Fusion Energy Physics

Preface

The 12" edition of the Carolus Magnus Summer School on Plasma and Fusion Energy
Physics is hosted by the Katholieke Universiteit Leuven. The Carolus Magnus Summer School
has been organised once every 2 years since 1993. It is a joint initiative of the Laboratory for
Plasma Physics of the Royal Military Academy in Brussels (Belgium), the Belgian Nuclear
Research Centre (SCK/CEN) in Mol (Belgium), the Dutch Institute for Fundamental Energy
Research (DIFFER) in Eindhoven (The Netherlands) and the Institute of Energy and Climate
Research (IEK-4) of the Forschungszentrum Jiilich (Germany). All institutes are members of the
EUROfusion Consortium. For the 12" CMSS edition, the Centre for mathematical Plasma-
Astrophysics (CmPA) of the KU Leuven joined the team. KU Leuven is the oldest university in
the Low Countries. It is internationally renowned for the high quality of its alumni, and ranks
among the top 10 European universities in terms of its scholarly output.

The summer school aims at graduate and postgraduate students active in or becoming
active in controlled thermonuclear fusion, a field of research striving to offer an alternative base
load energy “production” method that can - if political will and scientific endeavor are side by
side - become available when both fossil and nuclear fission fuels will either be depleted or their
consumption drastically reduced on ecological grounds. Whereas peaceful use of fission was
demonstrated more than half a century ago, controlled fusion has proven to be a much more
demanding challenge on the experimental, engineering as well as theoretical fronts. Many
insights have matured over the last decades but there are still various open questions. Whereas
the present generation of researchers paves the path towards fusion by building ITER in
Cadarache (France) - “iter” is the latin word for “the way” - and making sure the underlying
physics is sufficiently well understood to take this next step, it is the young generation of
researchers that is presently trained that will ultimately prove or disprove to the world that fusion
exploitation claims made decades ago were indeed justified or merely were overly optimistic
predictions based on too shallow insight of a demanding research field, requiring simultaneous
knowledge of a wide variety of topics such as magneto-hydrodynamics, plasma physics,
quantum physics, relativity, solid state physics, cryogenics and chemistry.

Well over 70 CMSS12 participants attend courses on the physics governing the behavior
of plasmas in experimental thermonuclear fusion devices. As in the previous summer schools of
this type, the accent is on machines relying on magnetic confinement of the highly energetic
particles that spontaneous fusion requires. The scope of the Carolus Magnus schools is
purposely rather wide: The treated subjects range from basic principles of magnetic
confinement, heating, equilibrium and instabilities, classical and neoclassical transport as well as
fundamental kinetic theory to leading-edge and occasionally far from fully understood fusion
physics topics such as anomalous transport and transport barriers. Aside from describing the
actual processes in the plasma, various speakers also explain how the dynamics of the hot
plasma medium can be diagnosed. And the closer we get to a burning plasma, the more aspects
such as neutron protection, neutron diagnostics and the development of proper materials
allowing to contain the fusion furnace need to come to the foreground. Since 2011, the Joint
European Torus (JET) - a machine of the tokamak type and the flagship of the European fusion
efforts - has metallic rather than carbon walls. Lacking the proper tools a few decades ago,
allowing to reach fusion relevant temperatures temporarily required giving up high Z wall
materials and gave rise to a generation of experimental devices with low Z and quickly eroding
plasma facing materials. But unless fundamentally new insights are gained in the coming years,
fusion machines necessarily need to have metallic walls. The solution that was chosen for ITER
(Beryllium vessel walls and a Tungsten divertor) is presently being tested in JET and so far no
major obstacles have been encountered.



JET may be the biggest and the only machine to be fully capable to handle tritium by
having sophisticated remote handling robotics that allow manipulating components of an
activated machine, it is not the only European experimental device, nor is the tokamak
necessarily the machine that has the highest probability to become a fusion reactor. The
EUROfusion Consortium supports various other machines. Wendelstein 7-X, for example,
explores the potential of stellarators as fusion machines. CMSS12 aims at discussing the broad
scope of theoretical as well as experimental tools presently thought to have the potential of
helping making fusion a reality.

To optimally transfer knowledge to the new generation, the school has always had a
large number of lecturers, each of whom speaking about their own field of interest and
specialization. Most of the speakers are from one of the organizing institutes, but subjects falling
outside the main focus of the organizing institutes are taught by specialists from other European
laboratories. With pleasure, the efforts of internal as well as external lecturers are gratefully
acknowledged.

Many of the papers appearing in this volume are reprinted, with minor revisions in some
cases, by permission of the American Nuclear Society, Transactions of Fusion Science and
Technology, Tenth Carolus Magnus Summer School on Plasma and Fusion Energy Physics,
Copyright February 2012.

Some CMSS texts are directly taken from scientific magazines. The paper of S. Brezinsek has a
‘golden’ copyright status and is gratefully reprinted from Journal of Nuclear Materials [S.
Brezinsek et al., JNM 463 (2015) 1121]. Thanks to the courtesy of IAEA, the paper of A. Murari
could be reproduced from Nuclear Fusion [A. Murari et al., NF 55 (2015) 073009].

To make room for other, more recent topics some talks were merged while the available
texts still date from an earlier summer school and/or author. Whenever this is the case, it is duly
flagged in the table of contents. The relevant reading material for the evening lecture by
EUROfusion Programme Manager Tony Donné is the booklet on the Fusion Road Map. It is
available on the www site but can also be downloaded from https://www.euro-
fusion.org/wpcms/wp-content/uploads/2013/02/JG12.356-web.pdf. For a very limited number of
papers no text is available at all.

The vast majority of the slides of the summer school is available at the password
protected summer school web site.

Dirk Van Eester (chairman) Stefaan Poedts (local chairman)
Laboratory for Plasma Physics
Trilateral Euregio Cluster

EUROfusion Consortium member Centre for mathematical Plasma-Astrophysics (CmPA)
Royal Military Academy K U Leuven
Renaissancelaan 30 Avenue de la Renaissance Celestijnenlaan 200-B
B-1000 Brussels B-3001 Leuven

Belgium Belgium
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List of summer school lectures

Degraded confinement and turbulence in tokamak experiments (1)
Degraded confinement and turbulence in tokamak experiments (2)
Introduction to drift wave turbulence (1)

Introduction to drift wave turbulence (2)

Radial electric fields

Guiding centre motion (1)

Guiding centre motion (2)

How to fly a tokamak? (no text available)

Plasma diagnostics in view of ITER

Bridging the gap between theory and experiment: advanced data analysis for the extraction of
mathematical models directly from the data (reprinted from Nuclear Fusion)
Microwave diagnostics

Active and passive plasma spectroscopy

Diagnostics for plasma-material interaction studies

Fusion product diagnostics

In-situ plasma-wall interaction diagnostics (no text available)

Plasma equilibrium in tokamaks

MHD instabilities in tokamaks

Operational limits and limiting instabilities in tokamak machines

Energetic particle-driven instabilities: theory and experiment

Neoclassical tearing modes

Edge localized modes in tokamaks

Plasma-wall interaction of magnetically confined fusion plasmas (1)
Plasma-wall interaction of magnetically confined fusion plasmas (2)
Transport processes in the plasma edge (1)

Transport processes in the plasma edge (2)

Impurity transport and radiation

Plasma with stochastic boundaries

Erosion and deposition mechanisms in fusion plasmas (1; no text available)
Erosion and deposition mechanisms in fusion plasmas (2; no text available)
Recycling and transport of neutrals (1)

Recycling and transport of neutrals (2)

Laboratory experiments to study plasma surface interaction

Evening lecture: The EUROfusion Consortium (no text available)

Evening lecture: Exotic Plasma Show

Fusion machines (1)

Fusion machines (2)

Stellarators (1)

Stellarators (2)

Confinement in tokamaks

Heating the plasma

Coupling EM waves to the plasma

Ton cyclotron, lower hybrid and Alfvén heating (text by R. Koch)

Electron cyclotron waves

Current drive

Antenna design and matching issues

Energy for future centuries: prospects for fusion

Thermonuclear burn criteria

Kinetic theory (1)

Kinetic theory (2)

Kinetic theory of plasma waves (1; texts KW-1 & 2 merged)

Kinetic theory of plasma waves (2; texts KW-1 & 2 merged)

Fast particle heating (NBI) and Modelling particle heating and current drive in tokamaks
(merged talk with 2 separate texts, one on fast particles and one on numerics)
Tungsten as a plasma facing component; advanced fusion materials
Beryllium and mixed materials: surface compounds and hydrogen retention (no text available)
High heat flux performance of plasma facing components

Plasma-surface interaction in all-metal tokamaks (reprinted from Journal of Nuclear Materials)
Structure materials in fusion reactors

Poster session I

Poster session II

Status and outlook of fusion research

The big step from ITER to DEMO

The nuclear aspects of a fusion power plant: new constraints and challenges
ITER status and challenges (no text available)

Classical transport in plasmas

Neoclassical transport in plasmas



TIME MON 24/8/2015 TUE 25/8/2015 WED 26/8/2015 THU 27/8/2015 FRI 28/8/2015

08:45 - 09:35 Welcome BT-1 El-1 - AT-3
09:40 - 10:30 IN-1 BT-2 El-2 KT-1 AT-4
Coffee
10:45 - 11:35 IN-2 M1 K] AT-1 EP3
11:40 - 12:30 FM-1 M2 El-4 AT-2 EP-4
Lunch
14:00 - 14:50 FM-2 EI-5 HC-1 EP-1 MA-1
14:55 - 15:45 FM-5 DI-1 - EP-2 KT-2
Coffee
16:00 - 16:50 FM-3 MA-2 P-1 AT-5 co-1
16:55 - 17:45 FM-4 El-6 Pl - -
Dinner
Evening walk through Leuven (20h) EV-1 (19:30-21:30) - Visit InBev brewery (19:30-??) -
TIME MON 31/8/2015 TUE 1/9/2015 WED 2/9/2015 THU 3/9/2015 FRI4/9/2015
08:45 - 09:35 HC2 Excursion to EP-7 DI-7 SF-1
09:40 - 10:30 HC3 FZ Juelich EP-8 DI-6 SF-2
Coffee Bus leaves Leuven at 8h30
10:45 - 11:35 HC4 EP-5 EP-11 MA-3 SF-4
11:40 - 12:30 HCS EP-6 DI-2 MA-4 Closing
Lunch
14:00 - 14:50 HC6 EP-9 DI-5 DI-3
14:55 - 15:45 KW-1 EP-10 DI-4 MA-5
Coffee
16:00 - 16:50 KW-2 - P2 SF-3
16:55 - 17:45 Kw-3 - P2 -
Dinner BBQ in Juelich summer school diner
EV-2 (19:30-21:30) Bus leaves Juelich at 20h30 - (18:30-72)
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ENERGY FOR FUTURE CENTURIES
Prospects for fusion power as a future energy source

J. Ongena1 and G. Van Oost?

T Laboratorium voor Plasmafysica - Laboratoire de Physique des Plasmas
Koninklijke Militaire School - Ecole Royale Militaire
Association"EURATOM - Belgian State", B-1000 BRUSSELS (Belgium)
Partner in the Trilateral Euregio Cluster (TEC)

2 Department of Applied Physics, Ghent University,
Rozier 44, B-9000 Gent.

ABSTRACT

The current power consumption and an estimate of
the future energy needs of the world are discussed.
The present energy supplies and prospects, the
possible consequences of a continued massive fossil
fuel consumption, and the potential of non-fossil
candidates for long-term energy production are
outlined. An introduction to the potential contribution
of future fusion reactors is given. The resources,
safety, environmental and economic aspects of
magnetic fusion energy are discussed.

I. INTRODUCTION

Mankind currently has an addiction to fossil
fuels which is non sustainable and dangerous for
several reasons: (i) burning of fossil fuels is having a
measurable impact on our atmosphere and could
trigger serious changes in climate (i) much more
interesting use could be made from this resource (iii)
they will run out at some point.

The number of conceivable non-fossil
candidates which in the long-term could substantially
contribute to energy production is very limited:
renewables, nuclear fission and fusion. Fusion is the
least developed of the three, but has particularly
valuable environmental and safety advantages and has
virtually inexhaustible resources.

Before starting the discussion let us briefly
discuss some of the basic physical quantities used in
this paper. Energy is the capacity for doing work by
any system and its S| unit is Joule. Power is the
amount of energy produced, transferred, or used per
unit of time and its Sl unit is Joule per second or Watt.
Other units often used to express an energy quantity
are e.g. kWh, MWd, TWyr etc. Energy (or power) in
the form that it is first accounted for i.e. before any
conversion to secondary or tertiary forms of energy
(or power) is called primary energy (or power). Energy
has several forms, some of which can be changed to
another form useful for work. According to the second
law of thermodynamics, each thermal conversion
process is associated with losses. This is especially
true when using a heat flow from a hot source to a
cold sink in the conversion process: only a fraction of
the heat can be converted in that way into work, the
amount depending on the difference in temperature

between the hot source and cold sink (Carnot cycle).
This difference becomes very clear in discussions on
electricity production, where the efficiency is often as
low as 30%, and thus a distinction has to be made
between thermal power and electrical power (indicated
in this paper by the suffix “el”).

Il. THE WORLD ENERGY PROBLEM
II.A. CURRENT AND FUTURE ENERGY NEEDS.

PER CAPITA POWER
COUNTRY CONSUMPTION IN 2010
(kW)
United Arab Emirates 21.35
Iceland 20.00
Qatar 19.30
Kuwait 15.20
Bahrain 14.20
Norway 12.00
Canada 11.50
USA 9.50
Australia 8.10
Belgium 7.90
The Netherlands 7.70
Russia 6.20
South Korea 6.60
Japan 5.10
Germany 5.10
Europe of 27 4.10
South Africa 3.40
China 2.30
Brazil 1.75
Vietnam 0.62
India 0.56
Zimbabwe 0.42
Mozambique 0.24
Congo (Kinshasa) 0.05
Chad 0.01
World 2.23

Table |  Per capita total primary power consumption
for selected countries (total annual primary
power consumption per country divided by
the number of its inhabitants [1,2])

Table | gives an overview of the total primary
power consumption per capita for different regions in



the world. This is the equivalent amount of power
consumed per person 24 hours a day, 365 days per
year. It is interesting to note that the largest
consumers are often to be found among those
countries which are also large energy producers and
exporters (Qatar, Bahrain, Kuwait, etc) or dispose of
cheap and abundant energy (Iceland, Canada, etc...).
Lowest consumption is found in developing countries.
Outstanding is also the difference between the USA
and the Japanese or European average power
consumption: about twice as much power is used for
essentially a comparable standard of living.

With over 7 billion people in 2011 and a primary
power consumption per capita (world average) of
about 2.2kW, the total amount of energy currently
consumed in the world is about 2.2 kW x 7 billion
people x 1 year = 15.4 TWyr. An estimate of what
might be needed in the future can be found with the
following two assumptions:

(i) primary power consumption per capita (world
average) will increase by 800W from 2.2kW to about
3kW (i.e. about half of what is already used in Europe
and one fourth of what is currently used in the USA),
and

(ii) world population will rise to about 10 billion in
the next 50 years, (medium variant prediction) by the
UN [3] (see also Fig. I)

Thus, in 50 years we expect the world to
consume yearly an amount of primary energy equal to
3 kW x 10 billion people x 1 year = 30 TWyr or about
two times more than what is consumed now!

The first assumption fits with energy data from
the past decades: in the last ~25 years (1980-2006),
the primary power consumption per capita (world
average) has increased by about 300W (associated
with an increase in total primary energy consumption
in the world by about 66%). Extrapolating linearly (if
justified) would amount to 600W in 50 years.

Another confirmation comes from the study of
the World Energy Council and the International
Institute for Applied System Analysis [4], which
considers three different scenarios for the future
development of the world energy consumption: (i) a
high growth scenario with impressive technological
developments and high economic growth [Case A], (ii)
a “middle course” scenario with less ambitious and
perhaps more realistic technological improvements
and a more intermediate economic growth [Case B]
and (iii) an ecologically driven scenario which
represents a “rich and green” future, both with

substantial  technological improvements,  strict
environmental control mechanisms  and an
unprecedented international  collaboration  for

environmental protection [Case C]. The predicted
energy future for the three scenarios described above
is shown in Fig. I. The middle course scenario, Case B,
considered as the most realistic scenario, predicts
about 25TWyr for 2050, close to the estimate above.

Note that the numbers above would imply that
we need an additional power production capacity (for
electricity, direct heating, transportation, etc) of
about 15TW in the next 50 years. If true, this means
300GW/year, or equivalently a capacity of 1GW nearly
every day for the next 50 years. Taking into account
that on top of this, old power or heat generation
systems will have to be replaced (also amounting to
about 15TW), a total of 30GW greener power systems
has to be constructed in the next 50 years. This
clearly shows the staggering task that lies in front of
us. We can only hope that this will indeed be greener
systems, but unfortunately and as will be shown in
what follows, there are currently not sufficient clean
alternatives ready to replace fossil fuels on such a
large scale.

World Annual Energy Consumption
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World A
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Fig. | Past and projected evolution of the annual
world primary energy consumption according to
three different scenarios, as documented in [4].
The inset shows the projected evolution of the
world population [3]. The bands reflect the
uncertainties in the predictions.
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What is then the best way forward? As we will
see below, there is no simple answer to this question.

II.B. CURRENT ENERGY SUPPLY AND FUTURE
PROSPECTS

An overview of the present proved recoverable
reserves for various energy options is given in Table I,
together with an estimate of the period still available
for use at the current rate of consumption.

In addition, one has to be careful with these
numbers, as huge political and economic interests (for
a frightening example, see [5]) might lead to under-
or overestimates depending on who is providing the
data. In addition, future prospection could result in
updates of these numbers. It is clear from Table Il that
we can indeed go on for at least a few decades.



But is this really desirable?

As can be seen in Table Ill, about 90% of our
energy is currently produced by burning fossil fuels
This could pose serious problems in the future.

PROVED YEARS OF USE AT
FUEL RECOVERABLE THE CURRENT
RESERVES RATE OF
(2009) CONSUMPTION
Coal 0.9 102 tons 210
Crude oil 1.3 102 barrels | 30-40
Natural gas 190 1012 m3 60-70
Uranium (ore) | 4.7 108 tons 85-270"
(2600-8000)**
Uranium 4.5 109 tons

81000-260000

(sea water)

* assuming Light Water Reactor, once through
** if breeder technology is employed.
Table Il Years of use of different fuels at the
current rate of consumption [1,2,6-9]

First, depletion of the world energy resources
will_inevitably lead to political instabilities (and has
already caused tensions) in the world. The energy
crisis of the 1970's, the Irag war in the 1990s, etc.
are small reminders of what we could face. Note that
more and more institutions are warning about peaking
of conventional oil reserves [10, 11] with possible
shortages and/or price increases in the near future.
The oil peak discussion is complex: different concepts
of “reserves” are often used, changes in price could
have big influences on the economical recoverability of
a source, financial speculation can interfere etc.
Moreover, there are very large in-place resources of
both conventional and various non-conventional oils
(primarily tar sands and shale oil). But many analysts
calculate that once conventional oil peaks, it will be
difficult to bring these other resources on-line fast
enough to offset the decline in the production of
conventional oil. These and various other facets of
this discussion are documented in ref [12]. However,
it should be clear that much better use could be made
of these finite resources. They are invaluable for our
chemical and pharmaceutical industry. From this point
of view, our present energy production scheme causes
irreplaceable basic chemicals to be literally ‘going up in
smoke’ and thus lost forever on a gigantic scale.

The second, and most worrisome problem is
the possible inluence to our environment of the
massive use of fossil fuels due to the inevitable
release of gigantic quantities of CO,. In 2012 alone,
about 32 billion tons of CO, were released in the
atmosphere [1]. This could still seem to be negligible,
as it represents only a minor fraction of the total
amount of CO; released (and subsequently recycled)
by nature. But precisely because these natural flows
balance out, any additional source of CO, will lead to

an increase. This is exactly what is observed: a steep
increase of the CO, content in the atmosphere during
the last few decades, as illustrated in Fig. Il. This graph
- compiled from analysis of air bubbles in the ice of
the Antarctic and air samples at the top of the Mauna
Loa mountain on Big Island (Hawaii) - compiled data
up to 1996. It shows clearly the ever faster increase
in CO, since the beginning of industrialisation around
1800. The out of graph star in Fig Il indicates the
current level (2013) of ~400ppm [13] and illustrates
the increase of 40ppm that took place over the last
~17 years. Comparing this with the previous period it
took for a similar increase in CO», about 70 years -
from 1930 to 1996 - it shows that we are *
far from curbing CO, emissions.
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Fig. I Evolution of the CO, concentration in the

atmosphere (in ppm) during the last 1000
years up to 1996 [14]. The out of graph
black star added at the top right of the
figure indicates current CO, levels (2008,
~ 385ppm [13]).

Note also that all this CO, has accumulated in
about 200 years. This is very short on a geological
time scale and rather frightening in view of additional
evidence that the CO, concentration has remained at
about 280 ppm for the last 160000 years [15].
Carbon sequestration or carbon capture and storage
(CCS) could perhaps help to reduce future CO»
increases [16], but is of no use to decrease present
atmospheric levels.

What are the possible consequences of such a
sudden change in the composition of the atmosphere?

CO, is a greenhouse gas, and a higher
concentration of this gas will lead to an increased
absorption in the atmosphere of the infrared radiation
re-emitted by the earth. This has lead to a continuous
increase in the mean global temperature in past years.
The consequences are becoming visible, e.g. the last
decade being the warmest since early 1800 [15, 17]
and effects in Greenland, on glaciers worldwide and



polar ice are very impressive (see e.g. ref. [18] for
truly frightening examples) and do raise serious
concern. To what will all this lead on the long-term?
The answer to this question is not evident, because
our ecosystem is very complex, with many feedback
channels, some of them still partly or fully unknown
and thus impossible to take correctly into account in
modelling. Some buffering against changes probably
exists, but there are surely limits to the adaptability of
our ecosystem and two main questions are: what are
these limits, and in which direction will the ecosystem
evolve as soon as the stability thresholds are crossed?
We should also not forget that the climate system is
inherently unstable: climate records from the past
have indicated that variations of more than 7 °C have
taken place in the average sea water temperature in
the course of a few tens of years [19].

PRIMARY ENERGY SOURCE Sﬁﬁ}'ﬂ?‘éﬂ?&‘&o
PRODUCTION (2008)
Qil 33.7%
Coal 23.8 %
Gas 29.6 %
Fission 5.2%
Hydro-electricity 6.4 %
Solar, wind, wood, waste,.. 1.3 %

Table lll  Contribution of different primary energy
sources to the primary energy production
in the world [8].

What makes things even more frightening is
that the excess CO, decays exponentially with a very
long time constant (100-200 years), mainly
determined by the slow exchange of carbon between
surface waters and the deep ocean [15]. This means
also that as soon as changes are visible in our climate,
we will have to deal with these effects for very long
times, even if we could shut down all sources of CO,
immediately. Even worse, returning to previous levels
is no guarantee neither as it cannot be ascertained
that the whole ecosystem will return in a reversible
way to the previous situation once critical (unknown!)
thresholds have been crossed.

This is the most threatening consequence of
our energy production scheme nowadays. We are
conducting a possibly irreversible large-scale
geophysics experiment. We have to remember that we
have only one atmosphere and that it is irreplaceable,
in other words, we are all "sitting in the test tube”. It
cannot be excluded that certain parts of the world
could become no longer inhabitable due to rising sea
levels or desert formation; in addition, food-producing
areas could shift, with hunger, poverty, migration of
people, etc. as possible consequences. This would
constitute a serious threat to peace and international
security.

Is this the prospect we would like to offer our
children and grand children?

In this context, it seems nearly unavoidable to
reduce or stop burning fossil fuels and try to use
other energy sources as soon as possible. It seems
also unwise to use uncertainties in the predictions for
future climate change as an excuse for delaying
necessary actions. The only thing we are left with
currently is to try to limit the impact (see [15]) and
thus one of the consequences could be
environmentally imposed reductions on the use of
fossil fuels, well before the effects of resource
limitations are felt. But this can only be realistically
imposed if there are sufficient non-fossil alternatives.
To make things worse, efforts to reduce emissions of
greenhouse gases may be alone insufficient to avert
unacceptable levels of climate change. Therefore geo-
engineering methods (e.g. increasing the albedo of the
earth by injecting aerosols in the stratosphere) are
beginning to be considered as a possible option to
“keep the earth cool” (see e.g. [20, 21]). It underlines
very clearly that there is ‘no easy fix’ to the problems
we are facing.

There are only two classes of long-term
alternatives to burning fossil fuels: renewables and
nuclear energy (fission and fusion).

However, there should be no illustions that
bringing on-line massive quantities of non-fossil
solutions will take time. It should be done wisely and
with vision, and with respect for scientific and
economic realities. Unfortunately, except for fission,
none of the possible alternatives at present is
sufficiently mature (see Sect. II.C); but even fission is
(i) only short term with the current type of reactors
(implying the need for breeder technology, unless one
could use seawater extraction [6], see below) and (ii)
has a low level of acceptance by the general public. A
revival of nuclear energy seems a necessity, but it will
still take a while before a large-scale increase can be
realised. Fear of nuclear energy is often misused as a
‘source of votes’ from a general public that is in many
cases very badly informed. Political decisions also
often backfire (and the public is left uniformed): in the
case of Germany, closing down 7 nuclear plants in the
aftermath of Fukushima has led to a 7% increase in
CO, production, despite really enormous investments
(~ 10-12 billion Euro/year for the last 10 years) in
green energy systems. The low quality of the public
discussion, frequently lacking reference to realistic
numbers or using the numbers very selectively, is a
matter of serious concern and correct and neutral
education of the general public is an absolute
necessity. To make things worse, there are strong
economic and political powers trying to maintain the
current situation by all possible means, see e.g. the
frightening report in Ref. [5].

II.C. LONG-TERM NON-FOSSIL ENERGY SOURCES

Although renewable energy resources in the
world are large and inexhaustible, they have,
unfortunately, only a limited potential [22]. Natural
obstacles met by renewables are low energy density



and/or fluctuations in time, implying the need for
storage, which reduces again the efficiency and leads
to extra costs.

A useful insight in this respect can be gained
from a very simple example on hydropower, at this
moment the most important renewable energy source.
The energy needed to boil 1 liter of water (from O to
100C) is equivalent to the energy gained from 100
liters of water falling over 426m (nearly half a km)
assuming complete conversion of gravitational
potential energy into heat. Two important conclusions
follow immediately: (i) we consume a lot of energy
without realizing, (ii) it requires a large effort to
extract these amounts from sustainable sources.

RENEWABLE RENEWABLE POWER
CATEGORY SOURCE OUTPUT
(W/m?)
Solar heating 53
Concentrating solar 15
power (deserts)
Solar photovoltaics 5-20
Sun based Solar chimney 0.1
Ocean thermal 5
Wind 2-3
Waves 30
(Pelamis farm)
Tidal power 6
Gravitation Tide pool 3
based
Hydro-electricity 11
Biogas 0.02
Rape seed oil 0.13
Agriculture Bio-ethanol 1.2
based (sugar cane)
Energy crops 0.5
Wood 0.1-0.2
Earth
based Geothermal Heat 0.017

Table IV Power production per m? of land or sea
surface occupied. Renewable energy is
rather diffuse, leading to large, country-
sized facilities in order to contribute
substantially (from [22]).

The potential of renewables is further illustrated
in Table IV compiling values for the power output per

unit land or sea area occupied for a number of
possible options. Best solutions seem solar heating,
wave power, concentrated solar power and hydro
electricity. These numbers can be put into context by
comparing with the power output per m? of a large
(1000MW,el) coal or nuclear power plant
(~150kW/m?) or the surface of the lake behind a dam
(>100km?) to provide 1000MW, el.

Renewable and nuclear energy systems have the
common feature that emissions of greenhouse gases
and other atmospheric pollutants are ‘indirect’, that is,
they arise from stages of the life-cycle other than
power generation. In the case of nuclear energy, this
arises mainly from mining and processing ore, and is
only a minor effect. In the case of renewables, the low
power density, illustrated in Table IV, unavoidably
implies important land use and/or investment in
materials. E.g. in the case of biomass this implies areas
of several 1000 km? even for a relatively low power
production of 100MW and CO, emissions from
fertilizer/pesticide production, harvesting, drying and
transportation have to be taken into account. It could
lead for some ‘low carbon’ technologies to an
outperformance of their potential to contribute
effectively to CO, reductions. For interesting analysis
see [23,24]. The production of e.g. solar cells causes
quite some pollution if one is not careful, and have
already led to protests e.g. in China [22a]. Some of
the estimates of the world wide potential also seem
not to take into account fundamental restrictions. E.g.
in the case of wind energy, a bottom-up estimation
seems to easily lead to overestimations [22b]. For a
very interesting discussion on sustainability, energy
efficiency and subsidies see [22c]; a critical
assessment of the consequences of the recent
German energy policy is given in [22d]. These and
other arguments should be carefully taken into
account in discussing energy options.

We would like to stress that we do not mean to
imply that renewables are useless. The purpose is to
point out important aspects of renewables that should
not be forgotten in discussions on our energy future.
Land use and indirect emissions are two of them. It
certainly makes sense to try to exploit these as much
as is realistically possible, as every non-fossil energy
source will be needed in the future. But one should be
realistic in assessing their potential [22, 25] to
produce energy and effectively reduce CO, emissions.

The other main non-fossil option is nuclear
power generation by fission and for the future, by
fusion.

In the case of fission, issues raising concern are
waste, safety and proliferation. Concering waste,
indeed highly radioactive waste is produced, but the
volume is rather low: only about 28 tons of fuel is
needed per GWyr,el, resulting in the same amount of
irradiated material. (Note that this is less fuel than
expected on the basis of 3-4% 235U enrichment alone,
the reason being that about 40% of the heat is
generated from fission of 23°Pu and 24'Pu formed from
238U by neutron capture). But about 27 tons of the



irradiated fuel can in principle be reprocessed and
reused in other reactors [26] as it consists of a
mixture of about 224 kg 235U, 26400 kg 238U and
170 kg of fissile Pu isotopes, the rest - fission
products and non-fissile elements - must be disposed
of. In essence, only 1 ton or about 50 dm3 of highly
active waste is produced per GWyr,el. Moreover, with
the right techniques this can be handled safely and
new methods are being developed to store [27], or
even eliminate it by transmutation thereby producing
energy [28]. Reprocessing is unfortunately no longer
an option for many countries, so the irradiated rods
are stored after cooling in special containers. For the
Belgian reactors Doel 1 and 2 (~ 830MW,el total) this
results in one container per year, still a small volume
for the amount of power produced, certainly if
compared with greenhouse gases and other pollutants
generated by burning fossil fuels. The radiological
danger of nuclear power generation should also be put
in perspective comparing with coal power plants.
Trace elements in coal like thorium and uranium
accumulate in the ash and add to the natural
background radiation. Comparing radiation doses from
airborne effluents of T000MW, el coal-fired and nuclear
power plants and assuming a 1 percent ash release to
the atmosphere (Environmental Protection Agency
regulation) and 1 part per million of uranium and 2
parts per million of thorium in the coal (approximately
the U.S. average), population doses from the coal
plant are typically higher than those from pressurized-
water or boiling-water reactors that meet government
regulations. [28a, 28b].

With the present reactor types the lifetime of
our uranium resources from ore is comparable to that
of oil or gas - about 80 years. Using breeder
technology to transform non-fissile fuel into fissile
elements, we could stretch our resources by a large
factor (30 or more [9, 29, 30]) although the safety
and environmental problems are potentially more
difficult to cope with. Perhaps the need for breeders
could be avoided altogether, if uranium extraction
from seawater would become an economical option

[6].

ANNUAL FUEL
METHOD CONSUMPTION FOR
1000MW,el. (typical
size of a single large
electric power plant)
Coal 2 700 000 tonnes
Oil 1 900 000 tonnes
Fission 28 tonnes of U
Fusion 100 kg Dand 150 kg T

Table V' Fuel consumption for different energy
production methods

Concerinng safety, new reactor concepts, which
rely on passive safety systems, will surely contribute
to increase public acceptance [31]. In this context,
the Tchernobyl incident should be mentioned, as it
was not the result of a malfunction under normal
working circumstances, but rather due to negligence
and total disregard of safety rules. As such it is close
to an unbelievable criminal act, a fact hardly ever
mentioned by the mass media. The Tchernobyl reactor
(RBMK-1000) was of a dangerous design (among
others, it has a positive temperature coefficient). All
reactors of this type are closed worldwide. The
reactor was not protected from the environment (as
in the West) by a concrete and steel dome. Worst of
all, the accident was triggered by trying out a
dangerous and badly prepared experiment. Operators
were put under severe pressure from local officials. In
the panic of the last minutes, the control system was
disabled and all control rods were fully extracted,
leaving no room for a fast intervention in case of a
runaway reaction. No wonder that under such
conditions the worst possible happened. A hair raising
and detailed account of the events on 26 April 1986
can be found in e.g. refs. [32, 33].

The recent events in Fukushima, Japan,
although very serious, should not be over dramatised,
or lead to panic reactions. It should be underlined that
the earthquake itself, although of an extremely large
maghnitude, did lead to a correct and timely shutdown
of all nuclear plants in Japan. It was the arrival of a
tsunami of enormous proportions that was the major
problem and killed an estimated 20000 people.
Nobody died so far from the nuclear incident itself.
Conclusions should be (and are) drawn on justified
critiqgues of certain aspects of the construction and
localization of those damaged Japanese plants. But it
seems unwise to plan a complete nuclear shutdown if
no good alternative is immediately ready to take over
the nuclear share, or if as a result one has to import
power from other nuclear nations or end up with an
increased dependency on fossil fuels. The danger is
also real that due to inappropriate decisions very
valuable know-how could get lost for a technology
that could serve good purposes in the coming
decennia

The other nuclear option is fusion. It is the least
developed of the three but it holds the promise of
being a safe, inexhaustible and rather clean energy
production method. As such it could become the best
compromise between nature and the energy needs of
mankind. Recent studies carried out for the European
Commission [34] confirm this point of view. Energy
quality criteria will become most important in the
future: energy production must be not only
economically, but also environmentally and societally
acceptable.

The huge contrast in fuel consumption between
fossil and nuclear methods to generate energy
becomes clear from a look at Table V. This results of
course from the large difference in energy gained from
a nuclear reaction compared to a chemical one - per



reaction a factor of around 1068 for fission and 107 for
fusion. The numbers mentioned reflect what is needed
for just one electric power plant. A good idea of the
gigantic quantities of CO; released in the atmosphere
yearly is found by calculating the equivalent length of
a train carrying 2 700 000 tonnes of coal: it has a
length of 540 km, i.e. the distance between Paris and
Amsterdam. Per power plant of 1000MW,el and per
year, this quantity of coal gets (nearly totally)
converted into 10 000 000 tonnes of COj. The
equivalent of many hundreds of such plants are in
operation at present...

There is every reason to be worried for the
future, as reflected by the projected numbers of
electric power capacity to be installed in the next ~50
years, estimated by the Indian and Chinese
governments [35, 36]. These numbers are
respectively equal to 480 GW,el and 1500 GW,el. In
the case of China alone, it is estimated that burning
coal will generate half of this number in 50 years.
However, to reach this level, China will have to build
and put into operation each month at least one new
electric power plant with a capacity of 1 GW,el - fired
by coal - and this for the next 50 years... Note that
the reality surpasses by far projections: an average
capacity of 5GW,el/month (coal, gas) has been
installed in China over the period 2003-2007 (see Ref.
[1]). Consequences of this massive development are
becoming visible: data analysis of water samples
indicate that mercury levels in the North Pacific Ocean
have risen about 30 percent over the last 20 years,
attributed to increases in global mercury atmospheric
emission rates from coal burning [37] in Asia. This
mercury is now accumulating via fish in the food chain.

Illl. NUCLEAR FUSION AS AN ENERGY SOURCE
FOR THE FUTURE.

The development of nuclear fusion as an energy
source is one of the most complex scientific and
technical tasks ever undertaken for non-military
purposes and will still span several human generations.
There exist presently two approaches to realise
nuclear fusion on earth: inertial and magnetic fusion.
Inertial fusion consists of micro-explosions of small
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Fig. Ill Evolution of the value for the fusion triple
product since the beginning of fusion
research [41]

fuel pellets by means of powerful lasers or particle
beams. Confinement of the fuel is based on the inertia
of the pellet fuel mass, which resists the natural
expansion when it is heated to thermonuclear fusion
temperatures. Magnetic fusion uses magnetic fields to
confine the fuel. The European fusion effort is
concentrated on the latter (with tokamaks,
stellarators and reversed field pinches) and hence we
will briefly review only this method here. The
interested reader can find a wealth of additional
information in the references [34, 38, 39, 40].

Fantastic progress has been made in magnetic
fusion in the last decades. Three generations of
tokamaks with doubling of characteristic dimensions
at each step led to a 10000 times higher value of the
fusion triple product (density times temperature times
confinement time) in the last 30 years. Since the start
of controlled fusion research, a 10 million-fold
improvement in the fusion triple product has been
obtained verging to reactor conditions, as illustrated
in Fig. Ill.

Since 1991 several megawatts of fusion power
have been released in a controlled way in deuterium-
tritium experiments in JET (Joint European Torus,
Culham, UK) and TFTR (Tokamak Fusion Test Reactor,
Princeton, USA). Peak values of about 16 MW have
been obtained on JET in 1997 corresponding to Qpr
values (i.e. the ratio of the power released from
deuterium-tritium fusion reactions to the power
applied to heat the fuel) of more than 0.6; in a
stationary way fusion powers of more than 4 MW have
been obtained for more than 5 seconds on JET. A
comparison of high performance D-T pulses is given in
Fig. IV. Break-even in deuterium-tritium experiments,
i.e. Qpr =1, is expected at JET in the coming years.

Fusion research entered a new era in 2005 with
the international agreement (28 June 2005) on the
construction site of ITER at Cadarache (close to Aix-
en-Provence in France). Construction has started this
year (2009), first (H or “He) plasmas are projected for
2018 and first D-T plasmas in 2028 [42]. We all look
forward to a swift realization of these plans, and hope
that they could be realized earlier than planned now -
the world urgently needs clean energy solutions for
the long term!

IlI.LA.  NUCLEAR FUSION
FUTURE FUSION REACTORS

PROCESSES AND

The least difficult fusion reaction to initiate on
earth is that between the hydrogen isotopes D and T:

D + T — “He (3.5MeV) + n (14.1MeV)

in which D stands for deuterium (the stable isotope of
hydrogen with a nucleus consisting of one proton and
one neutron) and T for tritum (the radioactive
hydrogen isotope with a nucleus of 2 neutrons and 1
proton, see Section IIl.B). To produce sufficient fusion
reactions, the temperature of the plasma has to be on
the order of 100 to 200 million C for this reaction.
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A first generation of future fusion reactors
would be based on this reaction. The reaction
products are thus an a-particle (helium nucleus) and a
very energetic neutron. Twenty percent of the energy
is taken by the a-particles that are confined, owing to
their charge, and deliver their energy to the
background plasma. In this way they compensate for
losses and might make the reaction self-sustaining.
The kinetic energy of the fast neutrons will be
converted into heat in a blanket and then into
electricity using conventional technology (steam).
About one million times more energy is released from
a fusion reaction in comparison with a chemical one
(MeV's instead of eV's for the latter). This is the
reason why so little fuel can produce so much energy:
when burnt in a fusion reactor, the deuterium
contained in 1 | of water (about 33 mg) will produce
as much energy as burning 260 | of gasoline.

The D-T reaction is not the only possibility for
controlled fusion. Other conceivable reactions are:

D + D — 3He (0.82MeV) + n (2.45MeV)
D+D—T(1.01MeV) + H (3.02MeV)
D + 3He — %He (3.6MeV) + H (14.7MeV)

These are more difficult to achieve and have a
much lower power density than the D-T reaction [40,
44] but show even more benign environmental
features. The D-D reaction would eliminate the need
for tritium and produce neutrons with lower energies
and are therefore easier to absorb and shield. A

reactor based on the D-3He reaction would proceed
with very low neutron production (some neutrons
would be produced in competing but much less
occurring D-D reactions) with minor radioactivity
produced in the reactor structures. This reaction also
releases its total energy in the form of charged
particles, enabling in principle the possibility of direct
energy conversion to electrical energy. However, the
prospects for these 'advanced' fuels are still too
speculative and only the D-T reaction has immediate
future prospects.

Ill.B. INEXHAUSTIBLE ENERGY SOURCE?

The most obvious advantage of fusion is the
virtual inexhaustibility of the fuels that are cheap and
widely accessible. Table VI summarises the presently
estimated reserves.

Deuterium, a non-radioactive isotope of
hydrogen is extremely plentiful as it can be obtained
from ordinary water (about 33 g from 1 ton) with
cheap extraction techniques using conventional
technology. Complete burning of deuterons and the
first generation fusion products (T and 3He) results in
the overall equation:

6D — 2%He + 2H + 2n + 43.3 MeV
providing 350 10'> J/ton D. The deuterium content
of the oceans is estimated at 4.6 1073 tons [26], thus
equivalent to about 5 x 1011 TWyr.

Tritium is the radioactive isotope of hydrogen.
It decays to 3He by emission of an electron:

T —3He + € + 18.7 keV

with the rather short half-life of 12.3 years. The
quantities available in nature are not sufficient for
technical applications. The neutrons produced in the
fusion reactions will be used to breed it by
bombarding a blanket around the burn chamber
containing a lithium compound, according to:

6Li + n — “He (2.05MeV) + T (2.73MeV)

7Li+n—>%e+T+n-2.47 MeV
Thus the real consumables in the D-T fusion process
are D and Li, while T is an intermediate product burned
in the fusion reaction.

Lithium, like deuterium, is a widely available
element. There are two isotopes Li and ’Li, which
occur naturally (7.5% and 92.5% respectively). °Li is
the most useful isotope as it reacts with neutrons in
the lower energy range (E < 1MeV). Model calculations
[34] show that the burn up of “Li in a future fusion
reactor would be negligible and thus only 6Li is
relevant to resource considerations. Per éLi atom, one
T atom is formed, with an extra energy of 4.78 MeV.
Including the energy released in D-T fusion reactions,
22.38 MeV is released per SLi atom. The ener%
content of natural Li is therefore about 27 10
J/ton. Estimated reserves of natural Li are somewhat
less than 29 million tons in known ore deposits and




brines [45] and about 200 billion tons dissolved in sea
water (0.1-0.2ppm) [46], equivalent to about 2.4 104
and 1.7 108 TWyr. The amount of energy needed to
extract Li is negligible compared to the energy
released in thermonuclear reactions.

YEARS OF USE

eNergy | 1O SUPPLY
CONTENT | WORLD
FUSION FUEL ELECTRICITY
(TWyr)  |NEEDS (AT
2006 LEVELS)
D 5x 10" | 100 billion yr

Li (known reserves) | 2.4 x 10% | 5000 year

Li (in sea water) 1.7 x 108 | 35 million yr

Table VI Estimated reserves of fusion fuels [45,46] .

Since only one neutron is produced in each
fusion reaction and since each new tritium nucleus to
be bred from Li requires one neutron, it is necessary
to provide a small additional neutron source, to
balance losses in the breeding blanket. A possible
suitable neutron multiplier is beryllium, using the
(n,2n) reaction:

9Be + n — 2%He + 2n - 1.57 MeV

Another question related to inexhaustibility is if
we dispose of enough suitable materials (e.g.
structural and superconducting materials for the
magnets) for a large-scale use of fusion energy over
many centuries. Also here there seem to be no
significant constraints [34]

Il.C. SAFETY ASPECTS

« Inherent and passive safety

- Can Chernobyl-type accidents occur?

First, the amount of fuel available at each
instant is sufficient for only a few tens of seconds, in
sharp contrast with a fission reactor where fuel for
several years of operation is stored in the reactor
core. Second, fusion reactions take place at extremely
high temperatures and the fusion process is not based
on a neutron multiplication reaction. With any
malfunction or incorrect handling the reactions will
stop. An uncontrolled burn (nuclear runaway) of the
fusion fuel is therefore excluded on physical grounds.
Even in case of a total loss of active cooling, the low
residual heating excludes melting of the reactor
structure [34].

« Radioactivity

The basic fuels (D and Li) as well as the direct
end product (He) of the fusion reaction are not

radioactive. However, a fusion reactor will require
radiation shielding since it has a radioactive inventory
consisting of (i) tritium and waste contaminated by
tritium and (ii) reactor materials activated by the
neutrons of the fusion reaction. Studies [34, 38, 39]
indicate, however, that an adequate choice of the
latter can minimise the induced radioactivity such that
recycling should become possible after some decades
to a century. Thus, radioactivity does not have to be
inherent _to nuclear fusion, in contrast to nuclear
fission where the fission reaction itself leads to
dangerous long-lived radioactive products.

The tritium cycle is internally closed, and the
total tritium inventory in the fusion power plant will be
on the order of a few kg, of which only about 200
grams could be released in an accident. Special
permeation barriers will have to be used to inhibit
discharge into the environment of tritium diffusing
through materials at high temperature [34]. As tritium
is chemically equivalent to hydrogen, it can replace
normal hydrogen in water and all kinds of
hydrocarbons. It could thus contaminate the food
chain when released in the atmosphere. The
absorption of tritium contaminated food and water by
living organisms is a potential hazard. However,
possible damage is reduced owing to the short
biological half-life of tritium in the body of about 10
days.

« Links to nuclear weaponry?

The operation of pure (i.e. non-hybrid) fusion
reactors (see Section IIl.E) is not accompanied by the
production of fissile materials required for nuclear
weapons. Only a significant modification of the fusion
reactor - the introduction of a special breeding section
containing fertile material - would make the production
of weapons grade fissile materials possible. However,
according to the conclusion of experts (see e.g. [47]),
the presence of such a section (in an environment
where none at all should be present) could be easily
discovered by qualified inspectors. This is in sharp
contrast to a fission reactor where production of
these materials occurs in the reactor core itself and
where in addition a delicate balance has to be made of
large inventories of ingoing and out coming nuclear
material to discover any possible diversion of fissile
material.

¢ Other non-nuclear risks

Reactor designers will have to minimise
non-nuclear risks such as Li-fires, release of chemical
toxins like Be, sudden loss of vacuum or cooling
liquids, etc... But none of the possible issues currently
appear to be sufficiently serious to weigh importantly
in societal discussions about the attractiveness of
fusion compared to other energy systems.



IIl.D. ENVIRONMENTAL ASPECTS

* Environmental pollution?

The primary fuels (D and Li) and the direct end
product (He) are not radioactive, do not pollute the
atmosphere, and do not contribute to the greenhouse
effect or the destruction of the ozone layer. Helium is
in addition chemically inert and very useful in industry.
There are no problems with mining (Li) and fuel
transportation. No ecological, geophysical and land-
use problems exist such as those associated with
biomass energy, hydropower and solar energy.

Measures  for  tritium  containment and
detritiation of substances contaminated with tritium
will have to be taken. During normal operation the
dose for the public in the neighbourhood of the plant
will only be a fraction of the dose due to natural
radioactivity.

« Dangerous waste?

An important advantage of fusion is the
absence of direct radioactive reaction products, in
contrast to fission, where radioactive waste is
unavoidable since the products of the energy releasing
nuclear reaction are radioactive.

Adequate disposal of radioactive waste is
especially difficult if the products are volatile,
corrosive or long-lived. The neutron-activated
structural materials of a fusion reactor would not pose
such problems and because of their high melting point
and their low decay heat, will not necessitate active
cooling during decommissioning, transport or disposal.
Recent studies [34] show that over their life time,
fusion reactors would generate, by component
replacement and decommissioning, activated material
similar in volume to that of fission reactors but
qualitatively different in that the long-term radio
toxicity is considerably lower (no radioactive spent
fuel).

Fusion could be made even more attractive by
the use of advanced structural materials with low
activation as e.g. vanadium alloys or silicon carbides.
These materials offer in principle the prospect of
recycling after about 100 years after shutdown of the
reactor as the radioactivity would fall to levels
comparable to those of the ashes from coal-fired
plants [34] (which contain always small amounts of
thorium and other actinides). It is not yet clear if they
will meet a number of technical specifications with
regard to thermo-mechanical properties and the ability
to withstand a high neutron flux and further research
is necessary to clarify these points [48]. But even if
existing structural materials like stainless steel are
used, the induced radioactivity in a fusion reactor is
still about 10 times less than in a fission reactor of
comparable power [29, 39].
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Ill.E. ECONOMIC ASPECTS

« Economic viability of future fusion plants?

It is obviously difficult to estimate with any
useful precision the cost of a system that will only be
put into service several decades from now. In
comparison with other energy sources, environmental
and safety-related advantages and the virtual
inexhaustibility of the fuel sources should be taken
into account, as well as the evolution of the cost of
electricity based on (exhaustible) resources. Present
studies, embodying many uncertainties, produce cost
estimates, which are close to those of present power
plants. Investment costs (reactor chamber, blanket,
magnets, percentage of recirculating power...) will
probably be higher, but the fuel is cheap and
abundant. Fusion is likely to be a centralised energy
source. On the basis of present knowledge,
technologically sophisticated power plants will
probably have an electrical output larger than TGW to
be economic. The fast neutrons produced in the D-T
reaction could be used to produce fissile material in
fusion-hybrid breeder reactors [40]. This
complementary role for fusion might improve system
economics compared with pure fusion systems;
however, it would increase societal concerns related
to safety, environment and weaponry.

« Cost of fusion research?

Public expenditure on fusion research in the
European Community is presently about 500 million
Euro per year. Every comparison unavoidably has its
disadvantages, but in the case of fusion - being an
important possible option for our energy future,
generating electricity - it seems fair to compare this
number to (i) the present cost of electricity in Europe
and (ii) to the investments in other energy systems
under development.

Concerning (i): The total electricity bill spent in
2006 in the European Community by end users can be
estimated as the product of the net consumption
times an average electricity price or roughly 3.3 10°
kWh x 0.1 Euro/kWh = 330 billion Euro [1]. The fusion
effort in Europe is thus equivalent to about 0.3% of
the yearly European electricity bill. Alternatively one
can calculate the cost of fusion research per European
citizen: with over 400 million Europeans, the fusion
effort comes down to about 1 Euro for every
European per year.

Concerning (ii): All funds for fusion research are
and have to be public, due to the long period still
needed before a fusion reactor can become a
commercially available system. These public funds are
very well known. For the other energy sources
(especially wind and solar), it is not so easy to get a
complete picture of the money spent on research as
several private companies are contributing with own
research investments. In addition, subsidies or tax
reductions may be applied to promote these systems,
which should be included in the public expenditure on



the system. To illustrate these points and to show
that the public expenditure on energy research for the
other sources is certainly not less than for fusion, we
take the case of Germany. Total investments in fusion
research currently are about 150 millions Euro / yr.
This number should be compared to the cost alone of
subsidising/investing in renewables in Germany in the
last 10 years, which is estimated at about 120 billion
Euro... [49].

IV. CONCLUSIONS

In a most profound sense, mankind's quality of
life depends on an acceptable response to the
continually rising demand for energy. To be able to
satisfy our future energy needs, we therefore have to
invest in all viable energy options, compatible with our
environment.

Fusion is one of these options and is
characterised by exclusive properties, some of which
represent distinct advantages over the other major
energy sources. They can be grouped around three
aspects:

« Fuel: abundant supply of cheap fuels (D and Li); they
are non-radioactive, and their extraction does not

cause any significant ecological problem.
o Safety: fusion reactors offer inherent, passive

safety. They are not based on a neutron multiplication
reaction and do not contain a large supply of fuel in
their core. An uncontrolled burn of the Chernobyl type
is excluded.

« Environment: Fusion reactions produce energy and
no direct radioactive waste. However, in current fusion
reactor concepts there is radioactivity from two
sources. First, from tritium, which is bred locally from
lithium, but consumed directly. Second, by activation
of reactor structures by neutrons. Future reactor
concepts might strongly limit this radioactivity.
Anyhow, by carefully choosing structural materials,
the radioactive waste will not constitute a burden for
many generations. In addition there is no production
of combustion gases. Hence, there is no contribution
to the greenhouse effect, to acid rain and to the
destruction of the ozone layer.

There should be no illusions about the technical
difficulty or the time required bringing even the D-T
reaction to a commercially viable system. However,
there is no indication up to now to doubt that fusion
could be made practical and successful. History has
repeatedly proven that major technological projects
(not hampered by scientific limits) have finally reached
a breakthrough. Who would have believed 80 years
ago that highly sophisticated planes would provide
transport of passengers across the Atlantic on a large
scale and at prices far below those by ship?

Given the potential advantages of nuclear fusion
compared to the risks and dangers of all other
alternatives for base load electricity generation and
given its potential contribution to long-term
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sustainable world development, is it not our duty
towards future generations to continue the fusion
effort without delay and with full commitment?
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I. INTRODUCTION

After more than 50 years of fusion research the
time has arrived when fusion processes in experimen-
tal plasmas are increasingly getting important. In JET
the genuine fuel (deuterium-tritium) of a fusion reac-
tor was used for the first time in late 1991, in TFTR
the same happened in 1993, and in JET an extended
period of experiments of this kind was performed in
1997. Therefore, it is getting more and more rewarding
to deal with the problems related to the ignition and
burning of plasmas.

Nuclear fusion played and still plays an important
role in the Universe. About 1 million years after the big-
bang large amounts of “He were created by the fusion
of protons on a global scale, and later on heavier ele-
ments were and are created in the huge fusion reactors
provided by the interior of the stars. On earth, the con-

cepts envisaged for a fusion reactor are thermonuclear

fusion by magnetic plasma confinement in tokamaks
or stellarators, laser- or beam-induced inertial fusion,
and muon catalyzed cold fusion. In this lecture we shall
concentrate on magnetic confinement, in particular on
the D-T fusion reaction 2D +3T — 4He +n, which
has a mass defect Am = mg + m¥ - (mee + mn) =
3.1.107?% kg, i.e. about 4 per thousand of the reactant’s
mass, that according to Einstein’s equation E = mc?
corresponds to an energy E = 17.6 MeV released as ki-
netic energy in the reaction products. Starting from the
5 nucleons in the D&T nuclei, this means 3.5 MeV per
nucleon or about 4 times the 0.85 MeV which is released
per nucleon during the fission of U235. The distribu-
tion of fusion energy among the reaction products is
determined by the momentum conservation law. Since
the momentum of the reaction products is much larger
than that of the reaction partners before the reaction, in
a D-T reaction we essentially have mpv, = —myevHe-
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From this, with £ = mv?/2 we immediately obtain
En/EHe = WLIIG/"nn =4 (1)

Usually this process is described by the chemical nota-
tion

2D + 3T — 3He(3.5 MeV) + 'n(14.1 MeV)  (2)

Since the binding energy B of the nucleons (neutrons
and protons) must be expended for their separation
from the nucleus, it is released in the reverse process,
fusion. And since each nucleus possesses negative bind-
ing energy, its mass is always smaller than the sum of
the masses of all neutrons and protons (total number A)
of which it consists. In Fig. 1 we see how B/A depends
on A. In the range A < 60 the average binding energy
per nucleon can be increased (brought to larger nega-
tive values) by the fusion of smaller nuclei into larger
ones; in the range A > 60 the same effect is achieved
by the fission of larger nuclei into smaller fragments.
While the first fusion reactions had already been ob-
served in 1919 by the physicist Ernest Rutherford, nu-
clear fission was only discovered in 1938 by the two
chemists Otto Hahn and Fritz Strassmann. Neverthe-
less it was only four years until the physicist Enrico
Fermi obtained the first controlled chain reactions in
an experimental fission reactor. On the other hand we
shall have to wait far into this century until the first
fusion reactor will hopefully go into operation. This is
an indication of how much more difficult it is to obtain
controlled fusion reactions with an net energy gain. The
obstacles in nuclear fusion are well illustrated by the
following estimate: The energy needed to overcome the
Coulomb-wall of mutual repulsion for two hydrogen nu-
clei is about 0.4 MeV, and the temperature of a plasma
needed
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Figure 1: Binding energy per nucleon, B/A, as a func-
tion of A

for the particles to achieve this in a classical process
with the help of their thermal energies is T' ~ 3 - 10°
K. Fortunately the tunnelling effect makes consider-
ably lower temperatures possible. In a D-T reaction the
quantum probability for penetrating the Coulomb wall
is given by the Gamow factor

w A exp (—34.4\/m> (3)

For Eyin, = 10 keV we obtain a tunnelling probability of
w a2 1.9-107?, indicating that markedly lower temper-
atures than the classically required 3 billion Kelvin can
lead to fusion. All this is included in the fusion reaction
cross-section below (Section II).

According to the curve of binding energies the di-
rect fusion of the “He-nucleus out of its four nucleons
would be even more energetic than the D-T reaction
because a total binding energy of 28 MeV would be re-
leased in this process, i.e. 7 MeV per nucleon. However,
a reaction of this kind would require the simultaneous
collision of four nuclei, a process that is so highly im-
probable at normal densities in magnetic fusion that
it practically does not occur. Indeed, as we have seen
before, the fusion of two reaction partners is already
a rather improbable process, so only two-particle colli-
sions can be envisaged for fusion reactions in a reactor.

Altogether more than 80 different fusion reactions
are currently known. Since singly charged nuclei have
the lowest Coulomb repulsion, fusion reactions between
hydrogen isotopes require the lowest plasma temper-
atures. The D-T reaction (2) is accompanied by a
number of side-reactions, the most important of which
are D-D and T-T reactions. However, we will neglect
these side reactions because of their small fusion cross-
sections.
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In the D-T reaction the main portion of the energy
is released to the neutron. Although the fast fusion neu-
trons created this way lead to secondary radioactivity in
some materials surrounding the plasma (first wall, sup-
ports, etc.), in magnetic confinement schemes this must,
at least at present, be considered an advantage. Since
they don’t carry electric charge the neutrons are not
held back by the confining magnetic field, and they can
also easily penetrate the confinement vessel. Outside of
this their energy can be extracted by a moderator.

II. CROSS-SECTIONS, REACTION RATES AND
POWER DENSITY OF FUSION REACTIONS

A fusion reaction which releases a lot of energy but
occurs very rarely is of little use. Thus the reaction
frequency is a crucial issue. Let us consider a beam of
D-nuclei with density np, moving at constant relative
velocity v through T-nuclei. The number dnp of beam
particles that is lost due to interaction processes such as
scattering collisions or fusion reactions when the beam
advances by a distance ds is proportional to ds, to the
density nt of target particles and to that of the beam
particles, np:

dnp = onpnrds = R :=np = nt = npnr{o (v)v),

(4)

where () denotes the averaging over particles of all
possible velocities. R is the reaction rate (or the col-
lision frequency in the case of scattering collisions; for
both processes independently a corresponding equation
applies). o is the D-T fusion cross-section, v the rela-
tive velocity between the reacting particles. The eval-
uation of the average rate coefficient (o (v)v) requires
some thermodynamics, involves the Gamow factor, and
yields the results shown in Fig. 2 for some typical fusion
reactions. It is seen that it assumes by far the largest
values in the D-T reaction, and this even at much lower
temperatures than in the other fusion reactions.

It is only a small fraction of highly energetic parti-
cles that are reacting and being lost through fusion (see
eq. 3). This tail is repopulated by scattering collisions
that cause the plasma to approach a Maxwellian distri-
bution closely. This collisional process for the replace-
ment of highly energetic particles lost by fusion is an
essential characteristic of thermonuclear fusion. Thus
while scattering collisions have the unpleasant side ef-
fect of causing diffusion and particle losses from the re-
action vessel on the one hand, on the other hand they
have the important task of replenishing highly energetic
particles lost by fusion. In a fusion reactor each fusion
collision will be accompanied by a sufficiently high num-
ber of scattering collisions. Closer investigation shows
that at the temperature of a fusion reactor (=~ 10 keV)
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Figure 2: Temperature dependence of the rate coeffi-
cient for some typical fusion reactions

on average for each fusion collision there are about 8000
scattering collisions (Note: this is the reason that beam-
target fusion concepts will not produce net energy, and
a thermonuclear approach is needed).

The quantity which characterizes the efficiency of
a fusion reaction is the power density P, the energy
released per second in a unit volume:

F.fus = REfus = npnrt <(T’U>Efus’ Efus = 17.6MeV

(5)

Both ions and electrons exert a pressure p; and pe, re-
spectively, adding to a total pressure p,

pr = nikT1 = (np + nr) k1, (6)

Pe = nekTe, P =p1+De (7)

Due to stability reasons, there is an upper limit
Bmax to the ratio between average plasma pressure and
magnetic pressure

B = (p)/(B/2p0) (8)

From this and (6)-(7) it follows that there is an up-
per limit to the fusion particle density that for np =
ntni/2 and ne = np +nr (quasi-neutrality) is given by
(131) = (B?Bmax/ (8110kT)). The maximum fusion power
density associated with this is

3 B*p* (ov)
Prys = Efus 9
e = { s 75 ) ©

Figure 3 shows Prys for a given SBmax as a function of
the temperature for several fusion reactions. Compari-
son with Fig. 2 reveals that the highest power output is
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obtained at a much lower temperature than the max-
imum value of (ov). This is due to the factor 1/72 in
Pfus that, with increasing temperature, causes Pfus to
decrease before (ov) has reached its maximum value.
Equation (9) also demonstrates the importance of high
magnetic fields.

III. BALANCE EQUATIONS

A. Particle balance

A general particle balance equation has the form

nrvk is the current of particles consisting of a diffusive
and a convective part, and @y is a local source term.
The equation accounts for (a) particle supply, (b) par-
ticle gains and losses through the burning of the fuel,
and (c) for losses by diffusion and convection. Aver-
aging eq. (10) over the whole plasma volume V (with
surface Sy) yields

dﬁk/dt + / NEUE - dS/V = Qk (11)
Sv

where 7y, = [n,dV/V is the average particle density
and Qr = [ QrdV/V the average source term. [ny -
dV/V = fiy, - V is the total number of particles Nk (i.e.
the particle content).

The source term is composed of the fuel losses de-
scribed by (4) and a term 5j accounting for the fuel
supply: Q; = —n;n;(ov) + 5;. After multiplication with
V the total loss of particles per second from the plasma,
dNJess/dt = [ nyvy - dS, yields an average particle loss



rate per volume. This leads to the definition of a parti-
cle loss time 73 through

ngV

OGN A d— 12
Tk fnkvk -dS (12)

Its precise meaning can be seen from the reformulation
Tk / ngvg - dS = deNllcoss/dt =nEV = Ni
Jv

Under stationary conditions obtained when all parti-
cle losses are compensated for by supply, 75 is the
time elapsed until just as many particles are lost from
the plasma through diffusion and convection as it mo-
mentarily contains. (We assume that effects of parti-
cle recycling[12] are included in 7). Assuming approx-
imately equal diffusion loss times, 7; = 7; = 7, and
using the approximations

nin;(ov) ~ fi;n;j{ov), (ov) (T) = (ov) (T) (13)
from (11) and (12) we obtain the burn equations
dn;/dt = —n;/T, — nin;(ov) + s; (14)

where the volume-averaging bars have been omitted for
further convenience. These “zero-dimensional” equa-
tions can be improved by taking into account profile
effects: For profiles of a given (not self-consistently de-
termined) shape each term is modified by a shape factor
(see e.g. Ref. 2).

Equations (14) must be supplemented by the quasi-
neutrality condition

Z npZy = Ne (15)
in which Zj is the charge number of ion species k.
B. Energy balance

With the simplifying assumption T, = Tp = Tt =
T (this implies that all ions created by fusion are ther-
malized) the general energy balance equation has the
form

%g <”e + ; ”A) kT +divJ = POH + Dext +Pa + Prad

(16)
where J is the total heat flow current due to heat
convection and heat conduction, is the ohmic heating
power, pon the additional external heating power, p,
the alpha particle heating power; the work v, - Vp, +
>, vaVpy performed by the pressures has been ne-
glected in comparison with the much larger heat source
terms.

1. Ohmic heating: At fusion temperatures Pog =
1j2 can usually be neglected in comparison with
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Po since 77 o< 1/T3/2 (this would not be possible
in tokamaks with extremely strong magnetic fields
because in these much stronger currents would be
allowed).

. External heating: It is useful to express the ex-

ternal heating power as a fraction of the fusion
power through

Pext = pfus/Q = 5pa/Q (17)

Q is called the power enhancement factor (see also
IV). It is the ratio of the thermonuclear power pro-
duced to the heating power supplied and is a mea-
sure of the success in approaching reactor condi-
tion.

. Alpha particle heating: In our calculations we

shall assume that the energy released to the al-
pha particles through fusion processes is fully de-
livered to the plasma through collisions. The heat-
ing power thus obtained is approximately given by
(5) with Fgys replaced by E,, i.e.

Pa = YLDYLT<U'U>Ea = npnt <0”U>Efus/5 (18)

This is only an approximation for the following rea-
sons:

(a) Some alpha particles may already diffuse out,
before they have delivered their surplus en-
ergy to the plasma.

(b) The expression for P, is a function of the posi-
tion and time of alpha particle creation; how-
ever, the real position and time of energy de-
position are somewhat apart or later respec-
tively. Due to P, = FEf,s/5 the temperature
dependence of P, is the same as that of P
shown in Fig. 3.

. Radiation losses: There are radiation losses

through bremsstrahlung, synchrotron radiation,
and through line and recombination radiation. At
the temperatures of a D-T reactor, 10 — 20 keV,
synchrotron radiation can be neglected in com-
parison with bremsstrahlung. For bremsstrahlung,
which originates mainly from the acceleration of
electrons in the field of ions, we employ the for-
mula

b 8kT, z?
Pp=_—o—— 7% — ga () (1
B 247regcdmﬁhne TMe gi <Te > (19)

in which gg is a slowly varying function of its argu-
ment called Gaunt-factor (accounting for quantum
effects). In the D-T reaction there are separate con-
tributions of this kind from D and T with charge
number Z = 1 and from “He with Z = 2 (helium



is fully ionised under reactor conditions).

In a pure D-T plasma line and recombination ra-
diation do not play an essential role except for the
much cooler plasma boundary region, because all
ions are fully ionized and the central plasma is too
hot for recombinations. The situation is different if
the plasma is polluted by nuclei of higher charge
number. We shall only rather crudely take into ac-
count such radiation, employing for it again eq.
(19) with some effective charge number for the im-
purities.

5. Transport losses: Integrating the heat flow J
through diffusion and convection of energy over the
plasma boundary yields the total energy losses by
transport.

By analogy with (12) we introduce an energy con-
finement time g through

Jo 2 (ne+ 3, na) kT -dV
TE =

va J-dS (20)

Frequently, especially by experimentalists, a dif-
ferent energy confinement time 73 (called global
confinement time) is used that is defined through

Jo 3 (ne+3,na) kT - dV
T =
P Praa + [, 7 -dS

(21)

It is the time in which the plasma, due to all losses
including radiation, loses the same amount of en-
ergy as it presently contains and is easier to mea-
sure than 7g.

6. Averaged energy balance equation: Integrat-
ing eq.(16) over the whole plasma volume, dividing
by V and using (17), (20) plus the same approx-
imations as in (13), with omission of the bar for
averages we obtain

aetot:Pa <1+§> - ;Et

5 Ctot
P, l14+—=) -
< i Q) =
Where eyor = (ne + 3, na) kT is the total energy
density and the expressions for P, and P,,q must

be evaluated at the average temperature and den-
sity.

— Baga =
(22)

C. Basic equations for the D-T reaction

‘We now make a further approximation in neglecting
all side reactions (D-D, T-T etc.) due to their small
fusion cross-sections. With this we obtain from (14) the
particle balance equations

an np

X = - — npnT{ov)pr + SD (23)
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dnT nr

X = 77_—1) — npnT{oV)pr + ST (24)
dng Ne
a T npnT{ov)pr (25)

and from (22) and (18) the energy balance equation

d [3
T i(ne-i-n]—&-na-&—nz)kT =

3 26
f§(n€+n1+na+nz)kT/TE (26)

+7LD7LT<O'/U>DTEO¢ (1 + 5/Q) - PB

where n; is the total number of ions and nz is the
density of impurity ions considered as a single species
with effective charge number Z. We shall consider nyz
as a given parameter. In contrast to our previous inten-
tions, we have introduced a separate particle confine-
ment time 7, # 7, for the alpha particles, the purpose
being that this will facilitate the transition to a limiting
case to be considered (see IV.A). In addition, we have
the quasi-neutrality condition

nr+2ng + Znz = ne = Niot /2 (27)

For P we have to take into account the radiation caused
by hydrogen isotopes (Z = 1), alpha particles (Z = 2)
and impurities (charge number Z), from (19) obtaining
the formula

Pg = ng [C]R[(T) + caRo (T) + Csz(T)] (28)

in which we employed the concentrations

ny n ng
cI:n—,cn:—a,cZ:— (29)

e be Ne

and where

Ry = CpVTgg(1/T), Ro =4CpVTga(4/T),

30
Ry = Z*CVTgs(Z*)T) (30)
with
eS8k

oA L. B—
B 24medcdmehy/Tme

(31)

IV. EQUILIBRIA: BREAK-EVEN AND IGNITION

We now want to determine equilibria, i.e. we are
looking for stationary solutions d/d¢ = 0. When an
equilibrium is achieved with Peyy = Ppys or @ = 1
resp. this is called break-even. Ignition (notice the anal-
ogy with the burning of fossil fuels) is achieved when
all external heat sources can be turned off, P,y = 0 or
@ = oo . The confinement conditions are then such that
the plasma temperature can be maintained against the



energy losses solely by a-particle heating. From (23)-
(24) for stationary conditions we get

np
sp = — +npnr{ov)pr + Sp,
Tp
n (32)
T
sp = — +npnr(ov)pp + Sp
Tp
the magnitude of the particle sources is fixed by the
requirement of stationarity. The maximum fusion power
is obtained for np = ny = ny/2 (see II), i.e. the particle
sources must satisfy

sp=sp = — + —L(ow) (33)

With this equations (23) and (24) are satisfied and must
no longer be considered concerning equilibrium.
The remaining equations to be solved are (25), (26)
and (15) viz
cr+2ca+Zcz =1 (34)

The latter one is satisfied when we eliminate ¢; by using
¢y =1—2c, — Zcz. Inserting this we are left with only
two equations (for particles and energy respectively),

CaMe

= i (1= 2cq — Zegz)? n2(ov) (35)

TUL
3
5[2—%—

(1 —2¢q — Zez)? n2{ov)Ea (14 5/Q) — P

(Z = 1) cz)nekT /e =
(36)

e

A. Ideal ignition condition, minimum burn temper-
ature, and ideal break-even

In a first quantitative approach we shall neglect the
presence of impurities as well as that of the helium ash,
i.e. we set ¢, = 0, ¢z = 0. This way we not only get
a widely used result for the ignition condition but also
one which is very easily comprehensible. Of course this
can only be a rough approximation because the accu-
mulation of helium ash can, in principle, not be avoided.
¢, = 0 is compatible with the equilibrium equations if
in (35) we set 7, and don’t consider this equation any
longer. (This is the reason why we introduced a sepa-
rate confinement time 7,.) For the bremsstrahlung we
have P = n2R;(T) and the only equation left is the
energy equation (36) which becomes

S kT i = ini(av)Eu (145/Q) — n2Ry(T) (37)

Dividing it by n2 and then solving it with respect to

n.Tg we finally obtain the ideal ignition criterion
3kT

1lov)Ea (145/Q) — Ry(T)

NeTE — (38)
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The product n.7g is a measure of the quality of the
plasma confinement, and the value required according
to this formula in order to get an ignited equilibrium or
break-even depends only on the temperature. This tem-
perature dependence is shown in Fig. 4. The minimum
temperature required for ignition (Q = o0) is obtained
by equating the denominator of our result for n.7g to
zero (becoming infinite). It is given by the smaller tem-
perature obtained as a solution from

Ry(T) = imwa (39)

and is typically about 6 keV.

We shall now transform the ideal ignition curve into a
diagram employing our second energy confinement time
T4, defined in (21). Applying this definition,

Prad + €tot/TE = €tot/Th (40)
to the present situation yields
n2Rr + 3n.kT /e = 3nkT/ 15 (41)

3kT,

== 42
3kT — nemh Ry (42)

TE

Since 7g must be nonnegative, from this we get the
condition

netsm < 3kT/Ry (43)

The limit n.r < 3kT /Ry is called radiation limit be-
cause Tg = oo for it, and all losses are due to radiation.
With (42) and multiplication by T the condition (38)
transforms into

12kKT?
(0v)Eq (145/Q)

The so-called fusion product n.ti;T employed in this
formula is widely used for characterizing the perfor-
mance of a fusion device because it combines the two
quantities n.7; (also a measure for the quality of con-
finement) and 7', which both have to be large for igni-
tion, into a single quantity. Its temperature dependence
is shown in Fig. 4 together with the radiation limit.
According to (43) only states below the radiation limit
are physically meaningful. The two intersection points
between the radiation limit and the ignition curve de-
scribe radiative equilibria. The temperature at the left
point is the minimum temperature for which ignition is
possible (about 4.4 keV). Please note that this is only
true for plasmas which are transparent for the radiation
losses considered; the sun burns at lower temperatures.
In the temperature range of a fusion reactor a good
approximation for (ov) is provided by [13]

nepl = (44)

(ov) =1.1x 107 #7? ms™!,  TineV (45)
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Figure 4: Curves n.mgT = f1(Q;T) (dashed lines) and
nemi T = f2(Q;T) (solid lines) for ideal ignition and
ideal break-even. Also shown is the radiation limit (only
relevant for the description by 7). (Figure adapted
from Ref. [2].)

Inserting this in (44) yields the ideal conditions
nemiT = 3102 m—2keV s for ignition, e.g. reached
with n = 102 m=3, T = 10 keV and 75 = 3 s, and
neti T = 0.5 - 102! m~3keV s for break-even.

B. Non-ideal ignition and break-even

We shall now discuss the influence of the helium
ash and impurities on the conditions for ignition and
break-even.

For 7, # 0 from (35) we also get ¢, # 0, and since ac-
cording to (15) each a-particle displaces two fuel par-
ticles and according to (19) radiates twice as much as
the two together, too high alpha particle concentrations
will inevitably cause the nuclear fire to suffocate. Thus,
welcome as they are with respect to heating, the alpha
particles may lead to a dangerous fuel dilution and pro-
vide a rather unpleasant pollution if they become too
numerous. It is therefore important that they disappear
due to diffusion and convection, thereby unfortunately
being accompanied by fuel particles.

Diffusion and convection are the only loss mechanisms
for particles, and there is no mechanism that could
be compared with the loss of energy by radiation.
Although the mechanisms of particle and of energy dif-
fusion are quite different, there is a strong coupling be-
tween them. The scaling ansatz[1, 2]

Tp/TE = p = const. (46)

appears as a good approximation for the helium ash
particles in the plasma core because in this particular
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Figure 5: Curves n.mT = f(T') for non-ideal ignited
equilibria, radiation limit, and boundary of radiative
equilibria assuming an impurity concentration of f; =
2% beryllium (Z = 4). (Fig. adapted from Ref. [2].)

case (distinct from other species in the plasma) the
particle and energy source profiles are identical. Since
particles are somewhat better confined than energy, a
value > 5 is expected for the ratio.

The statements made above can now be quantified
by solving equations (35)-(36) together with (28) and
the scaling ansatz (46). After ¢, is eliminated from the
equations, one can again derive an equation for n.mgT
this time as a function of T" and , that can be put into
the form [2]

p=pnerel,T) (47)

Figure 5 shows the ignition curves p = const nu-
merically obtained from this for Q = oo. For p = 0
(corresponding to 7, = 0) our previous ideal curves are
recovered. For p > 0 one obtains closed ignition curves,
and it was shown in Ref. [2] that one also obtains closed
ignition curves for n.7T(T) if the scaling assumption
(46) with 7g is being kept. The most important outcome
of these calculations is that ignited equilibria exist in
a pure D-T plasma only for pleglb (or p < 10 for an
impurity concentration of 2% beryllium). If p becomes
larger, the helium concentration becomes too large and
ignition is impossible as predicted by our qualitative
arguments. However, the helium concentration require-
ment is relaxed if elastic scattering by collisions be-
tween helium and D/T ions are taken into account|3].
The ignition curves shrink in size with p even faster
with increasing Z and cz. Modelling of impurity seeded
ITER discharges([7] has shown that the interplay be-
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a Bn,T-plane. By = B/(I/aB) is the so-called normalized beta). In both diagrams the boundary of stability with
respect to thermal instabilities is also shown. The stable regime is to the right of all stability curves. (Figures taken

from Ref. [11].).

tween He and sputtered impurities may under certain
circumstances result in a rather weak dependence of
@ on He confinement. This would relieve the concern
about helium ash removal.

V. ITER CONFINEMENT SCALING LAWS AND
TRANSFORMATION OF IGNITION CURVES TO
THE N, T AND 8, T PLANE

The initially designed Ignition ITER has been re-
placed by a High-Q ITER, the construction of which in
Cadarache has been decided in June 2005. The design
of the High-Q ITER does not preclude the possibility of
ignition but the objective is extended burn with @ > 10
and with a duration sufficient to reach stationary condi-
tions with respect to the characteristic time scales. Fur-
thermore, the design also aims at demonstrating steady-
state operation using non-inductive current drive with
Q> 5.

For the planning of a burning plasma experiment
like ITER it is important to have some idea about
what confinement properties may be expected. Theo-
retically plasma transport is a very difficult and not
yet satisfactorily solved problem, so the answers to this
question must be essentially extrapolated from experi-
mental data. In huge international databases the trans-
port properties of many different tokamaks under many
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different circumstances have been collected and evalu-
ated, applying as constraints certain theoretical criteria
[13, 4, 5]. One expects that the energy confinement time
75 will depend on design parameters according to scal-
ing laws such as ITER 89-P [6],

T = 0.048 fz; M5 [0-35 BO-2 R120.3,,0.5 p=0.5,,0.1

(48)
where fg is the H-mode enhancement factor (fg = 2.0
in Fig. 6), M the isotopic mass (2.5 for a 50:50 D-T mix-
ture), I the plasma current in MA, B the toroidal mag-
netic field in Teslas, R and a the major and minor toka-
mak radius in meters, x the elongation of the plasma
cross-section, n. the electron density in 102° m~3, and
P = Pqu + Pext + P, the net heating power in MW.
Using the equilibrium equation (36), P can be replaced
by 3nietT/7e and (48) rewritten as:

- (0.048fHM0'510'85B0‘2R1‘2a0'3n0‘5)2 n 0810

(19)
With this relation the ignition contours (47) can be
translated from the n.7gT,T-plane directly into the
ne, T-plane (for details see Ref. [10]; note, however, that
there the ITER scaling laws where applied to the en-
ergy confinement time 73 including radiation losses).
Fig. 6(a) shows the “ignition curve” p = 5 (together
with p =3 and p = 0 for comparison) in a n., T-plane,
and using 3 = nytkT B%/2p0 a similar diagram can be



obtained in the g, T-plane (see Fig. 6(b)). The advan-
tage of representing the ignition curve as n, = n.(T)
or B = B(T) is that the impact of plasma stability lim-
its like the S-limit or the Greenwald density limit can
immediately be seen.[8]

VI. BURN STABILITY

In order to determine the stability of the burn equi-
libria with respect to thermal instabilities one has to
solve the time dependent equations (23)-(27) for per-
turbations of the equilibrium states. This has exten-
sively been done in Ref. [10], and here only the most
important results are quoted. One problem arising in
this context is, how to treat the confinement times dur-
ing the evolution of instabilities. One possibility would
be to keep them constant at their equilibrium values.
Since the typical growth times of instabilities turn out
to be several seconds under this assumption, it appears
reasonable to assume the validity of the scaling law (49)
also during this time dependent process because the
plasma has time enough to adapt to these conditions
which were originally derived for equilibrium states.
Redoing the stability calculations with these adapted
confinement times appreciably changes the stability be-
haviour, which for this case is shown in Figs. 6 (a) and
(b). Stable behaviour is obtained to the right of the sta-
bility boundaries shown in the diagram. States to the
left are unstable and undergo a transition to some state
on the right branch of the corresponding ignition curve
p = const.

VII. LAWSON CRITERION AND REACTOR EFFI-
CIENCY CRITERION

If the plasma of a fusion reactor is ignited, this does
not imply that there is also a net energy gain, because
there are energy losses during the initial heating phase,
and also energy is needed for feeding auxiliary devices
to keep the reactor running. The first one to consider
problems of this kind was Lawson who, in 1957, formu-
lated the so-called Lawson criterion[9]. He asked the
question: When does a fusion reactor deliver so much
energy that it can run self-sustained, i.e. when does it
neither need nor deliver energy? However, in this cal-
culation Lawson neglected -particle heating, assumed
that the plasma was heated from an external source,
took for the discharge pulse length, and took only ac-
count of hydrogen bremsstrahlung radiation (which is
small in a tokamak plasma).

In order to answer Lawsons question, we consider
the sum of the internal plasma energy and the energy
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released in the form of radiation and fusion energy dur-
ing the burn time, all expressed as specific quantities
per volume,

€th + €rad + €fus (50)

eth = 3NekT , €raq = CBgﬁ‘”z\/TTb
1, (51)

Efus ine <UU>Ef'llsTb
This sum of energies is converted with efficiency 7,
and in a self-sustained power station it supplies the
thermal energy of the plasma and the radiation losses:

(eth + €rad + 6fus) Tlth = €th + €rad (52)

After the explicit expressions for the different energy
terms are inserted, one can solve with respect to n.m,
to obtain the Lawson criterion

12kT
(00) Etustien/ (1 — nen) — 4Cpgan2V/T

Similarly one can ask the question: When does a reac-
tor yield the efficiency n? In order to answer this ques-
tion we assume a pulsed operation of the reactor with a
start-up phase of duration 73, for heating the plasma to
ignition, and a burning time 7, with stationary condi-
tions at temperature 7. In the start-up phase for each
volume element a heating energy e, must be supplied
externally, from which a fraction

(53)

NeTh

€a = Na€h (54)

is absorbed by the plasma for providing its internal en-
ergy and compensating all heat losses (transport and
radiation). The net efficiency of the power station is
defined through:

10 = €net/€fus (55)

where ef,s is the total fusion energy gain per volume
(at present, probably not all fusion energy delivered to
the alpha particles can be envisaged for conversion),
and eyt is the energy per volume that can be supplied
to the mains as electricity. Considering all important
energy flows in the reactor station, the following reactor
efficiency criterion can be derived:

1 12kT(1 + Th/TEJL)
na(ncff - 77) <UU>Efus

NeTp = (56)
where e & 7 = 1/3. We can combine this efficiency
criterion with the corresponding ideal ignition criterion
(44). Dividing the first by the second yields (for @ = c0)
147 /74
n_ (/) -
5 5aner (1 — 1/1est)
where E,/Egs = 1/5 was used. This shows that the
factor by which the burning time 7, must exceed the



energy confinement time 73 is independent of the tem-
perature.

Assuming 75, & 7, and 1./n.s ~ 1/20 we get
Ty & 875 /(1 — 0/ Nesr)-

For n = neg = 0.95 this yields 7, = 16073 or 7, ~ 560s
for 74 = 3.5s as expected in a fusion reactor.

In fact much longer burn times will be required for
other reasons: A reactor must last for about 25 years at
least in order to repay for the large expenses that are
needed for its construction. A burn time of 200 s only
would imply about 4 x 10% start-ups and thus changes
between hot and cold during its lifetime. This is more
than the reactor will stand according to all technical
experience. A reasonable number of changes will be no
more than about 100 000. In that case a burning cycle
would have to last for about 2 h in order to sum up to
a life time of 25 years.
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ABSTRACT

A concise overview is given of the principles of iner-
tial and magnetic fusion, with an emphasis on the latter
in view of the aim of this summer school. The basis
of magnetic confinement in mirror and toroidal geome-
try is discussed and applied to the tokamak concept. A
brief discussion of the reactor prospects of this config-
uration identifies which future developments are crucial
and where alternative concepts might help in optimising
the reactor design. The text also aims at introducing the
main concepts encountered in tokamak research that will
be studied and used in the subsequent lectures.

I. INTRODUCTION

Very soon after the discovery of nuclear fission in 1938,
the possible peaceful application of this new source of en-
ergy was recognised and commercial power plants became
available. Stimulated by this succes, first concepts for the
peaceful use of fusion energy emerged well over 50 years
ago. In his opening speech to the first Conference on the
Peaceful Uses of Atomic Energy held in Geneve in 1955,
H.J. Bhabha ventured to predict that ” a method will
be found for the liberating fusion energy in a controlled
manner within the next two decades’. Nevertheless, some
people at least were aware of the severe problems that
would have to be solved. Indeed, in the first article on the
fusion issue published in 1956, R.F. Post wrote; 7 How-
ever, the technical problems to be solved seem great in-
deed. When made aware of these, some physicists would
not hesitate to pronounce the problem impossible of solu-
tion”.

Dispite the latter statement, but well aware of it, a
world wide R & D campaign was launched to devellop a
nuclear fusion reactor. Surprisingly the basic concepts,
which nowadays are considered to be the most successful
and promessing, had already been published at that time,
albeit offcourse without all the plasma physics knowledge
available today and without the techniques and insights
needed for a proper scale demonstration|[1].

Two main lines are pursued towards the realisation of
thermonuclear fusion: inertial (ICF) and magnetic con-
finement (MCF). In both cases, a burn criterion must
be satisfied which requires that a minimum quantity of
fuel, represented by the fuel density n, be maintained to-
gether for a minimum time span 7 (the energy confine-
ment time) at a sufficiently high temperature 7', brought
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together in the fusion triple product nTgT. Both of these
lines have achieved considerable progress in recent years
and in both instances the prospects for successful reactor
application have been strengthened. In this lecture the
basic principles of each of these lines are given, followed
by a more in depth discussion of the configurations in
which magnetic fusion research is pursued, with special
emphasis on the tokamak

II. INERTIAL CONFINEMENT

Inertial confinement fusion[2] (ICF) uses laser or parti-
cle beams (called drivers) to heat frozen D-T pellets (ra-
dius R), either directly or indirectly via conversion into
X-rays, to the necessary fusion temperatures[2] . The
heating pulses are typically 1 to 10 ns long. A reactor
based on this concept is inherently pulsed and, hence, the
basic reactor requirement should be to produce a sub-
stantial target gain G, defined as the energy yield of the
fusion reactions divided by the energy of the driver. High
yield depends on the number of fusion reactions that can
occur in the time before the fuel disassembles i.e. during
the time the fuel is confined on account of its finite mass.
A good approximation for the inertial confinement time
Tp is then the time it takes for an ion to move over the
distance R, at its thermal speed V;;, taken as the sound
speed \/kT/m. The ICF burn criterion is known as the
pR-criterion, also called the high-gain condition, and is
essentially obtained by requiring that almost all the fuel
contained in the pellet is indeed burned, i.e. that the
number of reactions that take place during the time in-
terval 7p equals the number of fuel deuterons or tritons.
The standard form reads(3]:

pR > 4VmkT < ov >7! (1)

where m is the mean ionic mass, the mass density
p =mnm , and < ov > is the fusion reaction rate con-
stant. For D-T pR > 3g/ecm? at T = 50keV. The pR-
criterion can also be rewritten in terms of density and
confinement time, as nTp =< ov >~'. The triple prod-
uct that results from this puts the reactor requirement
typically 10 times higher than what is asked for MCF, a
consequence of the inherent inefficiency in assembling the
fuel. Please note also that in ICF the term ignition does
not have the same meaning as in MCF, as it refers to the
condition of efficient a-particle capture, a pR value of
at least 0.3g/cm? being required to slow the a-particles
down in the pellet[4].



Since DT-ice has a mass density p = 0.2g/cm?, satis-
fying the pR-criterion asks for massive targets, requiring
for their heating unattainable amounts of driver energies.
An escape from this apparent impasse is however possi-
ble. By compression of the pellet, p can be increased sig-
nificantly. An increase by, for instance, a factor of 1000
would lower the energy demand by 10, thus bringing it
in the range of what is technically achievable. In addi-
tion, it is not obvious that the total amount of heat that
is needed to bring the fuel to fusion temperatures must
be provided by the lasers or beams. It might be enough
to ignite a fraction of the pellet and let the fusion energy,
thus liberated, heat the rest. The latter requirement is
also dictated by considerations of the energy economy of
the scheme. It is easy to show that the intrinsic gain G;
of a uniformly heated D-T pellet, defined as the ratio of
the energy liberated by fusion to the energy needed to
reach the fusion conditions, is at most about 200. The
efficiencies in the external systems of the power plant
and the low efficiencies of the driver generation, ask for
reactor target gains of about 100. Noting that G = nrG;
requires in turn intrinsic gains of about 10 to account for
a realistic coupling efficiency T' of the driver. For inertial
confinement to be attractive, it is therefore mandatory to
demonstrate that it is possible to burn the whole pellet
after bringing just a small fraction to ignition tempera-
ture at the densities imposed by the pR-criterion. The
reader is referred to Refs. [2]-[4] for more details on pellet
compression and hot spot creation.
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FIG. 1: Expected path of ICF towards achieving ignition and
high gain.

Experiments show that satisfying Eq.(1) might be suf-
ficient to achieve the high values of G needed. Figure 1
shows the calculated target gain as a function of direct
drive energy [4, 5]. Based on the experimental progress
and on the steady advances in system efficiency, it is pre-
dicted that ignition should be possible with a driver en-
ergy of 0.5 — 1 M J, whereas high gain reactor operation
becomes feasible with a 5 — 10 M J of driver energy. The
projected operation point of the US National Ignition Fa-
cility (NIF), presently under construction[6] and in which
ignition is predicted, is also shown.
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III. ICF CONFIGURATIONS

At the heart of an inertial fusion explosion is a target
that has to be compressed and heated to fusion condi-
tions by the absorption of energy carried by a driver. For
the so-called direct drive, the target consists of a spher-
ical capsule that contains the DT fuel (Fig. 2b). For
indirect drive, the capsule is contained within a cylin-
drical or spherical metal container or hohlraum which
converts the incident driver energy into X-rays that then
drive the capsule implosion (Fig. 2a). The drivers can be
lasers, heavy ion beams or so-called Z-accelerators. The
latter consists of a huge array of separate pulsed power
devices timed to fire, all to within ten billionths of a
second, a current of tens of millions of amperes into two
spool-of-thread-sized arrays of 100 to 400 wires, symmet-
rically positioned with respect to the hohlraum (only one
such array is shown in Fig. 2c¢). The currents vaporize
the wires, thus creating a plasma, and produce powerful
magnetic fields that pinches this plasma to densities and
temperatures sufficient to generate an intense source of
Xrays. The main challenge for ICF reactor implementa-
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FIG. 2: Geometrical arrangements to implode ICF capsules.

tion will be the target manufacturing cost, the repetition
rate and target standoff distance at which drivers and
windows can be operated and the fusion target chamber
construction.

IV. MAGNETIC CONFINEMENT (7, 9]

The Lorentz force makes charged particles move in he-
lical orbits (Larmor orbits) about magnetic field lines. In
a uniform magnetic field and in the absence of collisions



or turbulence, the particles (better: their guiding cen-
ters) remain tied to the field lines but are free to move
along them. The distance between the actual particle or-
bit and the magnetic field line is the Larmor radius ry,.
A magnetic field is thus capable of restricting the particle
motion perpendicular to the magnetic field but does not
prevent particles from moving along the magnetic field.
This effect serves as the basis for all magnetic confine-
ment schemes, while at the same time it points to the
absolute necessity to cope with the particle losses along
the magnetic field (end losses).

The perturbative effect of collisions and turbulence on
the transport of particles and energy across the magnetic
field can be understood in terms of a simple statistical
diffusion process applied here to a cylindrical plasma.
Let us first consider Coulomb collisions. The particles
suffer collisions with a characteristic collision time 7.
A collision allows the particle to step across B with a
step length equal to 7. This gives a diffusion coefficient
D = r2/7.. The effect of (electrostatic) turbulence on
the other hand can be estimated in a similar fashion. A
simple model pictures the particles to be dragged along
by the turbulent waves. The step length is now of the
order of the wavelength perpendicular to the magnetic
field kll and the effective collision time is that of the
correlation time of the turbulence 7o, , yielding[10] D ~
1/ (kiTcm.,.). In both cases however, the confinement time
is linked to D by means of the simple diffusion relation

a?

re T (2)
where a is the radius of the plasma, such that in any case
high 7 requires a large plasma cross-section.

In its motion around a magnetic field line, a gyrating
particle constitutes a small current loop of magnetic mo-
ment p that generates a magnetic field that opposes the
imposed magnetic field by an amount that is proportional
to the kinetic energy contained in the perpendicular par-
ticle motion: plasmas in magnetic fields are therefore
naturally diamagnetic. The larger the sum of the kinetic
energies of all the plasma particles, the lower will be the
field. This obviously means that there is a limit to the
total energy content (3nkT) that a given magnetic field
can confine.

The same conclusion is reached by an alternative ap-
proach, in which the action of the magnetic field on the
confined plasma can be viewed as a balance between the
magnetic pressure B2/(2u0) (o is the vacuum perme-
ability) and the plasma pressure p according to the rela-
tion:

p + B%/(2u0) = constant. (3)

The maximum pressure that possibly can be confined
at a given B, is thus B2/(2ug). Stability constraints
prevent however the attainment of this maximum and
the pressure thus reaches at most a fraction 8 (beta) of
its theoretical limit[11, 12]. A large value of B is therefore
the key to achieve large values of p = nkT.
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From what we just have seen, it is to be expected that
the fusion triple product in devices without end losses will
increase with plasma cross section (Eq. 2) and magnetic
field pressure (Eq. 3). Such a dependence is substan-
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FIG. 3: nrtgT values reached by MCF devices versus the
magnetic energy stored in their plasma volume.

tiated in Fig. 3, showing the n7gT values experimen-
tally achieved over 30 years of research in a large num-
ber of toroidal magnetic fusion devices as a function of
Ermag = B?/p0V, the total magnetic energy stored in the
plasma. The scatter in the data is caused by differences
in configuration as well as in secondary engineering pa-
rameters. This graph predicts that magnetic fusion will
achieve reactor grade ntgT values in the projected ITER
device (diamond).

V. MAGNETIC CONFIGURATIONS WITH
END LOSSES

One could in principle conceive a magnetic confine-
ment machine that consists of a long solenoid of length
L in which particles are confined radially but flow out
axially. By analogy with the ICF-case, one could define
an effective energy confinement time:

-~ L
Vini©

Lz 4)
For L = 1 km, 7 equals about 1072 s at T = 15 keV,
meaning that burn is possible for n > 2 x 102*m~3. The
pressure corresponding to these n and T values requires
a confining field B = 50 T'. It is therefore clear that
the end losses have to be curtailed in a fusion reactor.
One way to achieve this is through an increase of the
magnetic field strength at each end of the solenoid. The
gyrating particles will then be repelled from these areas
with higher field strength, which thus effectively act as
”magnetic mirrors”. The reflection is due to the socalled
grad-B force:

0B,

Fz:_uazv (5)




where p = %mvi /B is the magnetic moment of the par-
ticle. It can be shown that is an adiabatic invariant,
meaning that its value does not change along the motion.
The motion of a particle in such a mirror can then also
be described by means of the two conservation relations

mv? +mu? = O (6)
and
Ime?
2 L st
==—==(C". 7
1 7 (7

During the motion towards a higher field, v L increases
and v, decreases. At sufficiently high values of B, v,
can even be reduced to zero, i.e. the particle reflects.
Although the end losses can be significantly reduced in
a mirror[13], the confinement of such a device proved to
be too low and mirror machines have almost completely
disappeared from the fusion scene.

VI. TOROIDAL PARTICLE CONFINEMENT.

An obvious recipe for the elimination of the end losses
is to close the magnetic field lines on themselves. This

FIG. 4: Coordinates and fields in a toroidal system.

can for instance be done by aligning the field producing
coils along a circumference of radius R, thus creating a
toroidal magnetic field, B (see Fig. 4) having a gradi-
ent in the direction of R. During their motion along the
toroidal field lines the plasma particles experience a radi-
ally outward directed force Fr which is the sum of a cen-
trifugal force mv?//Re} and a grad-B force 2mv? /Bep.
As a result, a drift motion, the so-called toroidal drift
vp, occurs that is traverse to both the field and the field
gradient and is given by:

v?/ + 3v?
q.RB?

Averaging over a Maxwellian, the value of the toroidal
drift becomes

vp=m ¢k x B. (8)

.
vp = Efvm. (9)

28

Because of the dependence on charge q., electrons and
ions experience drifts in opposite directions, giving rise to
the creation of an electric field. The latter than causes
both electrons and ions to drift together radially out-
wards, thus shattering our hopes of creating the ideal
confinement system.

The catastrophic effect of the toroidal drift can be
avoided by twisting the magnetic field lines helicoidally([8,
14]. One uses the term rotational transform to charac-
terise the twisting, which gives rise to a poloidal field
component By . The amount of rotational transform is
measured by the ratio By/By, or by the rotational trans-
form angle ¢ = 27 /q where g, the safety factor, is defined
as:

T‘Bd)

- . 1
1= 7B, (10)

If one follows a given field line many times around the
torus a closed flux tube is mapped, a so-called magnetic
surface. Surfaces pertaining to different field lines form
a set of nested surfaces around the torus axis. It should
be noted that the rotational transform angle is in gen-
eral different from surface to surface: the configuration
therefore possesses magnetic shear, a property which is
quite effective against large scale plasma instabilities.

By considering the trajectory of a single particle (with
high enough velocity v, along the magnetic field), it is
easy to show that the helical twist can compensate the
toroidal drift. It suffices to show that, even in the pres-
ence of vp, the trajectory of a charged particle is a closed
orbit. Without the toroidal drift, the trajectory of the
guiding centre of a particle coincides with a field line,
such that its projection on a meridian plan (coordinates
xz and y) is a circle which the particle describes with
an angular frequency w = v;,By/(aBy) . Including the
toroidal drift, the projected trajectory is found from:

dx
E:wy%»vp (11)
W _ e

priaia

the solution of which is a circle which is displaced with
respect to the projection of the field line such that the
maximum distance between the orbit and the magnetic
surface equals:

d=2"2 R qry. (12)
w

We therefore conclude that a toroidal system with rota-
tional transform can indeed confine particles. The price
to be paid to get rid of the end losses is an excursion of
the particles away from a magnetic field line that is larger
by the factor ¢ than the Larmor radius. As this excursion
turns out to be the step length for collisional transport,
one sees that it is of great advantage to work with as
low a ¢ as possible, i.e. with the highest possible helical



twist. The maximally allowed amount of twist will result
from stability considerations[11, 12]. Note also that the
rotational transform provides a conductive path between
the top and bottom zones of opposite charge polarity:
the currents that thus flow are called the Pfirsch-Schlter
currents. As these currents meet some resistance, the ver-
tical electric field can not completely be short-circuited.
The dynamical behaviour of a plasma in a magnetic
field is more intricate than just being the sum of the mo-
tions of the individual particles. One can show that a per-
fectly conducting plasma is capable of dragging the mag-
netic field lines along during its macroscopic motion. One
talks about field lines that are frozen into the plasma. In
this sense, we can conclude that the particle motion de-
scribed earlier pertains to motion with respect to a fixed
magnetic field, i.e. where any macroscopic motion of the
field lines (and of plasma) is prevented. In a tokamak,
we will see that the radial force Fr (= 472a?p when
summed over all Maxwellian plasma particles), has to be
compensated by means of an additionally applied verti-
cal magnetic field. This motion of plasma and field plays
also an important role in the so-called pressure driven
instabilities of the interchange and ballooning type.

VII. THE TOKAMAK]10, 16]

A tokamak is a toroidal device in which the poloidal
magnetic field is created by a toroidal current I, flowing
through the plasma. Figure 5 gives a schematic diagram
of a tokamak. A strong toroidal magnetic field is gener-
ated by a toroidal field coil system. The toroidal current
is induced by means of a transformer. The plasma it-
self forms the secondary winding of the transformer, the
primary being wound on an iron core.

The toroidal geometry of the plasma leads to two hoop
forces which are both in the direction to expand the
plasma ring. The first of these forces results from the
natural tendency of a current loop to expand in an effort
to lower its magnetic energy. The second force is the re-
sultant Fg of the sum of centrifugal and grad-B forces
experienced by the individual particles during their mo-
tion along the field lines.

Both these forces can be compensated by providing
a vertical magnetic field B,, that interacts with the
toroidal current to give an inward force. The required
magnitude of this field is:

101, 8R l;
B, = ﬁRPO (=243 -15+8] (13
In this expression, 3, is the ratio of the mean plasma
pressure to the poloidal magnetic field pressure and de-
scribes that part of vertical field that is needed to com-
pensate Fg. I; is the internal inductance per unit length
of the current loop and, together with the external in-
ductance given by the other terms between the round
brackets, sets the amount of field needed to balance the
current force contribution.

29

Magnetic circuit
iron transformer coil)  primary transformer circuit
= inner poloidal field coils)
"y mNﬂ“WH\UHHHHHM“m
.~

shaping coils Toroidal field coils

FIG. 5: Schematic diagram of a tokamak.

If the applied vertical field is spatial non-uniform and
increases with major radius, the plasma is found to be
vertically unstable. Such a vertical field shape is e.g.
mandatory when, in an attempt to increase the plasma
pressure, the plasma is pushed as much as possible to
the high field side, thus creating a D-shaped plasma, i.e.
having elongation and triangularity. An externally ap-
plied horizontal magnetic field Bh can then be used to
maintain the plasma well centred. Both the horizon-
tal and vertical position control is in all modern toka-
maks achieved by means of feedback controlled vertical
and horizontal magnetic field systems. The combination
of the above fields can generate an equilibrium tokamak
configuration. Whether this equilibrium will be stable or
unstable can be found from a stability analysis. A toka-
mak plasma has essentially two origins of instability, i.e.
two energy sources for the excitation of oscillations: the
magnetic energy of the plasma current and the plasma
thermal energy. At high pressures, these sources start to
interact with each other, but at low pressure they can be
studied separately. The poloidal field magnetic energy
excites helical instabilities, named kink instability and
tearing instability, while the thermal energy excites flute
(or interchange) modes and ballooning modes.

VIII. THE MCF REACTOR

The tokamak is the most studied and most advanced
fusion machine to data and is the most likely system to
be converted into a reactor. Even when the confine-
ment time of toroidal configurations still lacks a quan-
titative first-principle derivation on account of the intri-
cate nature of plasma turbulence, important progress has
been achieved through an empirical approach[17], akin to
windtunneling, and has allowed to find the most impor-
tant engineering parameters affecting confinement and
has brought the attainment of the burn condition in a
tokamak at hand.

It is however not clear today whether the tokamak
is the optimal reactor concept. Some alternative ap-
proaches are therefore being pursued, in the first place



the Stellarator[18], and, on a more exploratory level,
such devices like the Reversed Field Pinch[19], the
Spheromak[20] and the Field Reversed Configuration[21].
It is however appropriate here to illustrate on the ex-
ample of the tokamak which are the main developments
required on the way to the reactor.

A first series of issues has to do with economical reactor
operation and the likelihood to achieve unit sizes that
are acceptable in power output, in physical volume or in
cost of electricity. Mechanical endurance and duty cycle
considerations require the burn to be sustainable for a
long, in principle unlimited time. There are two problems
here. Firstly, as long as its plasma current is generated
by induction, the tokamak is a pulsed system. One might
therefore have to develop alternative ways to generate I,,
known as current-drive methods, or possibly switch to an
alternative confinement scheme like the stellarator.

Secondly, it is clear that sudden termination of the dis-
charge, known as disruption, should be avoided (another
plus for the stellarator) or by a burn quench due to ash
or impurity accumulation.

This last problem falls under the heading heat and
particle removal and is a prime object of present day’s
research. A reactor will have to exhaust power and par-
ticles associated with the thermalisation of the 3.5 MeV
alpha particles. The power leaves the plasma in the form
of radiation or of kinetic energy of the escaping particles.
The problems and solutions will differ depending on how
the plasma is limited. Direct contact of the plasma and
the material wall is avoided because unavoidable imper-
fections in the magnetic configuration and motions of the
plasma column might lead to concentrated heat deposi-
tion on areas that are difficult to control and cool.

To this end, a specially monitored, suitably clad and
cooled piece of wall, somewhat protruding from the main
wall, is often used to intercept the escaping particles.
This element is called limiter. The limiter’s exposed sur-
face should be large enough to avoid too large power
fluxes and it is therefore indicated to use a toroidal (or
belt) limiter that runs around the circumference of the
torus. The magnetic surface that touches the inner most
part of the limiter is called the last closed flux surface
(LCFS). It is also possible to exhaust the escaping par-
ticles into a separate chamber before they actually reach
a material wall. By means of extra magnetic coils, the
magnetic configuration inside the containing vessel can
be divided in two zones, separated by a so-called sep-
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aratrix (= LCFS). Inside the separatrix there exist the
desired nested and closed magnetic surfaces. A particle
escaping from this inner zone towards the outside (into
the so-called scrapeoff layer) meets field lines that convey
it to a target plate in the exhaust chamber, which can be
situated quite far from the plasma boundary at the sep-
aratrix. When the extra field coils consist of conductors
that are concentric with the plasma current, the configu-
ration is called an axisymmetric or poloidal-field divertor.
The point where the poloidal field is zero is called the X-
point. The limiter or the divertor target plates are heated
by the incoming exhausted power and bombarded by the
escaping particles. As a result, material is released from
their surfaces which can reach the plasma in the form
of neutral particles, capable of deep penetration before
being ionised. As such particles are impurities that can
cause a lot of radiation loss from the plasma and in ad-
dition lead to fuel dilution, it is very important to (i)
reduce the power density to the targets to levels that can
be handled by state-of-the-art cooling techniques and (ii)
decrease the kinetic energy of the incoming particles be-
low the threshold energy at which target damage occurs.
A special category of escaping particles are the helium
atoms produced in the fusion reactions: care should be
taken that these leave the plasma promptly and are not
given the chance to reenter the discharge as impurities.

Providing the needed vacuum enclosure, the first wall
is probably the most critical reactor component, as it
is the target of very intense radiation from the plasma
(14 MeV neutrons, energetic neutral particles produced
by charge exchange, photons of various energies). Its
mechanical strength will be weakened by lattice dam-
age and swelling, by wall erosion through sputtering and
by temperature excursions. In addition, neutron in-
duced transmutation reactions can render the wall ra-
dioactive. Based on these extreme operational condi-
tions, it is presently estimated that the time integrated
neutron flux through the first wall will have to be lower
than about 18 MW — y per m2. Upon reaching this
limit, the first wall will have to be replaced[22]. Solving
the heat and particle removal issue and finding adequate
first wall materials are the prime tasks of present day’s
fusion research, presenting an equally large challenge to
the tokamak and its possible alternativesMany of these
problems point to the urget need for an irradiation facil-
ity for fusion materials, such as IFMIF[23].
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ABSTRACT

Stellarators are toroidal devices where the required
rotational transform of the magnetic field lines is generated
by external field coils and not via an induced net toroidal
plasma current. This confinement scheme has the
advantages that, in principle, steady-state plasma operation
is possible and that it does not have to brace itself against
disruptions of a toroidal plasma current. At the cost of
having to give up toroidal symmetry the properties of the
stellarator field can be tailored to suit reactor needs.
Research focuses on the plasma confinement properties of
different stellarator fields and investigates the problems
arising when one extrapolates to reactor parameters
I INTRODUCTION

In a toroidal device the magnetic field lines need to
be helically twisted in order to prevent polarisation of the
plasma by drifting particles and thus to provide plasma
confinement [1]. In addition, during many toroidal
revolutions the field lines need to trace out surfaces, the so
called flux surfaces. Figure | shows a toroidal section of
four nested flux surfaces with one magnetic field line
highlighted. Such nested flux surfaces can be created
(mainly) in two ways: In a tokamak a toroidal field is
superposed with the poloidal field of a net toroidal current
induced in the plasma. In a stellarator! the net toroidal
current is zero and the confining magnetic field is
generated solely by external field coils. This requires some
of the coils to helically revolve around the plasma.

The goal of stellarator research - as well as tokamak
rescarch - is to prove that the concept is suitable for a
fusion reactor. Thus it is necessary to determine the
magnetic field structure that can confine a plasma at
sufficiently high density, », and temperature, 7, with
sufficiently long energy confinement time, tg, in order to
meet the Lawson criterion [2].

1 In this lecture the term "stellarator” is used in a generic
sense for helical confinement systems encompassing
traditional stellarators, helias stellarators, torsatrons,
heliotrons, and heliacs. These terms will be explained
further down.
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Flux surfaces
Magnetic field lines

Figure 1 Nested flux surfaces ergodically covered by
helical field lines.

In Table 1 the highest plasma parameters achieved in
tokamaks and helical systems are summarised. Particularly
the maximum central ion and electron temperatures of
helical systems are lagging behind those of tokamaks and
on first glance it is not obvious why this concept is still
being pursued. According to present understanding,
however, the differences are largely due to the different
sizes of the present day experiments and not due to an
inherent shortcoming of the stellarator concept.

Tokamaks Helical systems
Ti(0) [keV] 44 4
T.(0) [keV] 15 7
n(0) [10™m™) 10 7
T 5] 1 0.15
Tplasma [5] 120 90
<P > [%] 12.3 29

Pf'usion [Mw] 17 -

Table 1 Maximal plasma parameters achieved in tokamaks
and stellarators in different discharges.

Larger experiments are being developed because of the
attractiveness of the concept: The stellarator field can be
stationary thus steady-state operation with plasma is
possible rather than a pulsed operation as may be necessary
in tokamaks. This reduces material fatigue due to thermal
cycies in a reactor and avoids the requirement to store
thermal loads. Also (as will be seen in subsequent lectures)
the net toroidal plasma current in a tokamak constitutes a
large reservoir of free energy that can quickly be released



in sudden disruptions. This causes severe strain on the
mechanical structure and since stellarators do not have a
net toroidal current the engineering requirements can be
relaxed. In addition, tokamak research of the last decade
has shown that the energy confinement time, the maximum
plasma pressure and the highest density all are proportional
to the plasma current. Thus tokamaks are required to
operate at higher plasma currents in order to obtain better
plasma performance.

During the 1950s research on controlled
thermonuclear fusion was classified until it became clear
near the end of that decade that progress was arduous and
required international collaboration rather than secrecy.
Historically, one of the first toroidal magnetic confinement
experiment was the model "C" stellarator built by the
astrophysicist Lyman Spitzer [2] in the fifties. However, at
the TAEA meeting in 1968 the Russian tokamak T-3
showed confinement times which where thirty-fold higher
than the stellarator values. This led to a surge towards new
tokamak experiments; for example, the C stellarator was
converted into the ST tokamak. Stellarator research, on the
other hand, was continued at four laboratories in Germany,
United Kingdom, U.S.A. and Japan only. Since then the
stellarator concept has undergone many changes and the
original short-comings are understood. Whereas the size of
the tokamaks steadily increased, stellarators did not keep
up with them. Only the latest experiments: the Large
Helical Device (LHD) in Japan (R=3.9 m, operational since
1998, [3]) and Wendelstein 7-X in Germany (R=5.5m,
operation planned for 2012, [5]) will have plasma volumes
comparable with medium size tokamaks. Both have super-
conducting coils and will investigate near steady-state
plasma discharges with a duration of 30 minutes. In
addition, some smaller experiments, e.g. Quasi-helically
Symmetric Experiment, HSX, (R=1.2m, operation since
2000, [6]) and the National Compact Stellarator
Experiment, NCSX, (R=1.2m, operation planned for 2009)
pursue the study of optimising the magnetic field with
respect to different aspects of particle kinetics or the
influence of the plasma on the confining magnetic field.

This paper gives a brief overview of some aspects of
stellarator research. Section II classifies the multitude of
possibilities of using external coils to generate a toroidal,
helical field. Section III describes the properties of the
vacuum magnetic field of helical devices. When a plasma
is generated in a helical device, plasma currents flow that
lead to a deviation of the magnetic field from the vacuum
magnetic field. This is the subject of Section I'V. Section V
relates plasma confinement to the magnetic field
properties. Section VI shows how neo-classical transport in
a helical devices can be reduced by a radial electric field to
such an extend that the stellarator concept becomes viable
for a fusion reactor. Section VII summarizes stellarator
research that is directly reactor relevant: high plasma
B, long pulse operation, particle exhaust with helical and
island divertors. Finally, Section XIII gives an overview of
the problems that are the focus of current stellarator
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research.
II. STELLARATOR GENEOLOGY

The stellarator magnetic field is generated by a
suitable assembly of external field coils only. Since there is
no net toroidal current one obtains for the poloidal
component of the magnetic field: | B, (r)rd@ =0 . Besides

having twisted magnetic field lines, it is also necessary for
plasma confinement that the field lines trace out nested
magnetic flux surfaces [1]. There is no general analytic
proof that a stellarator field has nested flux surfaces.
However, one can numerically trace the field lines and
investigate whether such surfaces exist. If they do exist one
can show that they cannot be toroidally symmetric. Thus
whereas for an ideal tokamak field, B= B(r,8), for the

stellarator field B = B(r,0,p) . At first glance this seems to

be a disadvantage since this entails that the generalised
momentum, p,, is not a separable quantity, i.e. is not

conserved as it is in a tokamak. This has profound
consequences on transport in a stellarator. However, this
freedom can also be put to one's advantage and allows to
tailor the magnetic field to the specific needs of a fusion
reactor. This is done in most of the recent stellarator
experiments.

There is a plethora of ways of how to externally
produce a helical field [6]. They can be divided into two
groups: In the first group the magnetic field is generated by
an assembly of field coils of simple geometric forms, e.g.
planar, helical. These devices require at least one coil to
encircle the torus toroidally. The nomenclature of these
helical devices is given by the number of helical coils and
the direction of the current flowing in them. The second
group are devices where the magnetic field is generated by
modular field coils of complicated geometric shape that
encircle the torus only poloidally. Optimising the
properties of the magnetic field of helical devices became
possible only after magnetic field coils were no longer
required to be of simple geometric shape. These devices
are labelled according to the principal optimisation criteria.

A classical stellarator consists of a set of planar field
coils that generate a toroidal magnetic field and a set of |
dipole coils that are wound around the torus circumference
n times. Wendelstein 7-A (Germany) [8] was such a [=2,
n=5 classical stellarator and is shown in Figure 2. The
direction of the current in the helical coils is indicated. The
currents in neighbouring coils flow in opposite directions.
The last closed flux surface clearly shows the three-
dimensional structure of the plasma. The plasma cross
section is approximately elliptical and rotates with
increasing toroidal angle.
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Figure 2. Cut open schematic of the 1=2, n=5-stellarator
W7-A.

Helical magnetic field lines and nested flux surfaces
can also be obtained if the currents in the helical coils all
flow into the same direction; then the toroidal field
component does not cancel and it is even possible to
dispose of the toroidal field coils all together (lest one
wants to retain them for some additional experimental
freedom). Such a device is called a torsatron (heliotron in
Japanese literature). In such a situation also the average
vertical magnetic field does not vanish and it is necessary
to add an additional vertical field (generated by horizontal
coils) in order to form a magnetic axis. The advanced
toroidal facility (ATF, U.S.A.) was a =2, n=6 torsatron [9].
It is schematically shown in Figure 3.

. 'ry - 0 -
helical coils horizontal coils

Figure 3 Coil system of the I=2, n=6 torsatron ATF.

In a heliac, finally, the centers of the toroidal field
coils are no longer in one plane but follow a helical line.
TJ-II [10] (Spain, operative since 1997) is an example and
shown in Figure 4. There a horizontal coil for an additional
vertical field has been added to increase the flexibility of
the magnetic field configuration.

Figure 4 Schematic of the heliac TJ-II.
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It is also possible to use non-planar coils altogether.
Here one starts out with a magnetic field of desired
properties and uses the fact that the magnetic field on a
enclosing surface uniquely determines the magnetic field
within. This magnetic field can be generated by a current
distribution on another enclosing shell [11]. The current
distribution might be continuous but one can approximate
it with a set of discrete paths of constant current. These
discrete paths define the coils. After calculating the
magnetic field generated by the coils and comparing it with
the desired field one can derive a set of coils in an iterative

SN
: J | K r
THIN PRI

Figure 5 Current sheet of the unfolded torus of n=1, =1
stellarator (left) and its equivalent set of modular
coils. (right).

This procedure is illustrated in Figure 5 for the case
of a standard 1=1, n=1-stellarator where the set of toroidal
and helical coils is replaced by a set of modular coils that
generate approximately the same magnetic field. Figure 5
left shows the currents in the toroidal and helical coils on
the torus surface that has been projected into the ¢@,0-plane.
If the currents in the toroidal and helical coils are equal
then rearranging the current paths is possible. In Figure 5
right the new set of current paths is shown. Note that all of
them are linked only poloidally and the currents do not
intersect with one another. Thus the magnetic field coils
are modular.

Wendelstein 7-AS was the first stellarator that used
such a modular coil system. The set of coils is shown in
Figure 6. The additional toroidal coils are used to increase
the experimental variability but are not essential. The
magnetic field is based on the field of a [=2,n=5-
stellatator. The n=5 structure was retained such that the
magnetic field has a five-fold symmetry, i.e. the magnetic
field is invariant under rotation around the z-axis by
360°/5=72°. The freedom gained by giving up the need to
use coils of simple geometric shapes was used to optimize
the magnetic field. Here, the magnetic field is similar to
five magnetic mirrors that form the edges of a pentagon.
Regions of high magnetic curvature, thus poor
confinement, are located at the mirror ends with higher
magnetic field, thus fewer particles. Other helical devices
with modular coils are HSX with a magnetic field that is
quasi-helical, W7-X optimized for reduced Shafranov shift
and the formerly planned but since abandoned experiment
QPS in the U.S.A. [12] with a quasi-poloidal field.
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Figure 6 Schematic of the modular stellarator W7-AS.

1I1. VACUUM MAGNETIC FIELD

The vacuum magnetic is characterised by the poloidal
cross-section of the flux surfaces, including magnetic
islands, mod B contours, profile of the rotational transform
t the magnetic well and particles orbits in the vacuum
magnetic field.

The cross-section of the magnetic field in one
poloidal plane can be obtained by tracing field lines and
plotting their intersection with one poloidal plane, similar
to Poincaré plots in real space. The surface of a magnetic
flux tube is identified as the line that is traced out by the
intersection points of one field line during many
revolutions around the torus. Using different starting
positions for the field line tracing yields different flux
surfaces. These results can be compared with
measurements done with an electron beam generated by an
electron gun inside of the evacuated vacuum region. The
beam electrons follow the magnetic field line at the
location of the gun and circle around the torus several
times until they are observed by an intersecting scintillating
grid [13] or by a moving scintillating rod in one poloidal
plane [13,15]. Moving the location of the beam gun to a
different starting point in the poloidal plane one obtains the
location of different flux surfaces. Figure 7 shows the
measured and calculated flux surfaces on LHD.

0S|
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Figure 7 Measured (left) and calculated (right) flux

surfaces of LHD.

One can identify three different regions: An inner
region where the field lines form closed nested flux
surfaces. This region can be perturbed by magnetic islands
[16] that are caused by magnetic field errors. In Figure 7 an
island is indicated that was caused by a field error that has
a dominant n=1, [=1 component. This region can be
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surrounded by an additional region of islands that are
caused by the toroidicity of the field and are not necessarily
due to field errors, i.e. they would not occur in a linear
device. Therefore they are also referred to as "natural
islands". Between the islands and the nested flux surfaces
one can identify X- and O-points similar to the field of a
divertor tokamak. Taking advantage of them one expects to
be able to apply the successful concepts of a divertor in
tokamaks also to stellarators [17]. Outside of the islands
the field lines become stochastic with short connection
lengths to the torus walls. Even though the flux surfaces
have a complicated three-dimensional structure fast
equilibrium processes along the field lines assure that they
are also surfaces of constant plasma pressure. They can be
ordered by assigning each surface the effective radius, rep,
of a torus with cylindrical cross-section and the same major
radius, R, that contains the same volume. The average twist
of the magnetic field lines on a given flux surface is
described by the rotational transform, 1, given by
%ﬁ'<B¢> qlrer)

which is proportional to the inverse of the safety factor,
q. Geometrically, this is the number of toroidal rotations
that are necessary for one poloidal rotation. Historically,
tokamaks use the safety factor q and stellarators use the
rotation []. In Figure 8 the rotational transform profiles are
shown for different stellarators and compared with a
tokamak. In a tokamak the toroidal plasma current and
therefore the contribution to the poloidal magnetic field
decreases with distance from the center; thus the rotation
decreases. In a stellarator field the poloidal field increases
with distance from the center because the contribution of
the (outside) helical coils increases.

(regr) =

WT-AS R S

Lo rla
Figure 8 Radial profiles of the rotational transform of
different helical devices and comparison with the
tokamak profile.

Magnetic shear, S=di/dr, describes the radial

variation of the rotation. It is obvious from Figure § that
stellarators and tokamaks have opposite sign of the shear
and it is interesting to note that tokamak discharges with
“reversed shear” that often have improved plasma
confinement properties, locally have the same sign as a
stellarator. If the 1 profile is flat the pitch angle of the
magnetic field on neighbouring flux surfaces changes. W7-
AS and W7-X are examples for that. LHD (as all
torsatrons) is an experiment with strong shear.

Devices with strong shear inevitably have flux
surfaces with rotational transform :=m/n, with m and n



small natural numbers, so called “rational surfaces”. There
local instabilities can develop that locally destroy these
flux surfaces by island formation which themselves short-
circuit the inner plasma core to the plasma boundary thus
degrading the plasma confinement. As shown in Figure 7
field errors, by, of a particular toroidal and poloidal mode
structure can also resonate with the corresponding rational
flux surface and cause the formation of islands. The width
of the islands W becomes smaller with increased shear,

W ~,[b per /S [16]. Thus strong shear is favourable for

plasma confinement. On the other hand in devices with
nearly vanishing shear, it is possible to avoid low order
rational surfaces all together by properly choosing the
rotational transform at the edge. This also has beneficial
effects on confinement (see Section I'V).

It is instructive to unwrap a flux surface and plot the
contours of the constant total magnetic field versus toroidal
angle, ¢, and poloidal angle, 0. 6=0 denotes the outside
horizontal midplane. Figure 9 shows mod B plots of an
ideal tokamak and of the stellarator W7-AS. The solid line
marks one representative field line as it wraps around the
torus. An ideal tokamak (with infinitely many toroidal field
coils, a finite number of coils causes an additional small
ripple) is toroidally symmetric and the highest field is on
the inboard side, @ =180°, the lowest on the outboard
side,0 =0°. In a stellarator this toroidal symmetry is
broken by the helical field coils leading to an additional
fine structure of magnetic hills and valleys. The additional
variation of the magnetic field along a field line is called
magnetic ripple.

stellarator

180

tokamak
o

180

0°

-180°

360°

0° 9
Figure 9 Mod B plots of W7-AS and an ideal tokamak.

As has been pointed out before [17] the undulating
magnetic field leads to different classes of particle motion.
In a tokamak there exist passing particles that
approximately follow the magnetic field lines (and rotate
toroidally) and toroidally trapped particles that are
bouncing back and forth between the high magnetic field
on the inside of the torus as indicated in Figure 9. In a
stellarator there is an additional class of particles that are
trapped in the local magnetic mirrors of the helical field.
They are also shown in Figure 9.
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The curvature and VB -drift [16] cause deviation of

the particle orbits from the flux surface that is particularly
pronounced for trapped particles. Figure 10 shows the
traces of the three classes of particle motion projected into
a poloidal plane of magnetic co-ordinates for W7-AS. The
circles indicate magnetic flux surfaces. The high field side
is on the left. Passing particles have orbits that stay close to
the magnetic flux surface. Toroidally trapped particles have
orbits of the familiar banana-shape. Helically trapped
particles are trapped in a small poloidal range and often
have a superposed radial outwards drift. If the plasma
temperature is high and the collision frequency is
correspondingly low, they can quickly be lost. They are the
reason for the unfavourable confinement regime of
stellarators at high temperatures, the 1/v -regime. However,

if there is a radial electric field the additional E x B -force

leads to an additional poloidal drift that can compensate for
the radial outward drift thus reducing the confinement
degradation in the 1/v -regime.

Plasmas tend to expand such as to occupy the largest
possible volume dV. If the plasma is collisionless then the
flux d® through a given magnetic flux tube is conserved
and the plasma moves to maximise U=dV /
d® [19,20]. Thus stable plasma operation requires that the
maximum of U is in the centre of the plasma and decreases
outward. This is called the magnetic well configuration. In
toroidal confinement this requirement can only be satisfied
in an average sense. The specific volume U of a flux

1 . Lo
surface can be expressed as U :§d§ (the integration is

along the field line and extends to infinity if the surface is
not a rational). If U decreases radially outward one has a
magnetic well configuration. This is the typical situation in
a tokamak.

helicallytrapped

toroidally trapped

Figure 10 Poloidal cross-section with classes of particle
orbits in W7-AS.

TJ-II has been designed to study a wide range of
magnetic  hill values, in particular it allows to
experimentally change from a magnetic well to a magnetic
hill configuration.



VA PLASMA CURRENTS

The vacuum stellarator field confines charged
particles. With increased density and temperature of the
particles, thus with plasma beta, sizable currents flow in
the plasma, that modify the applied magnetic field: They
are the Pfirsch-Schliiter current and the bootstrap current.
Additional currents can be induced, e.g. ohmically, by
absorption of asymmetrically launched electro-magnetic
waves or by unbalanced neutral beam injection.

As in a tokamak, plasma equilibrium is established by
the force-balance equation: jx B =Vp. This equilibrium

also consists of flux surfaces, which are slightly different
from the vacuum flux surfaces. They equally fulfil the
requirement B-VW¥ =0 where yis a function that is

constant on the flux surface. The diamagnetic current, j,,
component of j balances the pressure gradient. Since this
current is not divergence-free an additional current along
the field lines is necessary, the Pfirsch-Schliiter current,

jps, such that ZQP S +li):0' These two
components of the current are indicated in Figure 11.
Figure 11 Schematic of the Pfirsch-Schliiter and

diamagnetic current component.

In a net-current free stellarator the current filaments
are poloidally closed. This can be seen in Figure 12.

Figure 12 Current filaments on a flux surfaces of a
tokamak (left) and of a stellarator (W7-X, right).

Since the Pfirsch-Schliiter current has a large vertical

component, this leads to a plasma beta dependent
horizontal displacement of the flux surfaces, called
Shafranov-Shift Ash approximately ~ given by
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Ash=4ﬁ2-R~ﬂ/12
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Figure 13 Soft x-ray reconstruction of the plasma
temperature profile (upper half), calculated flux
surfaces with NEMEC (lower half), plasma beta
profile measured with Thomson scattering.

This leads to a limitation of the maximum achievable
B since the maximal displacement of the plasma centre at

most a (the plasma minor radius), thus S .« = 4722 / A
where Ais the aspect ratio, A= R/a. This limit, however,
can be increased by changing zor A accordingly or by
changing the ratio of <j\\>/<h> which is one of the goals

in stellarator optimisation [21,22,23]. In the design of the
stellarator W7-AS this current ratio was reduced by about a
factor of 2 compared to the [=2-stellarator W7-A.
Experimentally, the resulting Shafranov-Shift can be
inferred directly from the actual displacement of the hot
plasma centres observed with soft X-ray tomography [23]
as shown in Figure 13.

Figure 14 shows the measured plasma centre
displacement for various values of the plasma beta as
inferred from soft x-ray data for various values of plasma
beta. The calculated values for a 1=2 stellarator are shown
for comparison. This demonstrates that the optimisation
goal of reducing the Shafranov shift in W7-AS was
achieved. The displacement of the plasma can also be
deduced from measuring the vertical flux associated with
the Pfirsch-Schliiter currents [25].

Similar to a tokamak plasma also a stellarator plasma
generates a toroidal current as a result of the plasma
density gradient and the friction between trapped and
untrapped particles. Figure 15 sketches the orbit of a
toroidally trapped particle. Superposed on the banana-orbit
motion is a precession in toroidal direction (shown left).
On the r.h.s. the orbit is shown in its poloidal projection. If
there is a density gradient then there is a local toroidal flux
of particles. Since they are trapped there no toroidal net
current is associated with that. However, fractional drag
with passing particles leads to a toroidal net current, the
bootstrap current.
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Figure 14 Measured Shafranov shift versus volume
averaged plasma beta.

As was pointed out before in a stellarator particles can
be helically trapped. Their drift direction is opposite to
toroidally trapped particles due to the sign change of
BxVB. This is illustrated in Figure 16 for the special case
of a true helical stellarator. Thus the associated bootstrap
current has the opposite sign of the current caused by
toroidally trapped particles.

density

Figure 15 Perspective and poloidal projection of toroidally
trapped particles. Density gradient causes a
toroidal particle flux.

tokamak

¢ ¢
Figure 16 Drift motion of toroidally trapped particle in
tokamak and helically trapped particle in a
stellarator.

The bootstrap current reduces the externally applied
rotational transform whereas the bootstrap current
associated with toroidally trapped particles increases the
rotational transform. Since it is undesirable to have the
rotational transform being modified by the plasma pressure
one can minimise the bootstrap current by an optimisation
procedure: by balancing the toroidal and helical component
of the field against each other. Any residual bootstrap
current can be easily measured in a stellarator plasma since
it is not necessary to separate out the (large) inductive
plasma current as in a tokamak plasma. Figure 17 shows
the measured and calculated values on ATF where by
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changing the value of the quadruple moment of the
magnetic field one could change the ratio of helically and
toroidally trapped particles [26] and thus the sign of the
bootstrap current. The bootstrap current was measured with
a Rogowski coil.

Perfect cancellation of the bootstrap current for all
values of plasma beta and magnetic configurations is not
possible. Therefore it is important to have means to
compensate for the residual bootstrap current. This can be
done by installing an Ohmic transformer (like in a
tokamak) and inducing a compensation current in the
plasma. But even if the total current is compensated it is
locally not compensated since the ohmic current density
profile peaks in the plasma center where the electron
temperature is highest and the plasma resistivity is lowest
whereas the bootstrap current peaks off-axis where the
density gradient is highest. This can lead to different 1-
profiles for constant edge 1(a) and might have degrading
effects on plasma confinement. Another means is driving a
current non-inductively by launching electromagnetic
waves in preferentially one toroidal direction. For example,
in electron cyclotron heating (ECH) the direction of the
wave propagation can be steered with a mirror. Finally a
current can also be driven in a plasma by heating with
tangential, unbalanced neutral beam injection. For
example, W7-X that is optimised for minimal the bootstrap
current still requires up to 50 kA of externally driven
toroidal plasma current driven by external means for
compensation.
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Figure 17 Bootstrap current in ATF.

V. PLASMA CONFINEMENT

This section describes how the different parameters of
the vacuum magnetic field, such as the rotational
transform, the shear and the magnetic well, influence
plasma.

Off all magnetic flux surfaces those that have a
rotational transform 1 are singular. They are particular
susceptible to small field perturbations in which case they
form islands that short-circuit the inner plasma region with
the outer region. Thus the plasma confinement is
deteriorated. Strong shear inhibits the formation of islands.
However, strong shear in a plasma also means that the t-
profile crosses a number of those "low order rational
surfaces". Higher order rational surfaces are not important



since the large number of necessary toroidal and poloidal
rotations renders other effects more important which
prevent the creation of islands. The fractions made up of
low integers are not equally densely spaced, rather regions
around the simplest fractions, like 1/ 2, are void of higher
fractions. The low shear stellarators show the highest
confinement times in these regions. This is shown in Figure
18 where the plasma energy is plotted versus y(a) over a
wide experimental range of the rotational transform on
W7-AS [15]. Near the low order rationals the energy
shows pronounced maxima. In contrast, high shear
stellarators do not show such a dependence.
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Figure 18 Stored plasma energy versus different values of

the external rotational transform.

The dependence of the stored energy on the
combination of 1 and magnetic shear can be understood in
more detail. By inducing a current in the plasma and
changing the magnetic field configuration accordingly one
can change the -profile while keeping the edge value 1(a)
constant. In Figure 19 calculated 1-profiles are shown with
approximately the same 1(a) but different profiles [27]. The
horizontal lines indicate lower order rationals. The
discharges with either a 1(r)-profile in the rational free zone
or with strong shear (due to the induced current) have
similar stored energies. Their 1-profiles are shown with
solid lines. The stored energy belonging to the discharge
that has a 1-profile neither in the rational-free zone nor with
strong shear (shown with dashed lines) is only half as large
than the others. Therefore in low shear devices like W7-AS
and W7-X it is necessary to keep the iota-profile in a
resonance-free region or add sufficient shear with an
additional current to obtain optimal confinement.
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Figure 19 iota profiles for good confinement (solid) and
poor confinement (dashed).

The importance of the magnetic well is investigated
in TJ-II. By changing the magnetic configuration from a
magnetic well near the plasma edge to a magnetic hill the
relative plasma density fluctuation level at the plasma edge
doubled [28]. Whether this increased level of plasma
density fluctuations is caused by pressure driven
instabilities and whether this leads to a degraded plasma
confinement is still under investigation.

VI NEOCLASSICAL TRANSPORT

Neo-classical transport theory is the calculation of the
transport coefficients (particle, energy, momentum) based
on the particle drift orbits. The transport is calculated with
a diffusion equation (assuming a random walk of the
particles away from its flux surface) with a diffusion

coefficient y givenby y = Arz/rm” , where Ar is the step
size of the particle between two collisions and 7, is the

time between two collisions. When collisions are important
and the mean free path of the particles is short, the neo-
classical predictions for stellarators and tokamaks are
similar. Thus a stellarator exhibits a Pfirsch-Schliiter
regime and a plateau regime corresponding to a tokamak.
At even lower collision frequencies and thus longer mean
free path lengths the transport coefficients show an
increase inversely proportional to the collision frequency,
called the 1/v-regime. This behavior is due to helically
trapped particles. As was shown before helically trapped
particles are localized in a small poloidal range. Their
radial outward drift is fast. Therefore if the collision
frequency is low, particles that are helically trapped
increase the radial transport. This behavior is shown in
Figure 20 for W7-AS.
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Figure 20 Particle transport coefficient versus normalised
collision frequency.

With this 1/v-behaviour a stellarator would be

unacceptable for a reactor because the energy and particle
loss in the temperature regime where the reactor operates
would be too large. An improvement of the neo-classical



confinement can be obtained either by optimising the
magnetic field and limiting the number of helically trapped
particles or by an additional radial electric field that limits
the excursions of the helically trapped particles due to an
additional E x B poloidal rotation [29]. With the radial
electric field one obtains a region of a reduced transport
coefficient that has a /v -dependence. Figure 20 shows the
reduction for different values of the radial electric field,
however, the values for W7-AS are still above those of an
equivalent tokamak. In tokamaks there is no dependence of
the transport coefficients on the radial electric field as long
as the banana orbits still exist.

The electric field adjusts itself self-consistently
according to the requirement of ambipolarity whereby the
outward particle fluxes of electrons I',and ions I are

equal. Since the transport coefficients depend on E, even

multiple solutions (“roots”) of this condition are possible.
In most discharges the “ion root” is observed with a rather
small negative electric field and comparable electron and
ion temperatures. With strong central electron heating it is
also possible to obtain the “electron root” in the centre of
the plasma with positive electric field and T, >>T;. In

Figure 21 Lh.s. the radial profile of the radial electric field
is shown [27] for W7-AS. The lines are neo-classical
calculations that at some locations have the two "roots". In
Figure 21 r.h.s. the heat transport coefficient is calculated
from the two roots and compared with the experimentally
determined coefficient. Near the centre experimental and
neo-classical values approximately agree with each other.
Near the plasma edge the experimental values are much
larger than the neo-classical values. Because of the small
values of the transport coefficient these discharges have
record electron temperatures [30]. The enhancement of the
measured transport over the neo-classical transport is
called anomalous transport and is particularly pronounced
for electrons. Similar results are reported from CHS [31].
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Figure 21 Calculated and measured electric field and
calculated and measured electron heat transport
coefficient.

The highest ion temperatures in W7-AS were
obtained in discharges with a combination of electron
cyclotron resonance heating and neutral beam injection
[32,33]. These discharges were characterised by neo-
classical electron and ion transport in the plasma centre up
to 75% of the plasma radius and strong anomalous
transport in the plasma edge region.
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VIIL. TOWARDS A STELLARATOR REACTOR

In recent years the focus of stellarator research has
become dominated by the demands of a fusion reactor.
These studies include the investigation of
e parametric dependence of the plasma confinement on

global quantities with the goal of extrapolating to the

necessary size of a stellarator fusion reactor,

e high beta discharges and the search for instabilities
that might limit the maximum achievable plasma beta,

e in-vessel components suitable to withstand high heat
load and simultaneously causing little increase of
impurity concentration in the plasma,

e long pulse discharges to verify the steady-state
viability,

e non-inductive current drive to balance the internally
generated plasma currents.

The plasma confinement properties of different
helical devices are compared with one another by fitting
the measured energy confinement time to a product of
global quantities of minor radius a, major radius R,
absorbed heating power P, on-axis magnetic field B,
volume-averaged density n and edge rotational transform
ya) with to be determined exponents. The energy
confinement timerpis calculated from the measured

stored plasma energy and heating power according to
TR EW/(P—dW/dt)A This resulted in the International

Stellarator Scaling ISS95 [34] given by

rp o221 OS5 p059 051 BO83 04

The scaling is well fitted by all helical devices. Note
the positive dependence on minor and major axis. W7-AS
and LHD have a proportionality factor that is between 1.5
and 2 higher than the scaling. This can be seen in Figure 22
where the measured energy confinement time is plotted
versus the predicted value from ISS95.

In addition, values from tokamak L-mode discharges
are shown that approximately follow the same scaling. The
highest values belong to JET. In tokamaks, typically a
factor of 2 improvement is obtained in H-mode discharges.
The parametric dependence of tokamaks and stellarators is
similar except that tokamaks do not show a positive
dependence on density and stellarators do not show a
dependence on particle mass of the plasma. Extrapolation
based on this scaling is used in order to determine the
required size of a reactor. Thus obtained dimensions
(R=20m, a=2m) are considered feasible (see Section VIII).

An economically attractive reactor has to operate at
the highest plasma beta possible since the magnetic field
coils amount to about a third of the reactor investment
costs. Therefore the optimisation process of the stellarator
magnetic fields includes the plasma stability against
pressure driven instabilities. For example, W7-X has been
optimised for maximum average beta value of 5%. In W7-
AS and LHD the maximum beta values were calculated to
be about 2%. In both devices the predicted maximum beta



values have been surpassed in experiments and up to now
the maximum achievable b has been limited by the
available heating power and not by deleterious pressure
driven instabilities [35,36,36].
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Figure 22 Measured energy confinement time of plasmas in
helical devices and L-mode tokamak discharges
versus international stellarator scaling ISS95.

Stellarators are inherently capable of steady-state
operation since plasma confinement does not require a
constantly driven toroidal plasma current LHD and W7-X
are equipped with super-conducting coils. It also requires
plasma heating methods capable of steady-state operation.
Appropriate sources for neutral beam injection and
electromagnetic wave generation are being developed at
present. In ATF a one-hour discharge has been achieved at
small power level with electron cyclotron heating and low
values of magnetic field and plasma density [38]. In LHD
plasma discharges at higher power levels and magnetic
fields have reached a duration of several minutes. An
example for a plasma shot over longer than a minute is
shown in Figure 23 [39,39].

Stellarators and tokamaks need to keep impurities that
are released by wall sputtering from entering the plasma
and need to keep the heat load on any surface low. In a
tokamak this is done adding additional coils to generate an
X-point. Fanning out the plasma near there and directing it
at acute angles on target plates, the divertor plates, it is
possible to keep the core plasma well separated from the
edge region. The magnetic surface that passes through the
X-point becomes the last closed flux surface. Thus the
magnetic field lines that intersect the target plates have no
direct connection to the interior plasma. In a stellarator it is
not possible to introduce additional X-points, however, the
natural islands (compare Figure 24 l.h.s.) already provide
such X-points. In an island divertor these islands are
intersected with high heat load resilient target plates. Thus
a similar separation of plasma-target interaction zone and
main plasma as in a tokamak is achieved. It is also possible
to intersect the helical islands that exist outside of a
heliotron. This has been done on LHD where graphite tiles
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have been installed that intersect the helical plasma fans
(compare Figure 24 r.h.s.). This reduced the iron impurity
influx and led to improved plasma performance [39].
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Figure 23 Long pulse discharge done with ion cyclotron
resonance heating on LHD

On W7-AS an island divertor has recently been
installed. In contrast to a tokamak it consists of 5 x 2
modules located at isomorphic positions in the vessel.
Figure 24 shows a picture of one module before
installation. Each module consists of two graphite target
plates separated by a small pumping region that intersect
the islands and baffles that shield the back side of the
divertor module from the plasma region and allow for
additional gas pumping.



The first results obtained with this divertor are
encouraging [17,43]. It facilitated plasma operation at high

densities (line-averaged density >3x102m™3) under
steady-state conditions for the longest plasma duration
possible in the device. The plasma edge temperature in the
vicinity of the target plates could be reduced to values of
about 10 eV. At this temperature the plasma ions start to
recombine and high radiation loss occurs due to partially
ionised carbon (partial detachment). This isotropic
radiation reduces the heat load on the target plates and
therefore also the sputtering of target material. Thus the
radiation profile of the plasma was dominated by the
radiation from the plasma edge. In addition, it was found
that the confinement time of artificially injected impurities
(aluminum) decreased in these high density scenarios
which is very encouraging for reactor operation. Finally,
the density in these discharges was sufficiently high to heat
the plasma centrally with electron cyclotron resonance
heating overcoming the usual plasma density cut-off for
wave propagation by invoking a mode conversion of the
ordinary plasma wave into an electron Bernstein wave [30].
The same type of divertor will also be used for W7-X.

target plates

bulk plasma

islands

helical island

Figure 24 Schematic of the island divertor of W7-AS and of
the helical divertor of LHD.
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Figure 25 Picture of one module of the island divertor of
W7-AS.

Studies investigate the stellarator reactor properties
based on the concept of LHD and W7-X [19,41]. Based on
the experimental confinement time scaling of W7-AS a
helias reactor (optimisation similar to W7-X) that yields a
fusion power of 3000 MW has a major radius of 18m and a
minor radius of about 2m. The field at the coils is
sufficiently low to allow the use of conventional NbTi

super-conductors. The total weight of the super-conducting
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coils will be less than half of that for ITER which will
significantly reduce the costs of the device. However, the
manufacturing costs of the non-planar coils will be higher.
The larger aspect ratio than a tokamak and therefore the
increased area of the vessel reduces the neutron wall
loading such that blanket segments probably need to be
replaced less often than in a comparable tokamak reactor.

VIII. PHYSICS CHALLENGES
STELLARATOR CONCEPT

OF THE

In order to feel confident about proposing the
stellarator as a viable fusion reactor concept a number of
physics challenges still have to be overcome or their
proposed remedies have to be demonstrated. The neo-
classical transport in the reactor regime has to be reduced
to levels acceptable in a reactor. This can be done by
further optimisation of the magnetic field in particular by
generating magnetic fields that have quasi-symmetries
(quasi-helical, quasi-axial, quasi-omnigeneous) from the
particle point of view or by enhancing the radial particle
flux of one species to drive a radial electric field.
Experiments are in planning or have already been build
that will test these approaches. The viability of the island
divertor has to be experimentally demonstrated. The
current profile control with ECH or tangential neutral beam
for bootstrap current compensation has to be tested in high
density situations. Whether there is an experimental limit
to the maximum achievable plasma beta imposed by
magnetohydrodynamic events still has to be investigated.
Up to now no universal features have been identified that
account for limitations of the maximum achievable energy.
Central particle refuelling could be a problem [42] but
might be accomplished with negative neutral beam
injection. Finally high o-particle confinement at high
energies and simultaneously low confinement at thermal
energies for helium ash removal still have to be
investigated.

IX BUILDING WENDELSTEIN 7-X

A number of the issues raised in the previous section
are planned to be addressed in the stellarator experiment
Wendelstein 7-X (W7-X). This experiment is presently
being built at the Max-Planck Institute for Plasma Physics
in Greifswald. Completion of assembly is planned for end
0f 2015 and start of commissioning for beginning of 2016.

The goals of W7-X have been chosen to be reactor
relevant [45]. Thus it is to achieve quasi-steady state
operation at temperatures in excess of 5 keV and densities
on the order of 10 20 m-3, to reach plasma equilibrium
with an average beta of 5%, to control plasma density and
its impurity content. Ignition is not one of the goals, thus
the device will not be operated with a tritium, deuterium
mixture. Plasma experiments, therefore have to be done
with external plasma heating.

The structure of the magnetic field is decisive for the



energy confinement time of stellarators even though also
for these devices anomalous transport is a dominant factor.
Therefore the structure of the magnetic field has been
chosen such that simultaneously a number of criteria are
met [45]:

(1) Magnetic surfaces with a corresponding iota profile
that avoid low order resonances to limit the effect of
islands.

A small Shafranov shift to yield a high beta limit and
to allow installation of an island divertor.

Good magneto hydrodynamic stability via a magnetic
well to achieve a high plasma beta.

Reduced neoclassical transport in the 1/v regime.
Small bootstrap current to avoid changing the iota
profile to create low resonance islands

Good modular coil feasibility (only modular coils
allow generation of the magnetic field that meets the
criteria (1)-(5)).

The magnetic field that meets these requirements is called
to have a quasi-isodynamic property [46].

(2
3)

“)
)

(6)

The basic parameters of W7-X to generate such a
magnetic field and to achieve the experimental goals
mentioned above are: Major average radius 5.5m, minor
average radius 0.5 m, a magnetic field of up to 3 T on axis,
10 MW cw plasma heating with ECRH for up to 30
minutes, up to 20 MW of pulsed (10 sec) NBI heating.

Figure 26 Simplified non-planar coils of 3.5 modules of W7-X and
the Icfs of the plasma

The magnetic field is generated a set of 50 modular
superconducting coils of 5 different types supplemented by
a set of 20 superconducting planar coils of two types for
added experimental flexibility arranged in a five-fold
symmetry (Fig. 26). The coils are wound of NbTi strands
in an aluminium cable with in-conduit He cooling that are
placed in a stainless steel housing. Coils of the same type
are electrically connected in series and powered by an
independent power supply. All coils are bolted to a support
structure that forms an inner ring in the torus. Additional
support elements are added between neighbouring coils.
All coils and coil housings are individually supplied with
liquid helium.

All the magnets, the support structures and supply
lines are lined in a toroidal, vacuum tight double shell
structure, called the cryostat, whose inner wall is the
plasma vessel. All inside surfaces of the cryostat are
insulated against thermal radiation by multilayer
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aluminium coated capton foils under a thermal shield
helium cooled to 80 K.

The plasma vessel and its 254 ports have to be
protected from convective, radiation and fast particle
plasma losses while sources for plasma impurities have to
be kept sufficiently small. A toroidally extended island
divertor is installed at ten symmetric locations in the
plasma vessel that is designed to withstand the convective
losses of up to 10 MW/m2. Its plasma facing elements
consists of CFC material that is brazed on an actively
water-cooled support structure. The area close to the
divertor can be actively pumped with cryo pumps to reduce
the effects of recycling and impurity generation on the
plasma. Additional control coils that can be operated with a
AC current can diffuse the magnetic field lines to reduce
the heat load. Areas of the plasma with reduced convective
losses of up to 500 kW/m2 are covered with graphite tiles
that are clamped onto a water-cooled support structure.
Areas where no convective losses are expected including
the inside walls of the 254 ports are covered with water
cooled stainless steel sheets. The cooling circuits occupy
about 120 of the 254 ports. The remainder is used for
plasma heating and diagnostics. A schematic cut-open view
of the basic device is shown in Fig. 27.

Figure 27 Schematic, cut-open view of the basic device of
Wendelstein 7-X.

The plasma heating systems consists of 10 gyrotrons
at 140 GHz with a nominal power of 1 MW each during
steady-stte operation for ECRH heating, predominately 2"
X mode heating. The power is transported into the torus
hall with optical transmission and directed into the plasma
using steerable mirrors thus facilitating current drive and
also advanced heating methods. Further heating for high
beat experiments and studies of particle confinement is
provided by 2 NBI injectors with 4 sources each for pulsed
2.5 MW injection at up to 90 keV D. Eventually, also a 4
MW ICRH system will be installed for high beta
experiments and further studies with fast hydrogen ions.

The diagnostic systems are being prepared to allow
full characterization of the plasmas. A Thomson scattering
system with 50 channels will measure electron temperature
and density every 50 msec. A dispersion interferometer
system with 5 channels will measure the line integrated



electron density continuously. An ECE radiometer will
measure the electron temperature profiles at 24 different
locations. A test neutral beam injector system will measure
the ion temperature at three adaptable locations. A
bolometer system to measure the 2 D shape of the flux
surfaces at finite beta experiments. Magnetic diagnostics
measure the diamagnetic energy, the plasma current profile
and magneto-hydrodynamic fluctuations.

The assembly of the device is organized by
identifying sub components that can be pre-assembled to
reduce the number of required assembly steps in the torus
hall. To that purpose all coils of one half module that
corresponds to a 36° segment of the device where first
mounted onto the appropriate sector of the plasma vessel
and attached to the sector of the central support structure
before mounted to the neighboring half module to form one
complete module. Cryo lines and the bus lines for the
electrical coil connections were installed if possible. This
sub-assembly were then lowered into the lower half shell
of the outer vessel, placed on the machine base into the
torus hall, before one module was then completed by
welding the upper shell of the outer vessel on top. Thus
subsequently the five modules were placed onto the
machine base in the torus hall where the attachments of the
segments of the central support structure to its neighbours,
the cryo and bus lines, the thermal insulation, plasma
vessel and the outer vessel was done. Since the overall
required accuracy of the location of the current paths of the
coils has to be on the order of a few millimetres, great care
was taken to ensure that during the subsequent assembly
steps there was no accumulation of an intolerable large
error. The 254 ports and the current leads that provide feed
throughs for the coil current are installed then. The view of
the experimental hall after four modules have been
installed (2012) is shown in Fig. 28.

ol a: s S o -
Figure 28 View of the basic device in the experimental hall when
four of the five modules were installed.

The installation of the components inside the plasma
vessel is done in two steps corresponding to two phases of
operation. In the first phase when the total injected energy
per plasma discharge will be limited to 50 MJ uncooled
divertor units will be installed together with a subset of the
wall panels and graphite protections. For a second phase of
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operation these divertor units are replaced with the
completely water cooled divertor units and all other
protective elements and diagnostics will be installed.
Presently, as of summer 2013, the plasma vessel
components for the operational phase 1 are being installed.

In addition to the device itself, a number of additional
components (e.g. diagnostics, heating systems, peripheral
supply lines, support structures) have to be placed in the
experimental hall. Due to the limited space and the need
for simultaneous development the design and the layout of
these components have to be done following the principles
of concurrent engineering. To that purpose a reference
CAD model set is updated daily that describes the present
sate and maturity of the design of the various components
and configuration management tools are applied
throughout. The present design of the torus hall is shown in
Fig. 28.

q

Figure 29: CAD view of the experimental hall with the basic
device (grey), heating systems (yellow), cooling water lines
(blue), cable trays (red), support structures (green), vacuum
systems (magenda), cubicles (brown), diagnostics (light blue)
diverse infrastructure elements (light grey).

At present plans are being developed to commission
the about 50 main systems for operation. First each system
needs to be provided with the required means for operation.
Thus these supply systems have first to be commissioned
on their own. Each system is then put into local operation.
Then the complete system of W7-X is sequentially put into
operation. In order to save time commissioning processes
have been parallelized wherever possible, certain
commissioning processes even run in parallel to remaining
assembly processes. Care is been taken to check for all
logical interdependencies that have to be taken into
account. It is planned to put the cryostat under vacuum first
before evacuating the plasma vessel. During the subsequent
cool-down of the cryostat the deformation of the magnet
system is being measured. After the coils have been
successfully energized the accuracy of the magnetic field is
then measured. Should magnetic field errors be detected
that cannot be tolerated the trim coils will be put into
operation to correct for them. A short experimental
campaign to provide a first check of the ECRH heating
system and principle diagnostics will then conclude this
first operational phase in the beginning of 2015. After that
campaign the assembly of remaining components of the
plasma vessel will resume to then start the first
experimental exploration of W7-X late in 2015.
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I. INTRODUCTION

The total amount of heating power coupled to
the plasma P, and the energy confinement time are
determining parameters for realizing the plasma
conditions suitable for the reactor. We recall that the
ignition condition can be expressed by the following

condition on the triple fusion product:

P, T 3n’T?Vol
nTr=—"2—= >(nTt), .. 1
3Vol P ( ) ignition (1)

tot

where T=FE/P, is the energy confinement time,

E =3nT Vol for an isothermal plasma with
T,=T, =T and a plasma volume Vol; n is the

plasma density. The value T =15 keV corresponds

to the minimum value of (n‘rT)l.gan

as a function T
(see Fig. 1). In the present discussion for the sake of
simplicity, we neglect density and temperature profile
factors. The heating power in most of the present
experiments is given by P, = P,, + P ,, where P,
is the ohmic power and P, is the additional heating
due to neutral beam injection or radiofrequency
heating. At ignition, the additional heating power must
come completely from the energetic a-particles
produced by the fusion reactions and we must have

P, =P, if we neglect the residual P, and the

tot a

plasma losses by Bremsstrahlung ( P, o nzﬁ).

Around T =15 keV the fusion power P, is
approximately given by:

P, =5P, o« n’T’ Vol = § B’ )

This expression shows that for a given machine
characterised by his volume and toroidal magnetic
field B, ie. his cost, the achieved value of P,

depends on the plasma beta
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nT I
=4y, =001 B, —
ﬁ Au() B,Z ﬁn aBr

The value of fis generally normalised with respect to

the ratio T’; expressed in MA/(m T) (where IP is the
t

plasma current and a is the plasma minor radius)
which is an important parameter to express the beta
limit of the toroidal plasma due to MHD instabilities;
the achieved beta performances of a given machine
are then expressed by the factor ﬁN. The fusion
power is limited by the maximum achievable value of
B, through the relation

I 2 2 2
x /3,,2(”) Vol B' o (ﬁ) (ﬁ) Vol B (3)
ab, q ) \R

P

f,max

where ¢ is the discharge safety factor at the edge

2
r

q= (m,T,MA), and R is the major radius.

P

In the present machines with negligible fusion power
production, f3, and T are also determining the
maximum heating power, given by the formula below,
that the discharge can tolerate without disruption due
to the B limit:

P 00375 e g (“) Vol 4)
' HoTq R
Equ. (4) is generally a non-linear equation in P

because T is a function of P,

(e.g. Tx P77,

tot

In a reactor operating at T =15 keV , the maximum
beta and therefore the maximum fusion power can
also be limited by the maximum achievable plasma
density. For gas puff fuelled discharges it is found
empirically that the maximum observed density in a
tokamak is the so-called Greenwald limit [1] given by:



n —Iip—& (102°m3, MA,m,T) (5)
eo,GR — n,aZ - ﬂRq ’ st

when expressed is the mentioned units, n,, . being

the central line averaged density. The ratio

n,,/n,, g is often called the Greenwald number and

its value thus indicates how close a given plasma
density is with respect to the Greenwald limiting
density. Note that in the last 2 years several machines
have overcome this limit to a large extent and have
obtained Greenwald factors of up to 1.7 stationary
and up to 2 transiently. In most of the cases these
supra-Greenwald densities are accompanied by a
strong reduction in confinement, even lower than L-
Mode confinement (see § Il.A for a discussion of the
different confinement modes). Under RI-Mode
conditions as obtained on TEXTOR (see § IV.B), this
degradation in confinement can be overcome and
discharges can be obtained with a Greenwald factor of

1.4 with simultaneously ELM-free H-Mode
confinement.
In the original design of ITER (International

Thermonuclear Experimental Reactor) as specified in
the Final Design Report [2,15] the following values for
the machine parameters are considered: R = 8.14 m, a
= 2.8 m (with elongation x ~ 1.6), By = 5.68T, Ip =

21 MA, Pf = 1.5 GW, ntT = 3.3x102Tm™3 keV s,
fi, =131, By =24, T = 65, E = 1.2 Gl.

Note that the current design of ITER (2009) is one
with reduced parameters, (caused by the withdrawal
of the US as an ITER partner in 1996 for a mix of
political and erroneous scientific reasons; they joined
again in 2001). The current ITER design (2009) has a
50% reduced capital cost compared to the previous
larger design and the main parameters are: R = 6.2m,
a=2.0m, x=1.70-1.85, By = 5.3T, Ip = 15-17MA, Pt =
500-700MW, 7, = ﬁmGR,ﬁN =18-24, Tt = 3.6-

3.9s.

To reach ignition, the ohmic power alone is
not sufficient and additional heating power is
necessary. Additional heating of tokamak plasma is
performed by neutral beam injection and radio-
frequency heating. Various ranges of frequencies are
used for the radio-frequency heating. Mainly (i) the ion
cyclotron frequency range (ICRH ~ 10 to 150 MHz)
where powerful tetrodes are used as power source
and where electron and ion heating is possible; (ii) the
lower hybrid frequency range (LH ~ 1 GHz to 10 GHz)
which is used mainly for current drive (LHCD) and
where the power is delivered by klystrons; (iii) the
electron cyclotron frequency range (ECRH ~ 30 to
200 GHz) where electron heating is performed and
which uses gyrotrons as power source. This last
frequency band requires the simplest structures inside
the tokamak achieving the highest RF power density
but still requires the development of gyrotrons able to
deliver long pulses in the MW range to compete with
the ICRH method. ICRH together with neutral beam
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injection are the most widely used methods for
additional heating on large machines.

II.LCONFINEMENT IN OHMIC AND ADDITIONALLY
HEATED DISCHARGES WITHOUT INTERNAL
TRANSPORT BARRIER

IIlLA. Scaling laws

Confinement in tokamak plasmas does not
behave classically due to anomalous diffusion. There
exist many theoretical models of anomalous diffusion
linked to different types of turbulence which can be
classified in two main categories: electrostatic and
magnetic turbulence. Each theory leads to its own
expression for the scaling of confinement. Up to now,
the major mechanism(s) for anomalous diffusion have
not been clearly identified. In practice, empirical
scaling laws are derived by assuming that the global
confinement scaling can be taken as a power law of
so-called engineering quantities:

P7I

tot

Pn Rp—]

tot

=C I, R°a" B! n" P}, k" M}

q—l K_k M,u

(6)

2 1
- C2 a +a Bt+ﬂ nv

(where M, is the ion atomic mass and K =b/a the
plasma elongation) and by fitting this expression to an
as large as possible set of experimental data obtained
on different tokamaks.

Note (i) that the engineering quantities can be
replaced by a set of non-dimensional ones which are
assumed to express the physics of confinement (e.g.
o, B Vv, alR, k, q M,) [3]and (i) that other
fit to the
linear offset

be considered to
the

expressions can
confinement database (as e.g.
scaling: see § II.B).

II.B. Confinement scaling of ohmically and additionally
heated tokamaks

Following the presentation of B.B.Kadomtsev
[4] the usual confinement of ohmic and additionally
heated discharges can be summarised as following
(see Fig. 2):

(A) In ohmically heated discharges, at low plasma
densities, the energy confinement is proportional to
the plasma density and can be expressed by the so-
called Neo-Alcator or Linear Ohmic Confinement (LOC)
scaling law (here given for the circular case i.e. K =1
):
TNA x ﬁeoRzaqO{M?j (7)
where 71, is the central line-averaged density, R and a

resp. the major and minor radius. We added a



dependence on the atomic mass M, of the plasma
ions which is often observed [5]; ¢ is the safety
factor at the edge with 0.5 < a < 1.0, depending on
the machine. For TEXTOR it has been shown [6] that
0.5 < a < 0.8 and for the sake of simplicity, we take a
= 0.5. The Neo-Alcator scaling is considered as the
experimental optimal mode for confinement in
tokamaks [4]. Above a certain density n, a
saturation of the ohmic confinement can occur. This
Saturated Ohmic Confinement regime (also called
SOC) has a low density dependence and can often be
described by taking the L-mode scaling law for
additional heated discharges (see equation (8) in the

next section), where P, is substituted by the ohmic

heating power, P, [7].

Using an adequate procedure for the conditioning
of the wall [8] or pellet injection it is possible to
restore a Neo-Alcator scaling for confinement at high
densities. This regime, which has been called Improved
Ohmic Confinement (lOC) is the prolongation of T,,
above Nep = ng as shown in Fig. 2. Practically, on
TEXTOR at high densities, the ohmic confinement lies
between T,, and Ty,. depending upon the machine
condition.

C, L P o B v n k n
GOLDSTON  |3.68 x107 [1.00 [1.75 |-0.37]0.00 |0.00 |-0.50 |0.50 |0.50
[9]
KAYE- 3.02 <107 [1.24 |1.65 |-0.49]-0.09 |0.26 |-0.58 |0.28 |0.50
GOLDSTON
[10]
ITERL-89P  |4.80 x102 [0.85 [1.20 |0.30 [0.20 |0.10 [-0.50 |0.50 [0.50
(1]
ITERC-97P  |3.40 x107 [0.96 [1.89 |-0.06]0.03 |0.40 |-0.73 |0.64 |0.20
[12]
ITERH-92P(Y) |3.40 x107[0.90 [1.90 [-0.20[0.05 [0.30 |-0.65 |0.80 [0.40
[13]
IPB98(y,2)  |3.65x107 [0.93 [1.39 [0.58 [0.15 |0.41 |-0.69 |0.78 [0.19
[14]
ITERH-93P  |3.60x10% [1.06 [1.90 [-0.11]0.32 |-0.17]-0.67 |0.66 |0.41
[15]
ITERH-97P  |3.10x107 [0.95 [1.84 [0.08 [0.25 [0.35 [-0.67 |0.63 [0.42
[16]
Table [I: Coefficients for confinement scaling
expressions of the form

k

©=C I, R"a* B! n' P], k" M/

with units (s, MA, m, m, T, 1019m=3, Mw, -, -)

(B) When additional heating is applied, the basic mode
of confinement is L-mode. If one looks at the values of
the exponents for different empirical scalings (see
Table 1), one observes that to a good approximation:

t=1], B=0, v=0, a=0,p=15 7=-05, k=05u=05
Therefore Equ. (6) can be approximated as :

t=f, C I, R* P (kA)”

o1 (8)
where f,, is an enhancement factor with respect to
the considered scaling. It is characterised by a low-
density dependence, a linear increase with current and

a degradation with the total applied heating power.
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lllustrations of the low-density dependence and of the
power degradation of the L-mode are given on Figs.
3a and 3b.

The L-mode scaling can also be described
approximately by the T-10 scaling ([4], p.141):

Tr_10 = Tsoc P L7 (9)

Many improved confinement schemes have roughly
the same parametric dependence, and can be
characterised by their enhancement factor f,, with
respect to L-mode scaling. The best known is the H-
mode regime, for which fH= 1.5 to 2 (see the
ITERH-93P scaling of Table | for ELM-free H-mode
discharges which has a parametric dependence similar
to the L-mode scalings).

The H-mode is an improved confinement
regime which is observed in divertor machines above a
certain threshold for the additional heating power. The
H-Mode is characterised by the following features:
existence of a transition between the usual
confinement regime (L-mode) and the H-mode with a
reduction of the Hg light at the transition, formation
of a density and/or temperature pedestal at the
plasma edge and an improvement of the energy and
particle confinement time. During the H-mode, MHD
events called ELMs (Edge Localised Modes) can occur
and the confinement improvement will depend on their
repetition rate. Moreover, at high density a further
degradation is often observed, and it is difficult to
maintain the H-mode or even L-mode confinement up
to the density limit of the machine (cfr. the discussion
of the Greenwald limit in § I).

The largest confinement is obtained in the
absence of ELMs but this confinement regime leads to
non-stationary discharges ending with the onset of
MHD phenomena and with a tendency of impurity
accumulation in the centre of the plasma (see Fig. 4a).
Stationary conditions can be obtained in ELMy H-Mode
discharges (see Fig. 4b). Confinement in such plasmas
is somewhat lower than in ELM-free H-Modes and can
be roughly characterised by:

=085t

T ITERH -93 P

ELMy H -mode

(10)

The ELMy H-mode regime is presently considered as
the favourite operational regime for ITER to reach
ignition.

The  extrapolation of ELMy  H-Mode
confinement, as given by equation (10), to the
parameters of ITER is shown in Fig. 5.

Additionally heated discharges can also be
described, especially for the transition from OH to
predominantly additionally heated conditions, by the



linear offset scaling [6]:

.L.OL =TOHPOH+T;C(P¢ot_POH) ('l'l)

tot

with T, being the ohmic confinement time and equal
to Ty, or T,q, depending on the machine conditions.
The incremental confinement time T,,.is proportional
to Ip [6] and is relatively insensitive to P, and Neo
for not too high values of these quantities. At high
values of P, , T, decreases as given by Equ (8). Fig.
6a shows the evolution of E =P, T, as a function
of n,, compared to the behaviour of the ohmic
energy E,, =P,,T,,. For n, >n, the increase in
plasma energy, T,.(P,, —P,;), can take place with
respect to the Neo-Alcator scaling (or its extension
above ng, IOC) instead of the SOC. Starting from SOC,

one would find an apparent large T;c (see Fig. 6a). In
fact, the total increase of energy is not only due to
the heating effect (as described by ,,.) but also by
the restoration of the non-saturated ohmic
confinement regime by the additional heating (e.g. by
its action on the plasma boundary) [6]. This is
illustrated in Fig. 6b.

II.C. Triple fusion product scaling

From equations (8) and (1) one can derive an
approximate expression for the triple fusion product:

fu) R\
2
nTr=C2(;) (aB,) M, =C3(a1,)) faM; 2

where f, is the enhancement factor of the

considered discharge regime with respect to a
standard L or H mode scaling. The constants C2 and
C3 depend on the scaling chosen.

Expression (12) shows that the value of the
triple fusion product required for ignition (nTT)

ignition
is more easily obtained at a large current and aspect
ratio R/ a, and with a large enhancement factor f,.
For a given value of aB, (characterising the toroidal
field coils) the ignition condition is strongly dependent
on the ratio f, /q which is considered as a figure of
merit for ignition margin [8].

Equation (12) also shows that the usual

. ' -05
power degradation observed for confinement « P

leads to a scaling of the triple fusion product
independent of the additional heating power.

Fig. 1 shows the values obtained for ntl
versus T in different experiments. The ‘parabolic’
lines indicate the domains corresponding to ignition
(reactor conditions) or breakeven (fusion power
= additional power supplied to the plasma).
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Ill. PLASMA THERMALISATION

For fusion reactions to occur, the kinetic
energy of the ions has to be sufficiently large. The
amount of energy transferred to ions and electrons
depends on the heating method. Heating methods
that deliver mainly energy to the plasma ions, can lead
to the formation of energetic ion tails.

With neutral beam injection energetic ion

beams are injected into the plasma. These beams have
15

¢ [17]. An
n

e
equal amount of energy is transferred of from this
energetic ion beam to the plasma ions and electrons if
the beam energy E, equals the so-called critical
energy E_ « T, [17]. For E, > E_ the beam energy

is predominantly delivered to the electrons. The a-
particles produced in fusion reactions mainly heat the
electrons because their large energy (3.5 MeV) is
much higher than E,. The various heating scenarios
used for ICRH heating (minority heating, wave
conversion, ion harmonic cyclotron damping) often
lead to the formation of hot energetic ion tails, and
depending on the conditions the heating power is
shared differently between plasma electrons and ions
[17]. The fusion reactions due to the presence of ion
energetic tails or beams can generate an appreciable
part of the total fusion power, due to head-on
collisions of the fast ions with slower or counter
circulating fast ions (originating from counter beam
injection). This is the case for tritium or deuterium
neutral beam injection in a D-T plasma. The fusion
power is then due to thermal, beam-target, and beam-
beam reactions (see also § IV.C).

slowing down times proportional to

The ratio of the ion and electron thermal
energy E, resp. E, can be derived from the energy

balance equation of

(i) the total energy £ = E, + E,

dE E
o T 7 = Pon tPua =P (13)
where the global energy confinement time T, takes
into account the losses due to conduction,
convection, radiation and charge exchange,
(ii) the electron energy

dE, E

de+7e=[)0H+Pudde_Pei (14)

t T ’ :

e

and (iii) the ion energy



dE, E,
—t4y—L_p .
dt T add ,i

i

+P, (15)

where T, and T, are respectively the electron and ion
confinement time and P,; is the power transferred

from electrons to ions through Coulomb collisions.
From (8) and (9) we have

1E,
+=
T, E

1 I1E
—=——¢ (16)
T 1, E

In stationary conditions one can easily derive from
Equations (14) and (15) the ratio between E, and
E,. Taking into account that P, ; can be expressed as

(E(, —E,.)

where T

equi

is an effective equipartition
Teqm'

time between the electrons and ions due to Coulomb

collisions, we have:

E, Ppy+Pu.t szd,f(]*'%%)

i

(7)

Ee Padd,[ + (POH + Padd,e )(1 +rffl%)

1.5
e i

n

T

equi

is proportional to where M, is the ion
e“eff
atomic mass number and Z ; is the effective charge

of the ions of the plasma.

When T

wqui is small with respect to T, and T, (i.e. at
sufficiently high plasma density), we have a thermal

plasma with E, =F = éE and Equ. (16) becomes:
-1
t=2(c +7") (18)

Note also that at high density the presence of
energetic tails in the plasma becomes negligible and
they thus contribute only to a small extent to the
total plasma energy. Operational regimes with a

(much) larger ion temperature than electron
temperature are called "hot-ion modes".

IV. CONFINEMENT RESULTS IN PRESENT
TOKAMAKS

In this section some recent some more details on
recent confinement results are summarised. In Sect.
2.3 we indicated that a burning D-T fusion reactor,
where the plasma heating is performed by the
energetic a-particles produced in the fusion reactions,
requires a sufficiently large confinement time
(expressed by f,/q and a sufficiently large B
(expressed by B, /g). A large B is achieved at a
sufficiently large plasma density i.e. at a sufficiently
large Greenwald number.
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In addition, these requirements have to be fulfilled in
stationary conditions with a low central pollution of
the D-T plasma by impurities or ash (i.e. a-particles)
from the fusion reactions. This last condition is
equivalent with requiring a sufficiently low He particle
confinement. The heating power delivered to the
plasma by the a-particles will finally reach the walls of
the machine and must then be evacuated. Without
special precautions, this power will lead to a too large
power flux in hot spots, resulting in large localised
erosion or sputtering of the limiter or the divertor
plates. Attempts are presently made to solve this
problem by radiating homogeneously a large part of
this power either in the plasma edge or in the divertor
region, thus reducing to a serious extent the peak
heat load values to the first wall.

In the next paragraphs a summary is given of different
tokamak scenarii. They are presently under
investigation to check their ability to simultaneously
(i) reach high values for fH and /J’N (ii) solve the
heat exhaust problem (iii) reach stationary conditions
and (iv) to show evidence of plasma heating by
a-particles in D-T plasmas.

IV.A. H-mode discharges

Confinement characteristics of the H-Mode regime are
summarised in § Il.B. Fig. 4a shows an ELM-free H-
mode discharge in JET that has led to a record
neutron yield in D-D plasmas. This mode of operation
is non-stationary and is limited in time by the
occurrence of MHD phenomena (specifically for the
discharge shown in the last figure: onset of MHD
turbulence followed by a giant ELM). The ELMy
H-mode regime is the favoured operational scenario
for ITER because of its stationarity and good
confinement characteristics (i.e. a sufficiently large
f)- An example of such a discharge is shown in Fig.
4b [18]. Current investigations of this regime are
related to its applicability to a reactor; more
specifically (i) to reduce the uncertainty concerning
the threshold heating power which has to exceeded in
the reactor to obtain the transition from L to H mode
(i) to try to obtain this regime at sufficiently large
densities (equal to or above the Greenwald density,
without loss of the good confinement properties) (iii)
to solve the problem of heat exhaust, particularly in
the presence of large ELMs. A way to solve this last
problem is to seed impurities to produce edge
radiation.

Recent experiments at JET [28, 29] have shown
that it is possible to reach the ITER operational data
for density and confinement simultaneously with (a)
increasing the triangularity of the plasma, (b) by
impurity seeding in low and high triangular plasmas
and (c) by an adapted pellet fuelling cycle.
Triangularity of a plasma can be roughly described as
the "pointedness" of the plasma, and one



distinguishes in principle an upper §, and lower §
triangularity (Fig. 4c). Very often only the average
triangularity 8 = (8, + 8.)/2 of the plasma is used. High
triangularity is beneficial to increase confinement at
high densities, as shown in Fig. 4d. These discharges
are also quite robust to strong gas puffing (needed to
reach the high density), provided sufficient heating
power to keep Type | ELMs [30, 31]. The amount of
power needed increased with decreasing triangularity.
On the other hand, in low triangularity discharges high
confinement and high density can be reached
simultaneously by applying Ar seeding, as illustrated in
Fig. 4e. This discharge shows a so-called "puff" and
"after-puff" phase. In the puff phase strong gas puff is
applied to raise the density to values around the
Greenwald limit, but confinement degrades. This is
restored in the afterpuff phase, i.e. when the strong
gas puff is suddenly interrupted, and where only a
gentle D and Ar puffing is continued, to keep density
and radiation high. An adapted pellet fuelling cycle,
where first a fast pellet train enters the plasma,
followed by a second much slower pellet train (Fig.
4f), allows to reach high densities without degrading
confinement too much. The philosophy here is much
similar to the one applied in the low triangularity
discharges with puff and afterpuff: first build up the
density (irrespective of other quantities) and lateron
try to keep the high density without degradation of
confinement, by a much gentler fuelling procedure.

IV.B. Discharges with edge radiation cooling and
improved confinement

At a large radiated power fraction y, it has been
possible to achieve improved L-mode conditions with a
confinement quality close to or even exceeding that of
ELM-free H-mod [23]. In the next section examples of
this regime are discussed.
A new confinement regime [24] has been established
on TEXTOR-94, a tokamak with a circular cross-section
and equipped with a toroidal pump limiter. This regime
is obtained by appropriate impurity seeding during the
heating phase of the discharge and has been called
the Radiative I-mode (or RI-mode). It is characterised
by its ability to simultaneously realise the following
features, important for the extrapolation to a reactor:
(i) quasi-stationarity of the plasma parameters, (ii)
high confinement with a quality close to that of the
ELM-free H-mode, (iii) high plasma density near or
even above the Greenwald limit, (iv) high normalised
beta ([3’,v up to 2), (v) strong edge radiation (
Prad 0

up to 95 % where P

ra

y = « 1S the edge radiated

tot
power) (vi) the possibility to operate at low edge q
values (down to 2.8), leading to reactor relevant
values of the figure of merit for ignition fH /q, (vii)

no decrease of the plasma fusion reactivity due to the
seeded impurity.

An example of the quasi-stationarity achieved in the
RI-Made is shown hv the discharae in Fia. 7. which has
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a high confinement phase of more than 7s, limited
only by technical constraints of the machine.
Remarkable in this figure is the evolution of the
diamagnetic plasma energy E ,, and of the associated
enhancement factor fH93, which compares the
experimentally obtained energy confinement time
versus ELM-free H-mode confinement as given by the
scaling law ITERH-93P (see Table I). Soon after the
start of Ne seeding a confinement transition takes
place, when y = 50%, resulting in a sudden increase of
E,, and f,,;. Note the long duration of the high
confinement phase which is about 160 confinement
times (T, = 50ms) and equivalent to to several skin
resistive times. We remark in passing that the ratio of
the burn time to the projected confinement time of
ITER (Final Design Report [25]) is also equal to 160!
Note also that improved confinement at these high
densities is not due to fast particle contributions
(because of the high density reached) confirmed by
the comparison of the measurements of the MHD
E ., and diamagnetic energy E .

The energy confinement in the RI-Mode improves with
density and thus shows a totally different density
behaviour as the usual L- or H-mode. This is illustrated
in Fig. 8, where the evolution of E . is plotted versus

n,, for ohmic discharges and discharges heated by
the combination of NBI-co+ICRH with Pyot = 2.25 MW
at lp = 350 kA. The diamagnetic energy in ohmic
discharges follows the Neo-Alcator scaling E,, until

dia

7. =3.0x10"”m>where a saturation sets in. For

eo

additionally heated discharges at low densities, E ,

follows roughly the L-mode scaling, or can be
described by a linear offset scaling
E,=E,+7, (P, —P,) where P, is the

ohmic heating power taken in a corresponding ohmic
discharge and T, is the incremental confinement
time, which is roughly constant for not too high P, ,
or Ngo and for a given Ip. A clear confinement
transition occurs at 71,, ~4.0 x 10" m™, where the
E ,, values obtained differ substantially from L-mode

scaling, resulting in a tjnc which increases strongly

with density for 7z,, > 4.0 x 10"°m™, as shown in

Fig. 9. Discharges corresponding to these conditions
belong to the RI-Mode, and are obtained as soon as y
exceeds about 50%. Furthermore, if f,,; values are

plotted as a function of n,,/n,,q, (for different
plasma currents and for a wide range of P,
find [24] only that (i) fho;

approximately linearly with density but moreover that

(ii) this result is independent of the plasma current.
Therefore, the confinement time in RI-Mode discharges

Tg, is proportional to (ﬁw/ﬁmm)XT,TERH%_P- A

and y) we

not increases

detailed analysis shows that the proportionality factor
is close to 1 and we have thus to a very good
approximation that:
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Striking in this formula is the linear density
dependence (as for the ohmic Neo-Alcator scaling)
and the absence of a current dependence, contrasting
with the wusual scalings for additionally heated
discharges. The comparison of the global confinement
time of the Rl-mode with the L- and the ohmic LOC-
regimes is shown in Fig. 2b. As low edge q operation
(gq = 2.8) presents no stability problems, this leads
then in a natural way to high values for the figure of
merit for ignition margin f, . /g, equal to 0.65 at
high density which is the value requested for the
reactor. One still has to demonstrate that this regime
can maintain its interesting features on larger and
reactor size machines without significant central
plasma pollution by the seeded impurity.

Confinement of the RI-Mode can be conveniently
compared with confinement in the L- and H-Mode
regime, independent of heating power or plasma
current, in a normalised confinement diagram. Instead
of plotting the confinement time t versus density (see

e.g. Fig. 2a and 2b), one plots the quantity TP’ /1,
versus the Greenwald factor 7,/ 1,, ;. The effect of

such a transformation of variables is graphically
depicted in Fig. 10b. The resulting diagram for RI-
Mode data is given in Fig. 10c. One sees very clearly
the L- and RI-Mode part in the data. One also sees that
at the highest densities, RI-Mode confinement
supersedes H-Mode confinement.

Discharges with a radiative mantle have now also
been obtained at JET, with good confinement and
density values using Ar as seeding impurity, as
indicated in the previous section. A summary of main
latest results obtained on JET can be found in [26].
Non noble gas impurities have been used (N,), leading
to Type lll discharges with rather small ELMs, but with
degraded density (compared to the Greenwald density
n,,/n,,qg) and confinement ( f,4; =0.7).

IV.C. D-T operation

A preliminary D-T fusion experiment has been
performed on JET in 1991 in plasmas with a mix of
10%T and 90%D [27] resulting in a fusion power
output of about 1.7MW. In the period end 1993-
beginning 1997, TFTR has been routinely operated
with D-T discharges [28]. The operational regime in
the high performance D-T discharges in TFTR was a
(limiter) hot ion mode (Tjo > Tep) and was obtained
with NBI heating, consisting of a mix of tritium and
deuterium injection (to provide the necessary tritium
fuelling of the discharge), resulting in a maximum
fusion output of 10.7 MW. A second D-T experimental
campaign has been performed in JET in September-
November 1997. ELM-free H-Mode hot-ion modes,
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optimised shear regimes and steady-state ELMy H-
modes were used, heated by NBI or NBI combined with
ICRH [29], again with part of the injectors being
operated with tritium in order to provide at the same
time the T fuelling. These experiments have resulted in
the demonstration of near-break-even conditions: Q =
P /P =(0.62 transiently, with an output

Sfusion heating
power from fusion reactions of more than 16 MW;
under quasi-stationary conditions Q = 0.35 was
obtained with a fusion power of about 5 MW. Fig. 11a
gives a summary of the JET high performance D-T
results and compares them to the results obtained
previously on TFTR. Fig. 11b shows the time traces of
the electron and ion temperatures of the record D-T
fusion shot of JET. Maximum temperatures obtained
for ions and electrons are resp. 28 keV and 14 keV.
Fig. 11c shows the time trace of the different
contributions to the neutron production as modelled
by TRANSP [30]. This shot was heated by 22.3MW
NBI and 3.1MW of ICRH. The total heating power in
this discharge is also in part (about 3MW or nearly
10%) delivered by the o particles generated in the
fusion reactions. Note that the largest part of the
fusion power output is due to reactions of thermal
neutrons, with the rest mainly produced in beam-
target reactions and only a small fraction due to
beam-beam reactions. Due to their large energy the o
particles deposit their energy mainly to the electrons.
Most of the ion heating is produced by the NBI and
the largest part of the electron heating is due to the
equipartition power between the hotter ions and the
electrons. Note that for an ignited reactor the total
heating power must be produced by the fast «
particles. These experiments have nevertheless
demonstrated the effectiveness of a-particle heating
without significant plasma micro-instabilities.

Combined NBI-ICRH heating of D-T plasmas has also
been performed on TFTR (and also recently on JET
[31]) with direct heating of T ions at the second
harmonic frequency for tritium 2 @, . A small amount

(2 %) of 3He was added to the discharge to increase

the single pass absorption by 3He minority heating
[18]. In these experiments Tjo was increased from 26
to 36 keV and Tgg from 8 to 10.5 keV by the addition
to 23 MW NBI of 5.5 MW of ICRH.

IV.D. Improved confinement through the formation of
an Internal Transport Barrier (ITB)

After the L- to H-mode transition, the
improvement in confinement is due to the formation
of a transport barrier at the edge of the plasma [32]
attributed to a transport reduction through ExB
velocity shear decorrelation of the turbulence [32].
The VH-mode regime is linked to the penetration of
the transport barrier deeper into the plasma.

ExB shear decorrelation of micro-instabilities
(as e.g. in ITG modes) is not the only mechanism



which decreases transport. A reduction of transport
(e.g. by reduction of MHD modes) is also possible by
choosing an adequate value of the magnetic shear

d
l. Such confinement improvement schemes

s=—
are obtained by tailoring the current density resulting
in

(i) discharges with a high
(obtained e.g. by realising a highly peaked current
density profile)

(ii) discharges with negative central magnetic shear

internal inductance |j

) . rdq .
i.e. with s=——<0 in the centre of the plasma
q dr
resulting in a non-monotic g-profile. The q value on
the magnetic axis in that case is not the minimum g
value in the q(r) profile. Such reversed shear plasmas
are obtained in the presence of large non-inductive
currents (bootstrap current, non-inductive current
drive by e.g. LH) or by heating the plasma during the
initial current ramp of the discharge. The formation of
the Internal Transport Barrier (ITB) is due to a
synergetic effect of transport reduction through
adequate magnetic shear and ExB shear.

An example of a discharge on DIlI-D with an
ITB inside the plasma obtained with this last technique
is shown in Fig. 12a. The minimum q is off-axis and the
value for the safety factor in the centre of the plasma
q, is much larger than 1. A large confinement
improvement is observed at the step in the neutral
beam power, as evidenced by a large increase in the
central Tj together with a peaking of the density
profile. The effect of the formation of an ITB on the
ion temperature profile of JET is shown in Fig. 12b.

The problem to extrapolate such these
regimes to a reactor is to realise it in steady state and
at sufficiently high density. An example of the
achievement in TORE SUPRA [34] of a steady-state
confinement improvement attributed to the presence
of a large bootstrap current Igs is shown in Fig. 13.
The figure shows also the profile of the bootstrap
current density profile and the obtained scaling of

a R
IBS x Ipﬁp\/; = qaﬁNIp\/; (20)
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ABSTRACT

The motion of charged particles in slowly varying electro-
magnetic fields is analyzed. The strength of the magnetic
field is such that the gyro-period and the gyro-radius of the
particle motion around field lines are the shortest time and
length scales of the system. The particle motion is described
as the sum of a fast gyro-motion and a slow drift velocity.

I. INTRODUCTION

The interparticle forces in ordinary gases are short-ranged,
so that the constituent particles follow straight lines between
collisions. At low densities where collisions become rare,
the gas molecules bounce up and down between the walls of
the containing vessel before experiencing a collision.

High-temperature plasmas, however, cannot be con-
tained by a material vessel, but only by magnetic fields. The
Lorentz forces that act on the particles tie them to the mag-
netic field and force them to follow the field lines. In order to
confine the particles in a bounded volume, the magnetic field
must be curved and inhomogeneous. In addition, it must be
strong. So strong, that the Lorentz force dominates all other
forces. Therefore, charged particles do not follow straight
lines between collisions but follow strongly curved orbits
under the influence of the magnetic field. In fact, many
properties of a magnetically confined plasma are dominated
by the motion of the particles subject to the Lorentz force
qu x B. Here B is the macroscopic field, i.e., the sum
of externally applied field and the fields generated by the
plasma particles collectively, but excluding the microscopic
variations of the fields due to the individual particles.

The particle motion in the macroscopic field is the sub-
ject of this lecture. The microscopic fields, i.e., the interac-
tions between individual particles (“collisions”), cause devi-
ations from these particle orbits. Collisions in a plasma are
caused by Coulomb interactions between the particles, with
properties that are very different from collisions in a gas.

Firstly, the cross-section of Coulomb collisions is a
strongly decreasing function of the energies of the interact-
ing particles. Hence, the mean free paths of charged particles
in high-temperature fusion devices are very long and the par-
ticles will trace out their trajectories over distances that can
be comparable to or even larger than the size of the device
before they are swept out of their orbits by collisions.
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Secondly, the Coulomb force is a long range interaction.
In a well-ionized plasma, particles rarely suffer large-angle
deflections in two-particle collisions. Rather, their orbits are
deflected through weak interactions with many particles si-
multaneously. Hence, the effects of collisions can be best
described statistically, in terms of distributions of particles.
The kinetic equation for the particle distribution function
will be discussed at the end of this chapter, with emphasis
on the role of the particle orbits, not the collisions.

The equations of motion of a particle with mass m and
charge ¢ in electromagnetic fields E(x,t) and B(z,t) are,

&=, i]:%(EJrva), 1)
where the dot denotes the time derivative. Each of the IV
plasma particles satisfies such equations. The solutions to
the 6N equations are the particle trajectories. These trajec-
tories determine the local charge and current density which
are the sources in Maxwell’s equations and which determine
the electromagnetic fields E and B. In turn, these fields de-
termine the particle trajectories. This self-consistent picture
is extremely complex.

However, as illustrated above, in a weakly collisional
plasma one can first study the behaviour of test particles in
given fields E(x,t) and B(x,t). The role of the particles
as sources of charge density and current in Maxwell’s equa-
tions is disregarded. The fields E and B of course obey the
subset of Maxwell’s equations,

V x E=-0B/ot,

V-B =0. 2)

II.  GYRATION AND DRIFT

A. Motion in a Constant Magnetic Field

Let us first consider the motion of a charged particle in the
presence of a constant magnetic field B,

mo = q(v X B).

The kinetic particle energy remains constant because the
Lorentz force is always perpendicular to the velocity and can
thus change only its direction, but not its magnitude. The
particle velocity can be decomposed into components paral-
lel and perpendicular to the magnetic field, v = v;b+ v,
where b = B/B is the unit vector in the direction of
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Figure 1: Definition of the gyro-angle ¢ (a) and guiding center (b).

B. The Lorentz force does not affect the parallel motion:
v, = constant. Only v, interacts with B, leading to a
circular motion perpendicular to B. The centrifugal force
muv? /r balances the Lorentz force qu, B for a gyration ra-
dius 7 equal to the “Larmor radius”
_ mv,
P=TaB

If we set 3mv? = kT for the two dimensional thermal mo-
tion L B, we obtain p = (2mkT)Y?/|q|B. In a typical
fusion plasma (k7" = 10keV, B = 5T) the electrons have a
gyroradius of 67 ym and deuterons 4.1 mm.

The frequency of the gyration, called cyclotron fre-
quency w, follows from v, = w. p,

we = qB/m.

In fusion experiments the electron cyclotron frequency is
of the same order of magnitude as the plasma frequency.
Alhough the particle motion in a constant field is elemen-
tary, the following notation will also serve more complicated
cases. Let e, ez be unit vectors perpendicular to each other
and to b, and define co-rotating unit vectors (Fig. 1(a)):

e, (t) = ejcos ¢+ ey sin ¢,

e,(t) = ezcos ¢ — ey sin @,

¢ = ¢o — wet.

As illustrated in Fig. 1(b), the particle position & can be de-
composed into a guiding center position R that moves with
velocity v b, and a rotating gyration radius vector p,

T = R + P, (3(1)
p=—vxB=psmlae,  (3)
v.o=p=ue.. (3]

The particle trajectory is a helix around the guiding center
magnetic field line (Fig. 2).

electrons

Figure 2: Orientation of the gyration orbits of electrons and ions in
a magnetic field. The guiding center motion is also shown.
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B. Dirift due to an Additional Force

If, in addition to the Lorentz force, a constant force F' acts
on the charged particle, the equation of motion is

mo=q(vxB)+F. “)
The motion of the particle due to F' can be separated from
the gyration due to B by using the guiding center as refer-
ence frame. Again the guiding center position R, the posi-
tion of the particle «, and the gyration radius vector p are
related as in Eq. (3). The velocity of the guiding center can
be obtained by differentiating the equation R = x — p,

=R=x-p
m._ .
= —5 v x B
U+quv

1
:v+ﬁ(qv><B+F)><

Vg

B.

Using (v x B) x B = —v, B?and v—v, = v;b we obtain
vy =v b+ FqXTZB
Thus, one sees that any force with a component perpendic-
ular to B causes a particle to drift perpendicular to both F'
and B. The basic mechanism for a drift in this direction is
a periodic variation of the gyro-radius. When a particle ac-
celerates in a force field, the gyroradius increases and when
it slows down its gyroradius decreases, leading to the non-
closed trajectories shown in Fig. 3. The net effect is a drift
perpendicular to the force and the magnetic field.

A force parallel to B does not lead to a drift, but simply
causes a parallel acceleration as can be seen from Eq. (4).
Summarizing,

dvg, F

’ dt — m’ ®)

FLXB
qB?

Vg, L =

An example is the drift due to a constant gravitational
force F; = mg perpendicular to the magnetic field. The re-
sulting drift velocity, v, = mg/qB, is in opposite directions
for electrons and ions (see Fig. 3). The net effect is a current
density. However, in laboratory plasmas v, is far to small to
be of importance (2 x 10~8m/s in a magnetic field B = 5T).

C. E x B Dirift

A different situation arises in the presence of a constant elec-
tric force ¢ E. Since the electric force is in opposite direc-
tions for electrons and ions, the resulting drift velocity,



Figure 4: E x B drift ® ‘
of ions and electrons. B

E 0000000000009, electron

_ExB
=5
does not depend on the sign of the charge or the particles. It
is also independent of the particle mass and therefore iden-
tical for ions and electrons. Hence, this drift leads to a net
flow of the plasma, not to a current.

(6)

VE

D. Polarization Drift

If the electric field is spatially constant but depends on time,
OE /0t # 0, the E x B drift (6) is not constant. Instead,
there is an acceleration 1. B which can be thought of as
being caused by a force

F dvg ~ m OF

" T B o

X B.
This force, according to Eq. (5), yields yet another drift,

v, = ExB _ m JE
P ¢B? T ¢B% Ot

This secondary drift is the polarization drift, which depends
on the charge and the mass of the particle. The associated
current density is
_ P OE

Jp - BQ at I
where p,,, = men. +m;n; is the mass density. The electron
contribution to this current density is a factor O(m./m;)
smaller than the contribution from the ions.

E. Particle Drift in Inhomogeneous Magnetic Fields

For spatially slowly varying magnetic fields, Eq. (5) can still
be applied if the relative variation of B along one gyration
of the particle is small.

One type of field inhomogeneity that gives rise to a drift
is curvature of the magnetic field lines. For a particle that
moves along a curved magnetic field line the separation of
its velocity into v, and v changes with its position. This ef-
fect will be taken into account systematically in Section IV.
In the present section we will give an intuitive argument that
shows how field line curvature can cause drift motion. The
curvature is given by Vb = —R./R2, a vector L B. Here
V, = b-V is the gradient along B and R, is the curva-
ture radius shown in Fig. 5. A particle which follows the
curved field line with velocity v, experiences a centrifugal
force F. = mv? R./RZ2, which is responsible for the drift
velocity

L
19

ve= " p3 )
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Figure 5: Inhomogeneous mag-
netic field. Relation between the
curvature radius and the field gra- B

dient in a force-free magnetic field

(Vx B B). it

The other inhomogeneity that results in a drift is the
transverse gradient of the magnetic field strength. The parti-
cle orbit has a smaller radius of curvature on that part of its
orbit located in the stronger magnetic field. This leads to a
drift perpendicular to both the magnetic field and its gradi-
ent. The drift is not the result of a constant force, and hence
Eq. (5) cannot be applied directly.

Instead we discuss the averaged effect of VB on the
gyro-orbit by considering the current I = quw,/27 associ-
ated with the gyro-motion of a charged particle. The mag-
netic moment is defined as the product of the current and the
area which is surrounded by the current. Since the area en-
compassed by the gyro-orbit equals 7p?, the magnetic mo-
ment per unit particle mass is
2 ¢*B v}

ol _ Y
N 2rm?2 2B’

m

p=mp wp (©)]
The gyro-averaged force equals the force on a magnetic

dipole in a magnetic field gradient,

Fvngm,uVB. (9)
Application of Eq. (5) to this force yields the V B-drift,
vos = 2 BB (10)
VB~ 2¢B*

The curvature and V B drifts are often comparable. In
a plasma in equilibrium one has approximately V x B || B.
For a pressure gradient Vp = 0 this relation is exact. It
implies a relation between the curvature vector and VB, il-
lustrated in Fig 5,

V.B
5 (11)

Using this relation, the V B and curvature drifts (10) and (7)
can be combined to

Vib=

(0?2 + 102) B x VB.

5 (12)

Ve +vyp =

Averaged over a thermal velocity distribution, this drift ve-
locity equals 27°/gBR.; = 2vp,ptn/ Re.

As a first example of these drifts, consider the electrons
and protons captured in the earth’s magnetic field (trapping
in a magnetic field will be discussed in the next section).
Due to the gradient and curvature of the earth’s magnetic
field, the electrons and protons captured in this field drift
around the equator, the electrons from west to east and the
protons in the opposite direction, producing the so-called
‘electron current’ shown in Fig 6.
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Figure 6: Electron and proton drifts in the Earth magnetic field.

F.  Plasma Diamagnetism

The current of a gyrating particle generates a magnetic field
in the direction opposite to the given field B, so that a
plasma is diamagnetic. The contributions to the current den-
sity of neighbouring gyrating particles cancel each other in
a homogeneous plasma. The magnetization of the medium
is found by summing over all particles, M = —n(mu)b. In
a thermal plasma (2mv?) = T and therefore (myu) = T//B
and M = —bp/B. Here n is the particle density and p the
pressure. If the pressure is not constant, the magnetization
causes a diamagnetic current

Vpx B
Bz
This current precisely agrees with the force balance in a con-
ducting fluid, Vp = j x B. Here, the force per unit volume
J x B is the Lorentz force qv x B summed over all particles,
making use of j = > nqv. If one views the electrons and
ions in the plasma as separate fluids, the diamagnetism is
found to give different contributions to the ion and electron
fluid velocities, the diamagnetic velocities,

Vp; x B Vp. x B
qnB? ’ enB? '’

Iip=VxM=—

Vp,i= — VD=
which resemble drift velocities of the form (5). Their rela-
tion to the diamagnetic currentis j , = 1;¢;Vp,i —Ne€Vp,e.

III. ADIABATIC INVARIANTS

When a system performs a periodic motion, the action in-
tegral I = f P dQ), taken over one period, is a constant
of motion, where P is a generalized momentum and () the
corresponding coordinate. For slow changes of the system
(compared with the characteristic time of the periodic mo-
tion) the integral / remains constant and is called an ‘adia-
batic invariant’. More precisely: if the system changes on a
timescale 7, and the frequency of the periodic motion is w,
then changes to I of the order AI ~ ¢~“7 can be expected.

A. Magnetic Moment

The first adiabatic invariant is the magnetic moment 1 =
v? /2B defined in Eq. (8), which is proportional to the mag-
netic flux 7p?B enclosed by the gyro-orbit. The periodic
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Figure 7: Reflected
particle orbit
magnetic mirror.

in a

reflection

motion is the Larmor gyration, P is the angular momentum
mu, p and the coordinate () is the angle ¢. We get

" " 2
deQ = f mu, pdp = 2wpmu, = 47rmT,u,.

Note that £ is no longer a constant of motion if the charge ¢
changes, for instance due to ionization or charge exchange,
which preferentially occurs at the edge of the plasma.

B. Particle Trapping

The invariance of . plays a role in magnetic mirrors. The
mirror effect occurs when a particle guiding center moves
towards a region with a stronger magnetic field. As Fig. 7
shows, field lines encountered by the particle gyro-orbit con-
verge. Hence the Lorentz force has a gyro-averaged compo-
nent opposite to VB. This mirror force || B is precisely the
force on a magnetic dipole of strength 1 in a gradient V| B
given by Eq. (9). According to Eq. (5) this force causes a

parallel deceleration
oy = —pVyB (13)

Since the particle experiences a magnetic field change B =
UHVHB Eq. (13) and the conservation of energy € = %vf +

vﬁ = uB + 2“\\ imply that the magnetic moment y is
constant. In general, the change of the parallel velocity of a
particle in a (spatially or temporally) varying magnetic field
can be determined from the constancy of x and € in

v)(B) = £v/2(e — uB).
Figure 8 shows the principle of particle confinement in a

B=Bmin B=Bmax

Figure 8: Magnetic field \g/ \é]/

lines of a simple axisym-
M

-~ \ V) -
coil 1,0 11,0 coil B

metric magnetic mirror.

mirror machine. The criterion for the particle passing the
high field ends of the mirror machine (v, > 0) is

€= %Uﬁ,o + :U'Bmin > ,Umeaxy (14)

where v, ¢ is the parallel velocity in the low field region. If
we divide equation (14) by 1tBmin = %vf_ﬁo, we obtain

v
0/ Buax/Buin — 1

V1,0

s

(15)



Figure 9: Vertical drifts
and associated E x B
drift in a toroidal field.

as the criterion for particle loss. In laboratory plasmas
the mirror principle yields too large plasma losses at the
open ends to be a promising candidate for fusion reactors.
Coulomb collisions and certain instabilities cause a continu-
ous transfer of trapped particles into the loss region (15).

The earth’s magnetic field is also an example of a mag-
netic mirror. It forms two belts of confined charged particles
originating from the solar wind (see Fig. 6).

A second adiabatic invariant, the longitudinal invariant
J = ¢ mu, dt, is defined as the integral over the periodic or-
bit for trapped particles in mirror geometries. Defining the
length L between two turning points and the average longitu-
dinal velocity (v} ), the constant of motion is J = 2m(v,) L.
When L decreases, (v,) increases. This is the basis of the
Fermi acceleration principle of cosmic radiation.

C. Toroidal Systems: the Tokamak

The end losses inherent to mirror devices are avoided in the
closed geometry of toroidal systems. It is important to real-
ize that in a simple toroidal magnetic field (Fig. 9), the mag-
netic field curvature and gradient (Fig. 5) give rise to vertical
drifts that are in opposite directions for ions and electrons.
The resulting charge separation causes an outward £ x B
drift for electrons and ions alike. A plasma in a toroidal field
alone will thus be unstable.

This conclusion can also be reached by considering the
Lorentz force j x B on the plasma as a whole instead of the
individual particle orbits. With the current density given by
Jj = V x B/, it can be shown that this force cannot “point
inward” everywhere to confine a plasma in a purely toroidal
field.

Therefore, in toroidal plasma devices additional mag-
netic field components are required in order to reach a steady
state where the plasma pressure is balanced by magnetic
forces (Vp = j x B). The required twisted magnetic field
is produced in tokamaks by the toroidal plasma current. As
a consequence, particles approximately move on closed to-
roidal surfaces labelled by the poloidal magnetic flux .

The vertical drifts average to zero over one poloidally
closed particle orbit, as can be seen as follows. Because of
the toroidal symmetry of B, the canonical angular momen-
tum associated to the toroidal angle is conserved exactly,

Por = (WL'U[or - (IAlor)R
= mBRue — q

~ mRv, — qy = constant. (16)
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| y=constant
i

Figure 10: Projection of circulating (a) and trapped (b) particle
orbits on the poloidal plane. R is the distance to the vertical axis.

Hence, because v remains in the range determined by € and
1, the particle remains in a bounded 1) zone and does not
escape in the vertical direction.

In a tokamak, the field strength has its maximum value
at the inside of the torus. A particle travelling along a field
line feels a periodic mirror force. If the energy and magnetic
moment of this particle have values such that € > 1 Bp,y, the
particle is not reflected but continues its course and encircles
the torus. These are circulating or transit particles.

On the other hand, if € < p B,y the particle is reflected
at the point where ¢ = By, (see Fig. 10). The particle
is trapped between magnetic mirrors and bounces between
turning points. Thus, in leading order the particle executes a
periodic motion along a field line.

The topology of the trajectories of trapped and circu-
lating particles are quite different. While transit particles
encircle the torus in the toroidal as well as in the poloidal
direction, trapped particles may encircle the torus in the to-
roidal direction but be poloidally confined to the low field
side of the torus. Due to this difference in topology, trapped
and circulating particles often behave as different species.

Equation (16) shows that, because v, of a trapped par-
ticle changes sign, its orbit is more strongly affected by the
vertical drift than is a transit particle orbit. The projection of
a trapped particle orbit on the poloidal plane of an axisym-
metric torus is sketched in Fig. 10. The flux surfaces are
assumed to have circular cross-sections. The width of this
orbit can easily be calculated from Eq. (16). It follows that
the total width, Ar = At /(9 /dr), of the orbit is

Ar—2 mRy, 9 Viim

= 2qavjor ~ CqBpum’ {an

where r is the cylindrical radius and v, is the value of the
parallel velocity at the midplane. Note that the denominator
in (17) is the gyro-frequency in the poloidal field at the mid-
plane B,, ,,,. More about the particle orbits in tokamaks can
be found in Refs. [1,2,3].
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KINETIC PLASMA THEORY (KT-1)

S. Poedts

Centre for mathematical Plasma Astrophysics, Dept. of Mathematics
KU Leuven, Celestijnenlaan 200 B, 3001 Leuven, Belgium

Abstract

First, the place of kinetic theory among other mathemati-
cal models to describe plasma physics is discussed. Next,
some basic kinetic concepts are introduced and the kinetic
plasma equations are described. The use of these equa-
tions is then demonstrated considering electron plasma
oscillations, a simple example of collective behaviour,
and deriving a fundamental plasma parameter, viz. the
plasma frequency, a fundamental plasma parameter. The
a surprising fundamental phenomenon Landau damping
is briefly discussed.

1 Introduction: theoretical models
in plasma physics

Different mathematical models exist for different kinds of
plasma processes. The model to be used or applied de-
pends on the kind of phenomenon to be studied. Three
kinds of theoretical description can be distinguished on
the basis of the chosen approach [1]:

1. the theory of the motion of individual charged par-
ticles in given magnetic and electric fields; e.g. the
motion of a charged, non-relativistic particle is de-
scribed by

dv

TZQ(EJFVXB)v

™

)]
where E(r,t) and B(r, t) are given solutions of the
Maxwell’s equations, and one has to solve for the
particle velocity v(r,t). This model is useful to
describe gyration of particles in a magnetic field
and adiabatic invariants of this cyclotron motion, the
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magnetic mirror effect, drifts, etc. But plasmas usu-
ally contain a lot of particles, e.g. a large Corona
Mass Ejection on the Sun involves up to 1030 par-
ticles, requiring a different model approach;

. the kinetic theory of a such collections of charged
particles, describing plasma behavior on a micro-
scopic scale by means of particle distribution func-
tions fe ;(r, v, ), the evolution of which is most gen-
erally described by the Boltzmann dissipative equa-
tion (see below). There exists an alternative Particle-
In-Cell (PIC) approach, however, in which the par-
ticles are modelled as ’super particles’ or “particle
clouds’ which are accelerated by the forces (Lorentz,
gravitational, etc.). This alternative approach will
described in module KT-2;

. the fluid theory (MHD), describing plasma behavior
on a macroscopic scale in terms of averaged (over
v) functions of only r and ¢. The three basic steps
to get from kinetic theory to the plasma model are
discussed in the last section of this contribution.

Clearly, this is a rough division of model approaches and
there exist combinations, like hybrid models with one
or more species described in the fluid theory and other
species described in kinetic theory. Here, we will focus
on the kinetic plasma theory.

Why Kinetic theory?

In the single particle orbit theory mentioned above, the in-
teractions between the particles is ignored. This is a valid
assumption only when the density of the charged parti-
cles is low enough. Plasmas, however, exhibit collective



behaviour because of the large amount of interacting par-
ticles involved. As a result, a statistical approach can be
used to analyse its dynamics and this is precisely what
kinetic plasma theory does. In this sense, the kinetic de-
scription of plasma is fundamental. The position of par-
ticles is known in phase space, the space of all possible
values of position and momentum variables, making even
the electron scale accessible.

Of particular importance are kinetic or micro-
instabilities. These are short wavelength - high frequency
modes of the system that may grow in amplitude when the
charged particle species in a collisionless plasma posses
a non-maxwellian velocity distribution. In other words,
these modes are driven unstable by the kinetic anisotropy
of the plasma particles which provides a source of free
energy. The velocity distributions (microstates) measured
in-situ in space plasmas, for instance, often show de-
partures from thermodynamic (Maxwellian) equilibrium
in the form of temperature anisotropy, plasma flows or
beams (’strahls’), suprathermal tails, etc. These deviations
from thermal equilibrium and the micro-instabilities they
induce can be described only with a kinetic approach.

Here, we will not elaborate on the derivation of the
equation(s) describing the evolution of the plasma, which
was introduced by Ludwig Boltzmann in 1872 and con-
stitutes a vast amount of theoretical analysis (See, e.g. the
comprehensive treatise by Balescu [2]), but merely ex-
ploit the Boltzmann equation, one of the end results of
this work.

Closely following Goedbloed and Poedts [1], we will
first introduce some basic kinetic concepts (Section 4) and
consider a simple example of collective behaviour (Sec-
tion 5), viz. electron plasma oscillations, and derive the
plasma frequency, a fundamental plasma parameter. The
(Landau) damping of these oscillations through kinetic ef-
fects is then discussed briefly in Section 5. It will also be
discussed in modules KW-1 and KW-2 in this school. In
module KT-2, numerical simulation models based on ki-
netic theory will be discussed and some of the impressive
results will be demonstrated there.

2 Some basic plasma parameters

In Eq. (1) we did not specify the mass m and the charge
q of the particles. Clearly, they correspond to either elec-
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trons (m = me., ¢ = —e) or ions with mass number A
and charge number Z (i.e. multiples of the proton mass
and charge: m = m; = Am,,q = Ze). When we
consider such a charged particle in a constant magnetic
field in the z-direction, in the absence of an electric field:
B = Be,, E = 0, we can get some insight by perform-
ing two simple vector operations on Eq. (1). First project
this equation B and using vector identities, we get that
v) = const because

d’UH
m—~> =
dt
When we project the same equation on v, we get

0. 2

d
—(%mvr“)) =0 — %mv2 = const,

3
7 3)
which in combination with (2) yields that also v; =
const. because

%mvi = const. “4)

Solving Egq. (1) more systematically, using v = dr/dt =
(&,9,2), we get two coupled differential equations de-
scribing the motion in the perpendicular plane:

i-Qy=0,
. . 5)
J+ Qi =0,

where
Q= @ ,
m
is the gyro- or cyclotron frequency.
We here do not elaborate on the derivation (see [1]), but
the helical orbit consists of gyration (a periodic circular
motion) L B about a the guiding centre and with a the

gyro- or cyclotron radius

6

R= = const ,
and inertial motion || B. The magnetic field B thus deter-
mines the geometry of the plasma.

Remarks that electrons and ions gyrate in opposite di-
rections (Fig. 1). Due to their mass difference, their gyro-
frequencies and gyro-radii are quite different:

Q)

AR
2

0, = eB s 0= ZeB 7

Me m;

Ve qu . ®)
R, = o < R;= ?Z (assuming T, ~ T5).



Figure 1: Gyration of electrons and ions in a mag-
netic field (source: [1]).

Inserting a magnetic field B = 3 T (= 30 kgauss), typical
for tokamaks, and the values for e, m., and m,, we find
for the angular frequencies of protons and electrons

Qe
Q;

5.3 x 101 rads™!  (i.e., a freq. of 84 GHz),
9
2.9 x 10%rads™*

(i.e., a freq. of 46 MHz) .

Considering particles with thermal speed v} = v
v/2kT /m we can estimate the gyro-radii. For electrons
and protons at T =10keV,ie. T, =T, = 1.16 x 10K,
we obtain

59x10"ms™! = R.~0.lmm,

(10)

Uth,e

Vth,i 14%x10°ms™" = R;~5mm.

Adding a constant background electric field perpendic-
ular to the magnetic field, ie. B = Be., E = Ee,,
only slightly complicates the analysis. However, in this
case the gyration is superposed with a constant drift’ in
z—direction. Hence, the perpendicular electric field re-
sults in the so-called E x B drift (see [1]).
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3 Kinetic model equations

The equations of the kinetic model consist of equa-
tions for the particle distribution functions combined with
Maxwell’s equations (13) which determine the electric
and magnetic fields E(r, ¢) and B(r, t).

3.1 The Boltzmann equation

Let us consider a plasma that consists of electrons and one
kind of ions. Clearly, the information on the individuality
of the particles is lost in the statistical description. How-
ever, the time-dependent distribution functions f,(r,v,t)
for the electrons and ions (a = e, i) contain relevant physi-
cal information on the plasma as a whole. The distribution
functions express the density of the representation points
of particles of type « in the six-dimensional phase space
which is formed by the three position coordinates (z, y, 2)
and the three velocity coordinates (v, v,,v.) (see, e.g.,
Bittencourt [3]). In other words, f,(r,v,t) d>r d®v rep-
resents the probable number of particles of type « in
the six-dimensional volume element d3r d3v centred at
(r,v). We here assume that the total number of parti-
cles, N, = [[ fad®rd3v, is constant. This is, of course,
not valid for plasmas that are in thermal and/or chemical
non-equilibrium, like the partially-ionized plasmas in the
lower solar atmosphere (photosphere and lower chromo-
sphere) and thermonuclear plasmas in which fusion reac-
tions create and annihilate particles. In such cases, more
than two distribution functions are needed, e.g. also one
for neutrals in the case of the solar photosphere, and the
respective total number of particles will not be constant.

We now make a distinction between the motion of in-
dividual particles and the motion of a collection of their
representative points in phase space, which is somehow
similar to the motion of a swarm of bees (versus the mo-
tion of a particular bee in the swarm). The ’swarm’ of
representative points is described by the the distribution
function f,(r, v,t), and its motion is given the fotal time
derivative of f,, using the chain rule we get:

Afu_0f. 0fu dr  Ofa dv
dt — ot  Or dt  Ov dt
O e, a0 0%
ot v or +ma (E+vxB) ov (1)

where Eq. (1) has been used inserted in the second line.



Here, the scalar products involving derivatives with re-
spect to the vectors r and v simply denote sums over
the products of the vector components, i.e. v - 9/0r =
vy 0/0x+v, 0/0y+v, 0/0z, and idem for the term with
0/0v . Notice also the subtle difference between d/dt for
the total time derivative and d/dt for ordinary time deriva-
tives. Liouville’s theorem ([5])states that, in the absence
of binary interactions between particles, df, /dt = 0, i.e.
the density of representative points in phase space remains
constant.

Clearly, the behaviour of a collection of particles only
becomes interesting when these particles collide with
each other, i.e. interact. In 1872, Ludwig Boltzmann
derived an equation describing the time variation of the
distribution functions of electrons and ions. This kinetic
equation, called the Boltzmann equation reads:

> coll
12)

Ofa  Ofa 0fa  (0fa
. _ (W

ot Y or ov

Note that here E(r, t) and B(r, t) consist of the contribu-
tions of the external fields plus that of the averaged inter-
nal fields originating from the long-range inter-particle in-
teractions. The right-hand side represents the effect of an
unspecified collision term which should model the short-
range inter-particle interactions, or ’collisions’. These are
the large-angle Coulomb collisions resulting from the cu-
mulation of the many small-angle velocity changes. A
first important objective of kinetic theory is to distinguish
between different (long- and short-range) interactions and
binary collisions and to determine on what ranges they
are valid, yielding different forms of this collision term.
One choice leads to the Landau collision integral (1936)
[7]. And when only the accumulated effects of the small-
angle collisions are taken into account, the above equa-
tion leads to the Fokker—Planck equation; and neglecting
all collisions, i.e. setting the RHS equal to zero, leads to
the Viasov equation (1938) [12]. Another choice leads to
the Landau collision integral (1936) [7].

+32 B4y xB).
Mq

3.2 Maxwell’s equations

In order to obtain a closed system of equations the Boltz-
mann equation (12) (or the Vlasov equation in case
collisions can be ignored) for the distribution functions
fa(r,v,t), are combined with Maxwell’s equations (13),
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determining the electric and magnetic fields E(r,¢) and
B(r,t), and providing expressions (14) for the charge and
current density source terms 7(r, t) and j(r,¢). In mksA
units these equations are given by:

B
VXE= —%—t (Faraday) ,
. 1O0E L _
VB =it 5 (Ampere’), ¢ = (copo) !,
V-E = r (Poisson) ,
€0
V-B =0 (no magnetic monopoles) .

13)
We have ignored polarisation and magnetisation effects,
ie.e = egand p = pg so that D = ¢E and H =
(o)~ 'B, since these effects are absorbed in the defini-
tions of charge and current density:

T= Z(y GaNa
(a=e,i). (14)

j = Za qaNa Vo

Here, n, and u,, are the particle density and the macro-
scopic velocity of particles of type a.

The charge and current density source terms 7(r, ¢) and
j(r,t) are related to the particle densities and the average
velocities:

na(r,t)z/fa(r,v,t) dv,

and 7(r,t) =Y qama, (15)
_ 1 ' 3,
wnlr.t) = s [fatevn o,
and j(r,t) =) ganala. (16)

This completes the microscopic equations.

Solving these kinetic equations in seven dimensions
(with the details of the single particle motions entering the
collision integrals) is a formidable task, even with the help
of present-day supercomputers. Hence, whenever possi-
ble, i.e. when the physical phenomenon that is studied al-
lows it, modelers will look for a macroscopic reduction.
Here, however, we will stick to the kinetic equations and
take up the challenge of solving them.



4 Moment reduction

Macroscopic equations, i.e. equations that do not involve
details of velocity space any more can be obtained by ex-
panding in a finite number of moments of the Boltzmann
equation (12). These moments are obtained by first mul-
tiplying the equation with a function x(v) and then inte-
grating over velocity space. The function x consists of
powers of the velocity:

zeroth moment;
first moment;
17)
, second moment;

>

and the procedure is truncated after a finite number (5,
10, 20...) of such moments. Clearly, taking moments
of the Boltsmann equation involves the moments of the
distribution function itself. For instance, the zeroth mo-
ment is associated with the particle density n,(r,t) and
the first moment is associated with the average velocity
(V)a = uq(r,t), defined above. This expansion in mo-
ments clearly needs to be truncated in order to be prac-
tical. A popular truncation occurs already after the five
moments (one scalar + one vector + one scalar) indicated
explicitly in Eq. (17). This truncation is justified in the
transport theory. Macroscopic variables (¢)q(r,t) gen-
erally appear as averages of some phase space function
g(r, v, t) over the velocity space, i.e.

(9)a(r,t) = ﬁrt) /g(r,v,t) falr,v,t)d3v.
’ (18)

Clearly, this definition assumes or requires that the distri-
bution functions f, decrease fast enough with v — oo in
order to yield a finite answer.

The systematic procedure of taking moments of the
Boltzmann equations also involves the determination of
the different moments of the collision term in the RHS.
The collision operator

Ofa
(W) coll

represents evolution of f, due to local collisions. It can
be decomposed in contributions C, 3 due to collisions of
particles « (e.g. electrons) with particles 5 (i.e. electrons

Ca, 19)
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as well as ions):

(20)

Co=>_ Cap.
B

So, e.g. C; is the sum of the intraspecies collision operator
Cii, which represents the effect of ion-ion collisions, and
the interspecies collision operator C;., which represents
the effect on the ions of ion-electron collisions. C, is
thus an operator which maps functions of velocity space,
fi(v) and f.(v), to a function of velocity space, Co (V).

The collision of course respect some constraints. For
instance, in the absence of fusion reactions, there is con-
servation of mass, i.e. the total number of particles «v at a
certain position does not change by collisions with parti-
cles f3:

/Caﬁdi‘vzo. @1
In a similar way, Cor'lservation of momentum yields
/vCu- dv=0, 22)
and A
/ [IVI[*(Ci + Ce) d*v = 0; 23)
while conservation of energy yields
/VC',;,; v =0, (24)
and
/HV||2(071 +C)d*v=0. 5)

More details of the derivation of these expressions and
on the procedure in general can be found in Goedbloed
and Poedts [1]. In order to give an idea of the proce-
dure, we will here only derive the lowest moment equa-
tion, which describes mass conservation.

As mentioned above, the zeroth moment is obtained by
integrating the Boltzmann equation (Eq. (12)) over veloc-
ity space. Doing this term by term, we get subsequently:

Ofa _ 0Ong
ot

Ofa 5 _
/V‘def

d*v

o (def.(15)),

V - (nqug) (def. (16)),



(E+va).%d% 0 (int. by parts),

(/'sz
M
/Ca d*v

The continuity equation for particles of species « is ob-
tained by adding these four expressions, yielding

Mg,

ot

Similarly, the first moment of the Boltzmann equation is
obtained by multiplying it with m, v and integrating this
expression over the velocities. This yields the momentum
equation:

0

ot

0 (summing Eq. (21)).

+ V- (neuy) =0. (26)

(namaug) + V- (nama (vv)a) —qana(E+u, xB)

=/Cﬂ5mavd3v.

The scalar second moment of Eq. (12) is then obtained
by multiplying with %mav2 and integrating over velocity
space. This yields the energy equation:

@7

%(na%ma<v2>a) 4V (naéma@zv)a) —ganoE-u,

= /Cmq%ma’UZ dv. (28)
See [1] for the explicit steps in the derivation of these
equations.

This chain of moment equations can be continued in-
definitely. Notice that each moment introduces a new un-
known whose temporal evolution is described by the next
moment of the Boltzmann equation. However, the infi-
nite chain must be truncated to be useful. In fluid theories
truncation is just after the above five moments: the conti-
nuity equation (26) (scalar), the momentum equation (27)
(vector), and the energy equation (28) (scalar), by mak-
ing additional assumptions. In (very) broad outlines, the
procedure can be summarized as follows:

(a) First, split the particle velocity v into an average part
u,, and a random part v, i.e.

Vo =V —1Uu,, where (Vo)=0. 29)

In this way thermal quantities can be defined, like

(temperature) , (30)
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Pa(ra t) =NaMy <‘7a‘~’o¢> = pal + Ta,

D = N kT (stress tensor),(31)

ho(r,t) = dname (327a) (32)

(heat flow) ,

R (r,t) =M [CopVad®v (momentum transfer) (33)

Qalr,t)= %ma / Cop 02 d®v  (heat transfer) .(34)

Note that in this notation | is the unit tensor, i.e. 7, rep-
resents the off-diagonal terms of the pressure tensor P.
For instance, the Maxwell distribution for thermal equi-

librium:
3/2 oy
Ma U,
) exp (f ShT ) 35)

is consistent with these definitions and makes the LHS of
the Boltzmann equation (12) vanish. This means that the
collision term on the RHS should vanish too, i.e. when the
two distributions have equal average velocities (u. = u;)
and temperatures (7, = 7;). The deviations from this
thermal equilibrium and the way in which collisions cause
relaxation to thermal equilibrium, is what plasma kinetic
theory is concerned with (Braginskii [4]).

Ma
2kT,,

o r,v,t) = na<

(b) The temperature evolution equation is then trans-
formed into a pressure evolution equation by introducing
the ratio of specific heats, v = C,,/C, = 5/3. The re-
sulting equations for n,, u,, and p, then appear rather
macroscopic, but still hide unsolved kinetic dependences
involving higher order moments and variables which in-
volve the unspecified collision operator.

(c) The obtained truncated set of moment equations is
then finally closed by exploiting the transport coefficients
derived by transport theory (Braginskii [4], Balescu [2]),
which concerns the deviations from local thermodynamic
equilibrium, expressed by Eq. (35). In this theory the dis-
tribution functions are developed in powers of a small pa-
rameter measuring these deviations. This results in trans-
port coefficients, determining relations between the ther-
mal quantities defined in Eqs. (30)—(34) and the gradients
of the macroscopic quantities. The second objective of ki-
netic theory is to provide these coefficients, which is again
a formidable task.



Following [1], we will now present an application of
the two-fluid description (Section 5). It will be highly
simplified in the sense that most of the complicated terms
discussed above do not occur. Yet, this simple application
illustrates a very important basic physical mechanism at
work, namely collective electrostatic oscillations. After
that, we will return to the kinetic description in terms of
distribution functions and discuss how velocity space ef-
fects lead to Landau damping, a surprising kinetic phe-
nomenon (Section 6).

5 Collective phenomena: plasma os-
cillations

Chen [6] defines a plasma as a quasi-neutral gas of
charged and neutral particles which exhibits collective
behaviour. The typical size of a region in the plasma over
which charge imbalance due to thermal fluctuations may
occur, is the Debye length. In the present section, we will
extend these electric field concepts. We will first study
perturbations of quasi-neutrality in a cold plasma by typi-
cal plasma oscillations which are called Langmuir waves
(1929) '. We then study how these oscillations are af-
fected by finite temperatures; first by including a finite
pressure, next by taking into account velocity space ef-
fects by applying the kinetic equations, which will lead to
the concept of Landau damping.

5.1 Cold plasma oscillations

We start by considering a highly simplified case, viz. that
of a cold plasma in the absence of a magnetic field (B =
0). In other words, all thermal effects are neglected (P,
h.., R, and @, vanish). As a result, all the complicated
terms in the equations of motion vanish and the energy
equations can be dropped. For cold plasma oscillations
we thus just need to consider the continuity equations,

O,

o TV (nata) =0 (@=ei),  (6)
and the simplified (B = 0) momentum equations,
M (dgf“ V) =B (@=ei. (7)

'named after the author who also introduced the term ‘plasma’ in

1923
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The Poisson equation (13)(c) then enables us to deter-
mine the electric field in a self-consist manner, where the
charge density is obtained from Eq. (14)(a):

V-E:l:E(menu).

€0 €0

(3%

Remark that these equations form a complete set for the
variables 7. ;(r, t), ue;(r, t), and E(r, t) which describe
the problem of electrostatic oscillations.

One of the most fundamental properties of plasmas is
that they maintain approximate charge neutrality. As a
matter of fact, charge imbalances on a macroscopic scale
L would create huge electric fields (E ~ 7L/¢p) which
would accelerate the electrons and thus neutralise these
imbalances extremely fast. As a result, the plasma main-
tains almost perfect charge neutrality.

Charge imbalances do occur, however, on a finer time
and length scale, viz. in the form of typical oscillations.
For these plasma oscillations, we can consider the heavy
ions (m; > m,) as a fixed (u; = 0) neutralising back-
ground in which only the light electrons move (u. # 0).
When a small region inside the plasma is then perturbed,
by displacing the electrons in that region, the charge neu-
trality is disturbed (n. # Zn;). The problem is then com-
pletely determined by the electron variables (the two ion
equations (36) and (37) for « = ¢ may be dropped):

ne &~ ng +ny(r,t),

(39)
u, &~ u; (I‘, t) }
whereas the ion variables simplify to
n; ~ ng/Z = const, w; ~0. (40)

Here, the subscripts 0 and 1 refer to the constant back-
ground and the (small) perturbations, respectively. The
small density perturbation |ni(r,t)| < ng occurs in a
small region of the plasma. We can thus linearize the
equations, i.e. we can neglect terms involving products
of perturbations since these are much smaller than the lin-
ear terms. As a result, the small electric field E; that is
created is proportional to n; and creates a small electron
flow velocity u; , which is also proportional to n;.

A complete set of equations is thus obtained, consisting
of the linearized electron density equation (36), the mo-
mentum equation (37) (both with o = e), and the Poisson



equation (38):

19}
%‘i‘ﬂgV'ul :0,
ou
mea—tlzfeEh @1
V'Elzﬁz—iny
€0 €0

Eliminating u; and E; then yields a single wave equation

for nq:

02711
ot?

Tlgez

ni. (42)

e

5.2 Plasma frequency and Debye length

The solutions of the wave equation (42) can be written
in the form nq(r,t) = 71 (r) exp(—iwt). They represent
plasma oscillations, which are electron density oscilla-
tions with a characteristic frequency, called the electron
plasma frequency:

nge?

w = twpe, 43)

Wpe = com.
This frequency is one of the fundamental parameters of
a plasma and is usually very high (because m, is very
small). It provides a diagnostic for the determination
of the plasma density since it depends only the plasma
density. In tokamak plasmas, a typical density ng
1020 m~3 gives

wpe = 5.7 x 10" rads™  (L.e. 91 GHz),

which is of the same order of magnitude as the electron
cyclotron frequency for tokamaks with very strong mag-
netic fields (B ~ 3T).

Remark that in cold plasma theory the spatial form of
the amplitude 74 (r) of the plasma oscillations is not de-
termined. This is different for ‘warm’ plasmas, where de-
viations from charge neutrality due to thermal fluctuations
occur in small regions of a size of the order of the Debye
length
eokpTe  Vthe

nge? V2Wwpe |
Note that we here indicate the Boltzmann constant with a
subscript, kg, to distinguish it from the wave number k of

)\DE

(44)
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the waves that now enters the analysis. For thermonuclear
plasmas, with 7' = 10keV, vy = 5.9 x 10"ms™1,
wpe = 5.7 x 101 rads™! gives

Ap =7.4x107°m ~ 0.07mm,

i.e. the Debye length is of the order of the electron gyro-
radius ..

5.3 (Finite pressure) Plasma oscillations

In warm plasmas, the frequency of the plasma oscilla-
tions becomes dependent on the wavelength because of
the above-mentioned thermal fluctuations. The thermal
contributions may be computed by means of the two-fluid
equations for an unmagnetised plasma (B = 0), assum-
ing an isotropic pressure and neglecting heat transport and
collisions. Assuming immobile ions again and linearising
these equations for the electrons, like we did before for a
cold plasma, we now get a modified eigenvalue problem
where the pressure py = nokpTp, i.e. the temperature, of
the background plasma enters:

any

W+n0V~u1=0, 45)
ngme% + Vp1 = —engEq, (46)
0,

P peV oy =0, 4N
ot

V- -E; :—Lnl. (48)

€0

Assuming plane waves in the x-direction, and ignoring
spatial dependencies in the y- and z-directions,

i(kz—wt)

ni(z,t) = nye (49)
(and similar expressions for uy, p1, E;), the gradients
V — ike, and the time derivatives /0t — —iw, so that
Eqs. (45)—(48) become an algebraic system of equations
for the amplitudes 71, 01, p1, and E;. The dispersion
equation is obtained from the determinant and reads

w? = wZ (1 +yk*\D) . (50)
Notice that here, since the oscillations are one-
dimensional, we should exploit the value 3 (see
Chen [6], Chapter 4). Remark that the (c)old result (43)



is recovered for long wavelengths, where kz)\QD < 1, but
there is a large effect now on the oscillations for wave-
lengths of the order of or smaller than the Debye length.
However, However, this thermal correction of the depen-
dence of w on k turns out to be incomplete as misses the
damping obtained in the proper kinetic derivation. We
will discuss this briefly in the next section.

6 Collective phenomena: Landau

damping

Following Goedbloed and Poedts [1], we remark that a
more refined analysis of longitudinal plasma oscillations
for ‘warm’ plasmas should take velocity space effects
into account, exploiting the Vlasov, or collisionless Boltz-
mann, equation (12) (with vanishing RHS) for the per-
turbations fy(r, v, t) of the electron distribution function.
Considering again plane wave solutions ~ expi(k - r —
wt), one immediately runs into a mathematical problem:

ot or

=—ilw-k-v)f1 = (51)

e
T e B ov’
so that inversion of the operator 9/9t + v - 9/0r, to ex-
press f1 in terms of E;, leads to singularities for every
w — k- v = 0. Landau (1946) [8] performed a proper
treatment of the related initial value problem, and showed
that these singularities give rise to damping of the plasma
oscillations, now called Landau damping. Since there is
no dissipation as we are considering a purely collisionless
medium here, this is a surprising phenomenon! Twenty
years later, Malmberg and Wharton [9] verified the phe-
nomenon of Landau damping experimentally. In fact,
later (1968) these authors also demonstrated that the in-
formation contained in the initial signal may be recovered
by means of plasma wave echos, i.e. it is not lost.

Van Kampen (1955) [10, 11] considered a complemen-
tary approach to the electrostatic plasma oscillations by
means of a normal mode analysis. In this approach, the
singularities w — k - v 0 lead to a continuous spec-
trum of singular, d-function type, modes (the Van Kam-
pen modes), which constitute a complete set of ‘improper’
eigenmodes for this system. Damping occurs because of
phase mixing, a package of those modes rapidly loses its
spatial phase coherence.
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6.1 Landaus solution of the initial value
problem

For a more careful analysis, which is beyond the level
of this introductory chapter, we refer to Goedbloed and
Poedts [1].

Landau’s careful study of the initial value problem of
electrostatic plasma oscillations shows that there is an im-
portant contribution of the singularities v = v,y = w /k
where the particles are in resonance with the phase veloc-
ity of the waves. For a Maxwell distribution, the solution
of the dispersion equation (obtained by Landau) for long
wavelengths (kAp < 1) is given by

w R wpﬁ{l + 31203

3
2

- L)
—iy/F (kAp) 2 T2 (e } . (52)

where the imaginary part represents damping of the
waves. For long wavelengths, this damping is exponen-
tially small. For short wavelengths (kAp ~ 1), the damp-
ing becomes very strong so that wave motion with wave-
lengths smaller than the Debye length becomes impossi-
ble.

7 From Kinetic theory to fluid de-
scription

In this section we come back to the text of Goedbloed
and Poedts [1]. We have seen that kinetic theory involves
the detailed evolution of the distribution functions on very
short length and time scales, such as the Debye length Ap
and the plasma frequency wy.. The development of the
fluid picture of plasmas from the kinetic theory involves
three major steps, illustrated in Fig. 2:

(a) Collisionality The formulation of the lowest mo-
ments (26)—(28) of the Boltzmann equation in Section 4
and the transport closure relations mentioned there, was
the first step, yielding a system of two-fluid equations in
terms of the ten variables n. ;, Uc ;, 1. ;. To establish the
two fluids, the electrons and ions must undergo frequent
collisions:

S T [>>Te], (53)



frequent collisions

Kinetic theory

Two-fluid theory

large scales

I
3
I
13
— -

= ( slow dissipation

Figure 2: Different theoretical plasma models and
their connections.

with 7y the time scale on which the hydrodynamic de-
scription is valid, while 7. and 7; indicate the collisional
relaxation times of the electrons and ions respectively.

(b) Macroscopic scales Since the two-fluid equations
still involves the small length and time scales of the funda-
mental phenomena we have encountered, viz. the plasma
frequency wy., the cyclotron frequencies €2, ;, the Debye
length Ap, and the cyclotron radii R, ;, the essential sec-
ond step towards the magnetohydrodynamics (MHD) de-
scription of plasmas is to consider large length and time
scales:

AMED ~ @ > Ry, TMHD ~ afva > Q7. (54)

Hence,the larger the magnetic field strength, the more
easy these conditions are satisfied. On these scales, the
plasma is considered as a single conducting fluid without
distinguishing its individual species.

(c) Ideal fluids The third and final step is to consider
the plasma dynamics on time scales faster than the slow
dissipation connected with the decay of the macroscopic
variables, in particular the resistive decay of the magnetic
field:

T™MHD <K TR ~ az/n. (55)

0]

This condition is well satisfied for the relatively small
sizes of fusion machines, and very easily for the huge
sizes of astrophysical plasmas, and leads to the model of
ideal MHD.

References
[1] J.P. Goedbloed and S. Poedts: “Principles of Magnetohydrody-

namics: with applications to laboratory and astrophysical plas-

mas”, Cambridge University Press, 2004.

[2] R. Balescu, Transport Processes in Plasmas; Vol. 1: Classical

Transport Theory, Vol. 2: Neoclassical Transport (Amsterdam,

North Holland, 1988).

[3

J. A. Bittencourt, Fundamentals of Plasma Physics (New York,
Pergamon Press, 1986); 2nd edition (Brazil, Foundation of the
State of Sao Paulo for the Support of Research, 1995).

[4

S. I. Braginskii, ‘Transport processes in a plasma’, in Reviews of
Plasma Physics, Vol. 1, ed. M. A. Leontovich (New York, Con-
sultants Bureau, 1965), pp. 205-311.

H. Goldstein, Classical Mechanics, 2nd edition (Reading, Addi-
son Wesley, 1980).

[5

[6] F. C. Chen, Introduction to Plasma Physics and Controlled Fu-
sion, Vol. I: Plasma Physics, 2nd edition (New York, Plenum

Press, 1984).

[7]1 L. D. Landau, ‘The transport equation in the case of Coulomb
interactions’, J. Exp. Theor. Phys. USSR 7 (1937), 203. [ Transl.:
Phys. Z. Sowjet. 10 (1936), 154; or Collected Papers of L. D. Lan-
dau, ed. D. ter Haar (Oxford, Pergamom Press, 1965) pp. 163—

170.]

L. D. Landau, ‘On the vibrations of the electronic plasma’, J.
Phys. USSR 10 (1946), 25. [ Transl.: JETP 16 (1946), 574; or
Collected Papers of L.D. Landau, ed. D. ter Haar (Oxford, Perg-
amom Press, 1965) pp. 445-460. ]

[8]

9

J. H. Malmberg and C. B. Wharton, ‘Dispersion of electron
plasma waves’, Phys. Rev. Lett. 17 (1966), 175-178.

J. H. Malmberg, C. B. Wharton, R. W. Gould and T. M. O’Neil,
‘Observation of plasma wave echos’, Phys. Fluids 11 (1968),
1147-1153.

[10] N. G. van Kampen, ‘On the theory of stationary waves in plas-

mas’, Physica 21 (1955), 949-963.

N. G. van Kampen and B. U. Felderhof, Theoretical Methods
in Plasma Physics (Amsterdam, North-Holland Publishing Com-
pany, 1967).

<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>