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EN BREF 

• En 2003, les Etats-Unis, la Chine et la Corée du Sud se sont joints au projet ITER, alors 
que le Canada s'en est retiré; avec la Russie, le Japon et l'Union européenne, le projet 
compte donc maintenant six partenaires. 

• A fin 2003, deux sites restaient en compétition pour la construction d'ITER: Cadarache en 
Provence et Rokkasho-mura dans la partie nord de l'île principale du Japon. 

• Le 24 juin 2003, le professeur Minh Quang Tran de l'Ecole polytechnique fédérale de 
Lausanne (EPFL) a été nommé EFDA Leader, c'est-à-dire chef du programme fusion 
européen, tâche qu'il partage avec celle de directeur du Centre de recherche en physique 
des plasmas (CRPP) de l'EPFL. 

• Le 16 décembre 2003, le Conseil fédéral suisse a adopté la prolongation du Contrat 
d'association Suisse-EURATOM jusqu'au 31 décembre 2005. 

• Au CRPP de l'EPFL, l'année 2003 a vu la mise en service d'une nouvelle installation de 
recherche sur les plasmas, TORPEX; elle sera utilisée avant tout pour étudier les 
phénomènes de turbulence et de transports anormaux dans les plasmas toroïdaux. 

• Au bénéfice d'une prolongation de son contrat avec l'Office fédéral de l'énergie (OFEN), 
accordée en juillet 2003, le groupe du professeur Oelhafen (Institut de physique de 
l'Université de Bâle) a renoué le contact avec le centre de recherche de Jülich (Allemagne) 
et son tokamak TEXTOR; cette collaboration, qui s'inscrit dans le cadre d'un 
Implementing Agreement de l'Agence internationale de l'énergie, se consacre à l'étude des 
modifications de surface consécutives à l'exposition au plasma.  
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KURZER ÜBERBLICK 

• Die Vereinigten Staaten, China und Südkorea beschlossen 2003, dem ITER-Projekt 
beizutreten, während sich Kanada zurückzog; zusammen mit Russland, Japan und der 
Europäischen Union zählt das Projekt jetzt sechs Partner. 

• Ende 2003 waren nur noch zwei Kandidaten als Standorte für ITER im Rennen: 
Cadarache in der Provence und Rokkasho-mura im nördlichen Teil der Hauptinsel Japans. 

• Am 24. Juni 2003 wurde Professor Minh Quang Tran der Eidgenössischen Technischen 
Hochschule in Lausanne (EPFL) zum Chef des europäischen Fusionsprogramms (EFDA 
Leader) ernannt; er bleibt aber weiterhin Direktor des Forschungszentrums für 
Plasmaphysik (CRPP) der EPFL. 

• Am 16. Dezember 2003 genehmigte der Schweizer Bundesrat eine Verlängerung des 
Assoziationsabkommens zwischen der Schweiz und EURATOM bis 31. Dezember 2005. 

• Das CRPP der EPFL nahm 2003 eine neue Plasmaforschungsanlage TORPEX in Betrieb; 
sie dient vor allem der Untersuchung von Turbulenzen und abnormen 
Transportphänomenen in einem toroidalen Plasma.  

• Dank einem im Juli 2003 verlängerten Forschungsauftrag mit dem Bundesamt für Energie 
(BFE) konnte die Forschungsgruppe von Professor Peter Oelhafen am Institut für Physik 
der Universität Basel den Kontakt mit dem Forschungszentrum Jülich (Deutschland) und 
dessen Grossanlage TEXTOR wieder aufnehmen; die in Rahmen eines Implementing 
Agreement der Internationalen Energieagentur durchgeführte Zusammenarbeit untersucht 
Veränderungen in Oberflächen, welche dem Plasma ausgesetzt sind.  

 8



IN SHORT 

• China, South Korea and the United States joined the ITER project in 2003, while Canada 
withdrew; together with Russia, Japan and the European Union, the project now has six 
partners. 

• At the end of 2003 two site proposals for ITER were still in competition: Cadarache in 
Southern France and Rokkasho-mura in the northern part of the main island of Japan. 

• On 24 June 2003, Prof. Minh Quang Tran of the Swiss Federal Institute of Technology in 
Lausanne (EPFL) was appointed head of the European fusion programme (EFDA Leader); 
he will share his time between his new duty and that of director of the EPFL Plasma 
Physics Research Centre (CRPP). 

• On 16 December 2003 the Swiss Federal Council approved an extension of the Contract 
of Association between Switzerland and EURATOM until 31 December 2005. 

• A new plasma research facility, TORPEX, went into operation in 2003 at the CRPP; it 
will be used primarily to study turbulence and anomalous transport phenomena in toroidal 
plasmas. 

• In July 2003 the Federal Office of Energy (OFEN) extended the research contract of the 
group of Prof. Oelhafen at the Institute of Physics of the University of Basle; under the 
new contract, co-operation has been reinitiated with the Research Centre Jülich in 
Germany; in the framework of an Implementing Agreement of the International Energy 
Agency, the aim of the co-operation is to study in the tokamak TEXTOR surface changes 
resulting from exposure to plasma. 
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FOREWORD 

In the field of controlled thermonuclear fusion research, 2003 will be remembered as the year 
during which negotiations to select the site of the next large research facility, ITER, went into 
a decisive phase but failed to reach a final agreement. After several months of uncertainty, the 
European Union (EU) eventually decided in November to propose a unique site and selected 
Cadarache in France. At the end of the year, the European proposal was in competition 
against the Japanese proposal, and no agreement was in sight. The heated debate around the 
ITER site selection emphasises the importance of the project and its many challenges. This is 
the reason why chapter 1 of this report attempts to give, for the lay reader, a broad outline of 
the project and of its significance within the wider field of thermonuclear fusion research.  

This is followed by a review of the significant events of last year in the world of fusion 
research (chapter 2) with an emphasis placed again on ITER and on the EURATOM fusion 
programme. Chapter 3 then summarises the noteworthy events in Switzerland in 2003 and 
the report closes with the usual list of contacts for the interested readers who wish to have 
more information. 

Under the title « Where Do We Stand? », last year's report devoted several pages to an 
overview of the current situation in fusion research. For the benefit of the reader who gets 
only episodic exposure to this field, an updated version of the executive summary of last 
year's overview is given in annex 1 of the present report1. Furthermore, two new annexes 
have been added. Annex 2 describes in some details the scientific and technical highlights of 
the work performed in 2003 at the CRPP of the EPFL, whereas annex 3 reports on results 
obtained at the Physics Institute of the University of Basle. Both annexes are for the benefit of 
the technically and scientifically versed reader, and brief summaries of them are given in the 
main body of the report (chapter 3). 

As usual, the author is indebted to Prof. Minh Quang Tran, Director of the Plasma Physics 
Research Centre, Swiss Federal Institute of Technology in Lausanne, and to Prof. Peter 
Oelhafen, Institute of Physics of the University of Basle, for most of the information of 
chapter 3, for the reports given in annex 2 and 3, and for the figure on the cover. 

 Dr. Jean-François Conscience 
 Federal Office for Education and Science 

                                                 
1 For the readers who understand French an excellent and concise booklet on fusion was published in 2003 in the 
well known series Que sais-je?: Joseph Weisse, La fusion nucléaire, Presses Universitaires de France, Paris, 
2003 (127 pages; ISBN 2 13 053309 4). 
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CHAPTER 1 

ITER 

An essential milestone on the road to fusion electricity 
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Introduction 
Proposed almost 20 years ago by Ronald Reagan and Mikhaïl Gorbatchev at the 1985 Geneva 
Summit, the ITER project led to a first concept finalised in 1998 which foresaw a 8'000 
million € facility capable of achieving ignition, that is a burning plasma producing enough 
energy to sustain fusion reactions without external power input. The United States, then, for a 
combination of scientific, political and financial reasons, decided to withdraw from the 
project, and the remaining partners (Japan, Russian Federation and European Union) launched 
a new EDA (Engineering Design Activities) phase which was concluded in July 2001. The 
scaled down project now proposes to build ITER for somewhat more than half the price of the 
initial concept. The revised machine will not reach ignition, but it will lead to the production 
of a ten fold excess of energy for up to several minutes. Furthermore, the facility will provide 
for ample testing of critical components for a future demonstration power plant referred to as 
DEMO. 

Initially, ITER stood for International Thermonuclear Experimental Reactor, the scaled down 
project was originally referred to as ITER-FEAT (for Fusion Energy Amplification Tokamak), 
now it is simply the Way ("iter" in Latin) to go in order to harvest eventually fusion energy. 
Its design already represents a remarkable scientific achievement. The outcome of a 12-year 
long collaboration between hundreds of scientists from universities, research institutes and 
industries around the world, it draws heavily from the results obtained over the last 30 years 
in a number of research facilities, such as JET (Joint European Torus), JT-60 in Japan and 
DIII-D in the US, to name only the largest and most recent ones. Furthermore, many of its 
sophisticated components (such as superconducting coils) have already been developed by 
industry and tested to the point of being ready for industrial production. The result is the first 
complete design of a fusion device of conventional power station size, based on well-
established physics and proven technology. It is much more than a conceptual design 
requiring further development: it is a detailed plan ready for implementation. All in all, ITER 
is the largest worldwide international research project after the International Space Station. Its 
construction and exploitation, wherever it is located, will require unprecedented coordination 
between fusion laboratories and industries around the world.  

The following pages give a brief outline of the ITER project. More information is available on 
the ITER WWW site: www.iter.org. 

Basic fusion physics 
When light nuclei, such as hydrogen and its isotopes, deuterium and tritium, fuse together, the 
total mass of the resulting particles (helium nuclei and neutrons) is slightly lower than that of 
the initial nuclei. The lost mass is converted into energy according to Einstein's equation 
E = mc2. Because c is the speed of light in vacuum (approximately 300'000 km/sec), c2 is a 
huge number, and this explains why minute mass losses, as they occur during fusion 
reactions, generate enormous amounts of energy. In the Universe, such reactions allow stars – 
even those of moderate size, like our Sun – to radiate a lot of energy for very long periods of 
time. On Earth, this means that a given amount of fusion energy, compared to all other energy 
sources, could be produced with much less fuel. Thus, to produce 1000 MW of electricity 
(Leibstadt and Gösgen are nuclear plants with power outputs in that range) during 24 hours, a 
fusion power plant would need less that 1 kg of deuterium and less than 10 kg of lithium 
(from which tritium is generated by neutron-induced transmutation in the reactor wall). A 
comparable performance requires 500 kg of uranium, or 5000 metric tons of oil, or 1000 
metric tons of coal in nuclear, oil fired and coal fired plants, respectively. To put it in another 
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way, fusing 1 gr of a deuterium/tritium mixture leads to a weight reduction of 1/300 gr and 
releases a much energy as burning 8 tons of petroleum. Under these conditions, it is not 
surprising that 1 litre of sea water is equivalent, in terms of the energy the deuterium it 
contains can release through fusion reactions, to 300 litres of petroleum. As both deuterium 
(in water) and lithium (in rocks) are widespread and abundant on Earth, fusion power is in 
many ways the ultimate energy source, capable of providing essentially unlimited amounts of 
energy for ever. 

However, nuclear fusion requires highly unusual physical conditions to overcome the strong 
electrostatic repulsion between positively charged nuclei and bring them close enough 
together to fuse. Thus, achieving fusion on Earth is a formidable challenge. Two approaches 
are currently under investigation. In so-called inertial fusion, small pellets of deuterium and 
tritium are subjected to enormous pressures and high temperatures, using batteries of powerful 
laser beams or other sources of electromagnetic radiations2. In thermonuclear fusion, small 
amounts of tritium and deuterium gas are heated in a vacuum to such high temperatures (of 
the order of 100 million degrees) that the atomic nuclei are stripped of their electrons, creating 
a plasma (a mixture of free electrons and nuclear ions) in which the kinetic energy of the 
nuclear ions is high enough for them to collide and fuse. 

Most current concepts, such as those that will be tested in ITER, rely on a thermonuclear 
approach and aim at bringing deuterium and tritium nuclei to fuse, because this is the reaction 
that can most readily be initiated. The fusion of a nucleus of deuterium with a nucleus of 
tritium produces a nucleus of helium and a neutron. If the kinetic energy of the fusing nuclei 
is given a value of 1 unit for each, or 2 for both, the total kinetic energy of the products is 177 
units, which corresponds to an energy gain close to 200. Of the output energy, 37 units are 
carried away by the helium nucleus and 140 units by the neutron. The kinetic energy of the 
helium nuclei is dissipated through collisions with the other ions in the reaction chamber and 
contributes in this way to heating the plasma (so-called α heating). The energy of the neutrons 
is absorbed by the reactor walls as these particles get slowed down in the so-called "blanket" 
(see below). The resulting heat can be harvested and converted into electricity using 
technologies that are commonplace today in nuclear or thermal power plants. 

The "Holy Grail" of thermonuclear research is "ignition", a situation in which the amount of 
energy carried away by the helium ions is sufficient to keep fusion reactions going without 
external power supply. For a temperature of 100 million degrees, the ignition conditions are 
given by the formula: nτ > 1020 /m3/sec, where n is the density in number of particles per m3 
and τ is the cooling time of the plasma in seconds. These conditions also dictate a minimal 
power output (1000 MW) under which ignition is not possible, and this, in turn, imposes 
constraints on the size of the machine. Thus, in spite of its impressive dimensions, ITER will 
"only" produce 500 MW of power and will not achieve ignition. However, ignition is not a 
prerequisite to harvest electricity from a fusion reactor. It suffices for the latter to produce a 
large excess of energy, compared to the power that needs to be supplied in order to keep the 
fusion reactions going. The critical value here is the so-called Q ratio, that is the ratio between 
thermal fusion energy produced and external input heating. For a power plant, a Q of a least 
40 is needed, a value which ITER, with a Q of 10, will approach.  
                                                 
2 Inertial fusion has been a mainstay of military research as it is also an approach to model hydrogen bomb 
explosions. As a way to produce fusion electricity, it is far less advanced that thermonuclear fusion and few 
countries have research activities in this field. The interested reader can consult the following web site: 
www.llnl.gov/nif/. In addition, a book on inertial fusion has been published by the International Atomic Energy 
Agency: Energy From Inertial Fusion, IAEA, Vienna, 1995. 

 16



Basic fusion technology 
One of the greatest challenges in thermonuclear fusion is plasma confinement. Since 
temperature of the order of 100 million degrees are required for fusion reactions to take place, 
no material confinement is possible. In fact, even the slightest contact with the walls of the 
reaction chamber must be avoided, as it would immediately and drastically lower the plasma 
temperature (leading to a very short τ) and, thus, prevent a net excess of power from ever 
being produced. The solution to the problem is to build an immaterial reaction vessel through 
magnetic fields, the so-called magnetic confinement. Several ways to do this are being 
investigated, but the most advanced concept is that of the tokamak3. Briefly, a tokamak is a 
doughnut shaped chamber (a torus) with a cross section profile similar to the letter D and 
equipped with two sets of magnets. The toroidal coils are wrapped vertically around the 
chamber at regular intervals along its circumference. They induce a constant magnetic field 
which is primarily responsible for confining the plasma. The poloidal coils encircle 
horizontally at various height levels the whole reaction chamber. Together with a central 
solenoid coil (in the hole of the "doughnut"), they create variable magnetic fields which are 
responsible for inducing a net electrical current in the plasma and for controlling its position 
(see fig. 1, next page). 

The second major challenge in thermonuclear fusion is heating the plasma to the very high 
temperatures required for nuclear fusion to take place. Three approaches are used, often in 
combination. Firstly, the net electrical current induced by the poloidal magnetic field 
contributes to heating through a simple ohmic effect (conversion of electricity into heat as the 
current flow encounters resistance). Secondly, neutral particles (typically deuterium or tritium 
atoms), accelerated to very high velocities, are injected into the plasma; through collisions, 
they transmit their kinetic energy to the nuclear ions and, thus, raise the plasma temperature. 
Thirdly, by means of specially designed antennas, electromagnetic – also called RF (radio 
frequency) – waves can be injected into the plasma and, by selecting the appropriate 
resonance frequencies, used to heat either the electrons (100 GHz) or the nuclear ions (30-100 
MHz); this is the so-called cyclotron resonance heating system. RF heating can also be 
performed using waves at another characteristic frequency of the plasma, the so-called "lower 
hybrid frequency" at around 5 to 6 GHz. 

Finally, even with appropriate magnetic confinement of the hot plasma, the walls of the 
reaction chamber are submitted to large temperature variations and to intense neutron 
irradiation. It is therefore a further challenge to develop adequate materials which can 
withstand these conditions over long periods of time without major alteration of their physical 
properties and without being transmuted into long lived radioactive isotopes. For the same 
reasons, telemanipulation is also a technical challenge of fusion technology, as shirt sleeve 
interventions inside the reaction chamber are out of question.  

                                                 
3 The word "tokamak" is an abbreviation of the Russian phrase "toroidalnya kamera magnitnaya katuska" which 
means literally: toroidal chamber magnetic coils. 
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Fig. 1: A schematic view of the right side of the ITER tokamak 
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The design of ITER 
Fig. 1 (preceding page) is a schematic representation of the right half of the ITER tokamak 
(see also the overall view on the cover of this report). The central torus has a radius of 6.2 m 
(measured at the centre of the vacuum or reaction chamber) and is braced by 18 toroidal coils 
to create a 5 Tesla plasma-confining magnetic field. Each of these magnets, together with its 
supporting structure, weighs 300 metric tons. In addition, six poloidal coils and a central 
solenoid coil induce a 15 mA current in the plasma. All magnets are superconducting at liquid 
helium (-270°C) temperature and, for isolation purposes, the whole machine is enclosed in a 
cylindrical evacuated vessel, the cryostat, 24 m high and with a diameter of 30 m. The total 
volume of the plasma is close to 850 m3 but its weight is only about 1 gram since it has a 
density of only one millionth that of air. In other words, in the thermonuclear approach, fusion 
reactions take place in a vacuum with very little deuterium and tritium present in the reactor at 
any one time, and this in turn is an important safety feature of fusion reactors. 

ITER will exploit all three approaches to heat the plasma: ohmic resistance, neutral particle 
injection and RF waves heating. In summary, ITER design can be regarded as a model for 
future tokamak-based fusion power plants, with slightly reduced dimensions and lower power 
level, but with a wide operating flexibility in order to study operational modes of future 
reactors. 

Therefore, diagnostic tools are an essential part of ITER design. They are aimed to assess 
three groups of parameters: (1) basic machine operation and control (plasma shape and 
position, plasma current, gas pressure, electron density, fusion power, surface temperature, 
etc.); (2) advanced control (electron temperature profile, ion temperature profile, radiation 
power profile, helium density profile, etc.); (3) additional measurements for performance 
evaluation and physics. The development of the corresponding technologies is not the least 
challenging part of ITER design and construction. The multiplicity of diagnostic tools is also 
one of the main reasons why access to the reaction chamber through telemanipulation during 
operation and shutdowns is essential. 

ITER performances and objectives 
As already stated, ITER will not achieve ignition, but it will produce about 500 MW of 
thermal power for sustained pulses of 300 to 500 seconds. This represents roughly a 10-fold 
excess over the energy that will be supplied to the machine (Q = 10). Other operating modes 
with lower power outputs will result in steady state operation conditions. In this way, ITER 
will meet its first objective which is to produce a burning plasma of sustained duration. This 
will allow, in particular, to study heat exchange processes in the blanket (see below), helium 
evacuation and deuterium injection. 

Tritium is a radioactive isotope of hydrogen with a short half-life (12.5 years). Therefore, it 
does not exist on Earth in significant amounts. However, it can be easily produced by neutron 
irradiation of lithium. Thus, the current concept of fusion reactors is to include lithium 
compounds in the inner wall of the reaction chamber (the so-called blanket), in which the 
energetic neutrons coming from the fusion reactions are being absorbed. In ITER, fusion 
reactions will be initiated primarily by injection of exogenous tritium, but the facility will be 
an ideal test bed for various blanket designs. Indeed, a second important objective of ITER is 
to allow a precise definition of the type of tritium-generating blanket that will be used in the 
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first prototype power plant DEMO. Here, too, telemanipulation capability is essential in order 
to exchange blanket tiles to be tested inside the reaction chamber. 

A third objective is to assess, in a power plant like situation, most of the required 
technologies, such as superconducting magnets of unusual size, heating systems, materials 
resistance, etc., in order to show that these technologies are mature enough to envisage the 
construction of fusion power plants. 

Finally, ITER will also be an important test bed to assess safety-related aspects of fusion. 

We know since the experiments on JET and elsewhere in the 1990's that fusion reactions can 
be generated on Earth. ITER will bring the final demonstration that their exploitation as an 
energy source is both scientifically and technically feasible in a safe way. 

Costs and calendar 
Current estimates put the ITER price tag at 5000 million €/$ for construction and 5000 
million €/$ for 10 years of operation (it is generally expected, though, that ITER will be 
exploited for at least 20 years). The current cost sharing agreement foresees that China, 
Russia, South Korea and the USA will each pay 10 % of the construction costs. Japan and the 
EU will cover the rest, whereby 48 % will be charged to the host4 – EU or Japan – and 12 % 
to the other partner. During exploitation, the shares of China, Russia and South Korea will 
remain at 10 %, the share of the US will increase to 13 %, that of the host will decrease to 
42 %, and Japan or the EU, whoever does not host ITER, will pay the remaining 15 %.  

An international organisation, whose exact legal status remains to be agreed upon, will 
manage the ITER project and also, in all likelihood, much of the accompanying programme 
(see below). The European member will be the European Union; its member states, as well as 
the countries associated with the EURATOM programme, like Switzerland, will be 
represented by the European Commission. A European Legal Entity, which will be a Joint 
Undertaking as provided for in the EURATOM Treaty, will be responsible for acquiring and 
delivering the European contribution to ITER. It has been agreed among the partners that the 
respective shares will be paid primarily through in kind deliveries, and cash payments will be 
kept to a minimum. 

Construction is expected to last 8 years. Three years will be needed to test machine operation 
in the presence of hydrogen, then another year in the presence of deuterium. It will then be 
possible to start with the critical experiments, using burning plasmas of deuterium and tritium. 
This key phase of ITER operation will last for 3 years. In other words, it will take about 15 
years, after the start of ITER construction, to have the answers needed to design and build the 
first prototype fusion power plant (DEMO). ITER will not become obsolete, though. Like JET 
today, it will remain for many years a test bed for components, technologies and operating 
concepts of future fusion reactors. 

Accompanying programme 

Constructing and exploiting ITER will truly be a worldwide undertaking. Laboratories and 
industries everywhere will design and built components. An example among many is to be 
found in chapter 3 of the present report which briefly describes the role of CRPP in the 
                                                 
4 This includes 20 % of so-called non-common costs that are spent locally and are charged exclusively to the 
host. If ITER is built in Cadarache, France will pay half of those, or 10 % of the total ITER price tag, and the 
EU, the other half. 
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development of an electron cyclotron resonance heating system for ITER. These efforts 
already represent a huge accompanying programme. 

Very clearly, ITER is the necessary next step on the road to harvesting fusion power and the 
current efforts aiming at its implementation are fully justified. However, it is important to 
realise that a coherent programme should be established to accompany ITER along the way, 
during both construction and exploitation. The content of this so-called "Accompanying 
Programme", which encompasses physics and technology, is briefly outlined below. 

The priority placed on ITER should not preclude continuing studies on other reactor concepts. 
The current focalisation on a tokamak design is fully justified by the advanced state of that 
particular technology, but nobody knows today what the final design of commercial fusion 
reactors will be. Other approaches, such as stellerators (see chapter 2), are promising as well, 
and they should be continued, in combination with experimental and theoretical studies in 
basic plasma physics. This in no way diminishes the importance of ITER as the essential next 
step because many of the questions it will help resolve are critical for other reactor types as 
well. Thus, conceptual design and experimental work on future fusion reactors is an important 
chapter of the so-called ITER accompanying programme. 

The other chapter deals with materials studies. Although ITER will allow certain types of 
investigations in fusion materials to be undertaken, it is not a dedicated facility to study the 
alterations taking place in materials submitted to heavy neuron irradiation over extended 
periods of time. For that, another machine is needed, IFMIF (International Fusion Materials 
Irradiation Facility), a dedicated, high flux neutron source. Designing and exploiting IFMIF, 
and, in the meantime, performing meaningful materials studies at other neutron sources, such 
as spallation sources, is the other important chapter of the ITER accompanying programme 
and a prerequisite for the successful realisation of a prototype fusion power plant. 

Risks and benefits of fusion research 
By all criteria, there is no doubt that the road to fusion power is long and expensive. If and 
when fusion, one day, becomes a significant source of electricity, probably more money and 
time will have been spent to develop that form of energy than any other. Is it worth it? What 
are the risks that we may never get there? Is it producing spin offs along the way that make it 
worthwhile even if the ultimate goal is not reached? 

Undoubtedly, the attractive features of fusion energy weigh very heavily on the benefit side of 
the scale (see Annex 1). They include a plentiful, readily available and universally distributed 
fuel supply, the fact that fusion reactions produce neither CO2 nor radioactive "cinders" while 
releasing huge amounts of energy per unit weight of fuel, the inherent safety of power plant 
operation due to the very nature of the fusion reactions, and the relatively benign 
consequences for the environment of power plant refurbishment and decommissioning. No 
other major energy source combines such a number of advantages: coal and oil fired plants 
produce CO2, water and wind availability in amounts suitable to produce electricity is 
geographically limited to certain areas, solar power is (still) fighting with low yields that 
severely limit the amounts of electricity it can deliver, nuclear fission reactors produce large 
amounts of highly radioactive wastes and concepts to deactivate those via transmutation are 
still largely at a theoretical stage, etc. Indeed, socio-economic analyses of future energy 
supply indicate that it will be extremely difficult to meet, in an environmentally acceptable 
way, the increasing demand of a developing world without fusion, even if the global 
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consumption per inhabitant remains significantly lower than the current consumption of the 
industrialised nations. 

Is there a risk that we might not get there? Obviously, the need to embark on a projects like 
ITER is a clear indication that not all questions have been answered. Thus, despite the current 
confidence of fusion physicists, which rests firmly on the results obtained so far, it is fair to 
say that the risk of a significant scientific or technological stumbling block remains. 
Furthermore, even if the feasibility and practicability of harvesting fusion power is 
demonstrated, failure to develop appropriate materials for fusion power plants might never 
make it an economically acceptable source of energy. Indeed, until all aspects have been 
thoroughly tested, there can be no certainty that the goal will eventually be reached.  

So, is fusion research producing results applicable to other fields in such a way that its spin 
offs make it a worthwhile undertaking even if the ultimate aim is not reached? Yes, but only 
to a limited extend. Fusion research has produced improved models in fluid dynamics and in 
diffusion phenomena which have found applicability in such diverse fields as wind energy 
and steel production. Basic research in plasma physics has applications in astrophysics and 
space physics, and has impacted upon the development of industrial applications of plasmas, 
and this in turn has led to improved manufacturing methods, for example, for solar panels. 
Materials developed for fusion find sometimes other applications, and high temperature 
superconductivity is undoubtedly attractive in other fields as well. Yet, these benefits are 
relatively few in numbers. It would be wrong, therefore, to overemphasise the spin offs of 
fusion research in an attempt to justify it: it is the attractiveness of its ultimate goal, fusion 
electricity, that remains its main raison d'être.  
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FUSION RESEARCH IN THE WORLD 
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Introduction 
Throughout 2003, the renewed interest in nuclear fusion as a credible energy option for the 
second half on the 21st century continued to grow, in spite of the fact that no major scientific 
or technical breakthroughs occurred. Indeed, the Governing Board of the International 
Energy Agency (IEA) adopted a position paper on fusion (available on the IEA website: 
www.iea.org), which includes essentially the statements found in Annex 1 of the present 
report. The same board, meeting at ministerial level in April 2003, endorsed a document 
entitled Energy Technology: Facing the Climate Challenge, in which fusion is included in a 
review of energy options for the future; on that occasion, fusion was also prominently 
displayed in a side exhibit and attracted a lot of attention. 

ITER 
At the beginning of 2003, the United States and China, soon joined by South Korea, decided 
to participate in the ITER project. For the U.S.A., the move was a comeback, since it had left 
the project in 1997 for a combination of financial, scientific and political reasons. On the 
other hand, Canada, which had been the first country to make a site proposal (Clarington near 
Toronto), was forced to leave the project at the end of the year. It had become clear that the 
Canadian site offer was financially less interesting than the other proposals, but its promoters 
(private industry, the Ontario province and the Toronto area) failed to convince the federal 
government to provide funds to upgrade it. This led to the withdrawal of Canada.  

Other countries also expressed an interest in participating in ITER (India, Brazil) but, as they 
are unlikely to pay 10 % of the costs, the minimum requested of full partners, they will have 
to contribute via bilateral agreements with one of the major partners. In summary, then, at the 
end of 2003, six partners were directly involved in ITER: China, Japan, Russia, South Korea, 
the United States and the European Union. For the latter, the interests of the signatories of the 
EURATOM treaty and of the associated countries, like Switzerland, were represented in the 
ITER negotiations by the European Commission. 

Together with the new partners, good progress was made at the negotiation table in 2003. By 
the end of the year, there was a general agreement about cost sharing (see page 13). On that 
issue, one cannot help but be disappointed that the U.S.A. – after all the leading economy in 
the world today – could not be convinced to contribute more than 10 %, a share identical to 
those of China, Russia and South Korea. The disappointment is all the more justified as the 
U.S. Department of Energy (DoE) issued in November 2003 a list of priorities for twenty-
three big science projects, and ITER is at the top. 

There was also broad consensus about the ITER legal entity (ILE), the future organisation that 
will manage the project. Agreement was reached, in particular, that it should be more than just 
an entity responsible for placing construction and operation contracts; indeed, it should also 
play a central role in managing the scientific exploitation of the facility. In parallel to the 
negotiations, detailed planning of ITER continued in 2003 under the ITA (ITER Transitional 
Arrangements) and will continue until the ILE enters into force, hopefully in 2004 or early 
2005. 

However, these positive developments, which could lead to quick decisions on the 
corresponding issues, were overshadowed in 2003 by the question of ITER site. In the first 
half of the year, intense pressure was exerted on the European Union to make a preliminary 
choice between the two European proposals, Cadarache in Southern France and Vandellòs in 
Catalogna. Further assessment of the two sites, trying to evaluate not only the technicalities 
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but also the incidence of the choice for the whole European fusion programme, failed to 
identify a significant and unique advantage of one site over the other. Eventually, the situation 
was politically resolved on 26 November when the European Union's Competitiveness 
Council decided unanimously that the French site would be the unique European proposal. 
Spain had withdrawn its offer at the last minute after having received assurance that the seat 
of the organisation that will manage the European contribution to the project will be located in 
Spain. (The organisation is planned to be a so-called Joint Undertaking, as provided for in the 
EURATOM Treaty and used already for the Joint European Torus JET.)  

The European decision left only two site proposals in competition: Rokkasho-mura in the 
northern part of Japan's main island and Cadarache. As the year ended, the situation was in a 
deadlock with Japan, South Korea and the United States in favour of the Japanese site, and 
China, Russia and the European Union in favour of the French proposal. Indeed, there was no 
clear signs as to how the conflict could be resolved, and the fusion community was beginning 
to fear that the resulting delays would slowly erode the political support the project has been 
enjoying in the recent past. In any case, as it stands, ITER construction is unlikely to start 
before 2006. 

EURATOM fusion programme 
Within the European Union, the European Atomic Energy Community (EURATOM) has been 
responsible for almost 50 years for research and development activities in the field of 
controlled thermonuclear fusion. Although the corresponding programme is now part of the 
framework programmes, it is still a separate chapter subjected to the rules of the EURATOM 
Treaty of 25 March 1957. This implies, for instance, that final decisions regarding programme 
content and funding are not taken by the European Parliament but by the Council of the 
European Union. 

Attempts were made in 2003, in the framework of the European Convention, to change this 
situation inherited from the past and to integrate the provisions of the EURATOM Treaty into 
the new European Constitution, thus submitting nuclear matters to the same decision making 
process as other matters in the EU. These attempts were not successful and, for the time 
being, the EURATOM Treaty continues to stand on its own. 

The European fusion programme includes the continuing exploitation of the large European 
tokamak JET in Culham (UK), the European participation in the design and planning of 
ITER, and a large fusion physics and technology section, including materials research and the 
investigation of magnetic confinement concepts other than tokamaks. 

Two main instruments are used to execute the programme: (1) the Contracts of Association 
between the European Union and about twenty national fusion research institutions (the so-
called "Associations"; for the situation in Switzerland, see next chapter) and (2) the European 
Fusion Development Agreement (EFDA), which deals mainly with the centralised activities 
around JET, ITER and various other topics grouped under the subtitle "technology". These 
two instruments underline the peculiar situation of the EURATOM fusion programme which 
includes both joint activities managed centrally by the European Commission and the EFDA 
leadership, and decentralised projects carried out in the Associations with the financial 
support of the programme. 

In addition to EFDA and the Contracts of Association, two other agreements help implement 
the EURATOM fusion programme. The JET Implementing Agreement (JIA) focuses on the 
use of the large European tokamak and provides for a Joint Fund in which the participants to 
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the programme contribute according to a scale which is dependent upon their effective use of 
the facility. The JET Joint Fund covers slightly more than 25 % of the total cost of the 
facility; the rest is paid from the EURATOM fusion programme, and most of it is channelled 
through the JET Operation Contract (JOC) that the European Commission has concluded 
with UKAEA (United Kingdom Atomic Energy Agency), since the latter now owns JET and is 
responsible for operating it. Last but not least, the Mobility Agreement, like in many other 
European programmes, encourages personnel mobility at all levels by granting travel and 
secondment allowances. 

On these legal bases, activities were pursued in 2003 under the 6th framework programme 
which foresees for fusion a budget of 750 million €, including up to 200 million € for ITER. 
All Contracts of Associations terminated at the end of the year and were renewed for two 
years, until the end of 2005.  

Although the increase in the number of ITER partners is to be welcome, it does create a 
problem that became apparent for the first time in 2003. For the last several years, only Japan 
and the European Union have had a fusion programme worthy of this name. As a result, both, 
but especially Europe, have developed expertise in many fields. Yet, when it comes to 
distributing the ITER deliverables among the current partners, items have to be given to the 
newcomers, too, and this may mean, in specific instances, that Associations of the European 
fusion programme must cancel projects in which they have already invested a lot, usually 
through a combined EU and domestic funding mechanism. 

EFDA and JET 
EFDA activities are very much focused on ITER and reactor technologies, as well as on a 
whole range of supporting technologies (plasma heating systems, diagnostics, heat exchange, 
tritium generation, etc.). Another important aspect of EFDA activities is the exploitation of 
JET. Since the European tokamak is based on the same concept as the one which will be used 
for ITER, it has become an ideal test bed for ITER systems and components, and it has been 
widely used in 2003 for that purpose. Indeed, some of the enhancements that were added to 
the machine in 2003, such as a neutral beam power upgrade, did bring key ITER plasma 
parameters closer to JET's reach. In view of these developments, a continuation of JET 
exploitation throughout the period of ITER construction has been strongly advocated by some 
members of the fusion community, most notably (and not unexpectedly) by UKAEA.  

Throughout the year, the machine operated with a very high degree of availability, in spite of 
a number of problems related to aging components. For the first time since the milestone 
experiments of 1997, which had set world records in fusion power production, tritium was 
again injected in trace amounts into the facility in order to study various aspects of particle 
transport in a fusion reactor. The current arrangement, whereby UKAEA is operating the 
machine and the European Associations, under EFDA and JIA, are using it, has worked 
smoothly and appears also to be cost effective. 

Other activities under EFDA cover materials research, including the European participation in 
the design of the dedicated neutron source IFMIF (International Fusion Materials Irradiation 
Facility) (see below).  

A replacement for the EFDA Leader, Karl Lackner, who had resigned at the end of 2002, was 
found in 2003. On 24 June, the EFDA Steering Committee elected unanimously Prof. Minh 
Quang Tran of the EPFL to the post. Prof. Tran will remain director of the CRPP and will 
divide his time between Lausanne and Garching, near Munich, where the EFDA Leader's 
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offices are located. To help him cope with his double duty, the Swiss Federal Office of 
Education and Science is financing additional administrative help for him in Lausanne. 

Since 2002, EFDA-JET has been an active member of EIROFORUM (European 
Intergovernmental Research Organisations Forum: www.eiroforum.org), a loose association 
of the major European research organisations (CERN, ESO, ESA, EMBL, ESRF and ILL) 
which, among other activities, promotes public information. From June 2003 until June 2004, 
the EFDA Associate Leader for JET, Jerome Pamela, is chairing EIROFORUM. 

IEA and IAEA 
The International Energy Agency (IEA), an agency of OECD, plays an important role in 
coordinating worldwide various topics in fusion-related research via Implementing 
Agreements (IA's) between participating laboratories. Eight such agreements are currently in 
force and cover a broad range of fields including tokamak physics, stellarators and other 
alternative concepts of magnetic confinement, plasma/wall interactions, socio-economic 
aspects, etc. (the site www.iea.org/impagr/imporg/impagpub/listof.htm#5 gives a list and a 
short description of current IA's in the field of fusion). One of these IA's, devoted to fusion 
materials, is the incubator for IFMIF, the large neutron source that is needed to test materials 
under conditions similar to those in the interior of a fusion reactor, and whose construction 
costs are estimated at about 500 million €. During 2003, very good progress was made in 
preparing the next planning phase of the facility, the EVEDA (Engineering Validation and 
Engineering Design Activities), but further advances on that front await the ITER decisions. 
Although the financial investment of IEA in those activities is modest, usually limited to 
administrative support, the importance of its co-ordinating role cannot be overemphasized.  

Besides providing administrative support to ITER, the International Atomic Energy 
Agency (IAEA), a specialised organisation of the United Nations, also has a number of 
activities related to nuclear fusion and steered by an advisory body, the International Fusion 
Research Council (IFRC). In 2003, Switzerland was admitted as an observer in IFRC. This 
was in response to a request of Prof. Minh Quang Tran but was also motivated by 
Switzerland's interest in hosting the Fusion Energy Conference (FEC), the major scientific 
event of IAEA in the field of fusion, in 2008 in Geneva. That year will be the 50th anniversary 
of the 2nd Geneva Conference on the Use of Atomic Energy for Peaceful Purposes. On that 
occasion, fusion research, previously buried in military secrecy, was presented for the first 
time to the pubic in the exhibit "Atom for Peace". Thus, 1958 is generally regarded as the 
starting point of fusion power research. 
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Introduction 
Research in the field of controlled thermonuclear fusion is hardly possible today without 
broad international co-operation, especially for smaller countries like Switzerland. 
Accordingly, the Swiss activities in this field are practically entirely integrated into the 
EURATOM fusion programme of which Switzerland has been an associated member since 
1978. Furthermore, some research projects are carried out within the framework of 
Implementing Agreements of the International Energy Agency of the OECD and, finally, there 
are also a number of activities done within bilateral or multilateral collaborations with other 
fusion research laboratories. All this is financed by the Swiss Federal Institute of Technology 
in Lausanne (EPFL), the Paul Scherrer Institute (PSI), the Swiss National Science 
Foundation, the EURATOM fusion programme and, to a small extent, the Swiss Federal 
Office of Energy (OFEN). 

Major player is the Plasma Physics Research Centre (CRPP) of the EPFL with its two sites in 
Lausanne and at the PSI in Villigen, near Zurich. At the EPFL, besides a strong theory group, 
the CRPP relies on its large facility, TCV (Tokamak à Configuration Variable), and on other 
facilities to study basic fusion plasma physics. In fusion technology, the centre has acquired 
international recognition notably for its expertise in heating systems using cyclotron-
electronic waves. At PSI, the interest of two CRPP groups lies in materials research and in 
superconductors with the worldwide unique test stand SULTAN. 

In 2003 the Swiss Federal Council assigned a renewed performance mandate to the Federal 
Institutes of Technology for the years 2004 to 2007. It explicitly mentions research in new 
energies as one of the main priorities and gives fusion as an example in the accompanying 
commentary. At the end of the year, there was hope that this would be a good basis for an 
increase in the domestic support of CRPP activities, in spite of the fact that the Swiss Federal 
Commission for Energy Research, an advisory body to the federal government and to OFEN, 
recommended for the same time period a 10 % decrease in the funding of fusion research in 
Switzerland. An increase would compensate, at least in part, for the expected decrease in the 
EURATOM funding resulting from Europe's commitment to co-finance ITER.  

With the financial support of OFEN, a unit of the Institute of Physics of the University of 
Basle has been co-operating for many years with the CRPP in studying surface changes 
resulting from exposure to hot plasmas. The group capitalises on the expertise it has acquired 
in photoelectron emission spectroscopy and related techniques to analyse graphite tiles 
coming from the inner wall of TCV and, more recently, has started to co-operate again with 
the Forschungszentrum Jülich in Germany. 

Energy research in Switzerland is co-ordinated – and partly financed – by OFEN, but fusion 
research is under the supervision of the Federal Office for Education and Science, for this is 
the administrative unit which manages the participation of Swiss scientists to the framework 
programmes of the European Union. This is why the author of the present report acts as head 
of programme for controlled thermonuclear fusion in the overall energy research organisation 
of OFEN. 

Agreements between Switzerland and Euratom 
The Co-operation Agreement in the Field of Controlled Thermonuclear Fusion and Plasma 
Physics between Switzerland and the European Atomic Energy Community (EURATOM) of 
14 September 1978 remains the legal basis for an ongoing co-operation which has led to an 
almost total integration of Swiss fusion research activities into the European programme. It is 
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a broad agreement of unlimited duration unless one of the two parties withdraws. The work 
programmes and the financial boundaries of the research activities carried out under the 
agreement are defined in implementing agreements of limited duration concluded between the 
executive branches of both parties, namely, the Federal Council for Switzerland and the 
European Commission for EURATOM. Currently, four such agreements are in force: 

• The European Fusion Development Agreement (EFDA: see page 26); 
• The Jet Implementing Agreement (JIA: see page 26); 
• The Agreement on the Promotion of Staff Mobility in the Field of Controlled 

Thermonuclear Fusion (Mobility Agreement, see page 27); 
• The Contract of Association which deals specifically with the bilateral co-operation 

between the CRPP and the EURATOM fusion programme; formally, the work 
programme is carried out by the so-called Association EURATOM-Confédération 
Suisse, which, de facto, means the CRPP. 

The Contract of Association terminated at the end of 2003 and was renewed for the 11th time 
on 16 December 2003 until the end of 2005, following a decision to that effect of the Swiss 
Federal Council.  

Under these various implementing agreements, the 2003 contribution of Switzerland to the 
EURATOM fusion programme – which is part of the EU framework programmes – amounted 
to almost 9 million Swiss francs (JET Joint Fund included) and is likely to remain at a similar 
level in 2004, 2005 and 2006, that is until the end of the 6th framework programme. 
Afterwards, our contribution will depend upon the budget the EU will grant to fusion in the 
7th framework programme and upon the decisions concerning the financing of the ITER 
project. 

The Association EURATOM-Confédération suisse 
Except for a small unit dealing with industrial applications of plasma physics (and whose 
activities are not reported here because they fall outside the scope of the Association), the 
work of CRPP is fully integrated within the EURATOM fusion programme and financed by 
the Swiss Federal Institute of Technology at Lausanne (EPFL), EURATOM, the Paul 
Scherrer Institute (PSI), the Federal Office for Education and Science (BBW/OFES) and the 
Swiss National Science Foundation. Research in fusion related fields is performed according 
to the Work Programme as defined in the Contract of Association. It foresees activities along 
the following broad lines: 

1. physics of tokamaks and, more generally, of fusion plasmas using mainly the large 
tokamak TCV (Tokamak à configuration variable); in addition, a new device to 
perform basic plasma physics research and student training, TORPEX, was put into 
operation in 2003;  

2. theory and modelling of fusion plasmas; 

3. participation in the scientific exploitation of JET within the framework of EFDA; 

4. technology activities, including research and development in the fields of electron 
cyclotron heating and current drive, of materials for fusion, of socio-economic studies, 
and of superconductivity, also within the framework of EFDA. 

Most of these activities are carried out at the CRPP headquarters within the campus of the 
Swiss Federal Institute of Technology in Lausanne (EPFL). Activities in the fields of 

 32



superconductivity and materials are partially supported by the Paul Scherrer Institute (PSI) in 
Villigen, near Zurich, where large, dedicated infrastructures (SULTAN, PIREX, hot cells and 
hot laboratories) are located and scientifically exploited under the supervision of CRPP. 
Finally, for socio-economics studies, co-operation was established with the Centre for Energy 
Policy and Economics (CEPE) and the Laboratoire des Systèmes Energétiques (LASEN) of 
EPFL. 

As exemplified by the tight link with the EURATOM fusion programme, international 
collaboration is an important component of the activities of CRPP. Scientific and technical 
contacts are maintained and strengthened with international research institutions of the 
European fusion programme and within the framework of international agreements, such as 
the fusion related Implementing Agreements of the International Energy Agency (IEA), as 
well as with industry. 

Finally, in addition to the research duties, education and training of physicists and engineers is 
another important mission of CRPP. Besides its participation in the teaching of general 
physics, it offers a specialised graduate course for its Ph.D. students, covering all activities of 
CRPP. 

Annex 2 summarizes for the specialist the scientific achievements and many exciting results 
obtained in 2003. A more detailed account can be found in the 2003 Annual Report, which 
can be ordered from CRPP (crppwww.epfl.ch). Only a brief executive summary is given 
below. 

A worldwide unique feature of TCV is the possibility to produce magnetically confined 
plasmas of different shapes, and this turns out to be essential in order to verify numerical 
simulations and design geometrically optimised reaction chambers for future fusion power 
plants. Activities along this line of research in 2003 dealt with electron cyclotron resonance 
heating of plasma, edge effects and the influence of various disturbances on the behaviour of 
plasma, and the requirements to optimise magnetic confinement. These studies were 
supported by extensive refurbishment and upgrading of the facility and of diagnostic tools 
during shut downs. 

A new facility for plasma physics (TORPEX for Toroidal Plasma Experiment) came into 
operation in 2003 at CRPP, dedicated to the study of turbulence and abnormal transport 
phenomena in toroidal plasmas. Furthermore, the facility is ideally suited for training plasma 
physicists. Plasmas of argon and other rare gases can be reproducibly obtained in a 1 m 
diameter torus through electron cyclotron resonance heating at pressures of 10-4 to l0-5 mbar. 
Different parameters can be adjusted in order to control density profiles and plasma 
temperature. Plasma was produced for the first time in March 2003 and the rest of the year 
was primarily devoted to optimising plasma production. 

In superconductivity research, the SULTAN (Supraleiter-Testanlage) facility of CRPP, 
located at PSI, can look back to a full year of testing superconductors for the magnets of 
future large fusion facilities. Most of the tests were performed on prototype cables for ITER 
made of NbTi and Nb3Sn, but samples for the stellerator5 Wendelstein-7X (W-7X), currently 
under construction in Greifswald (Mecklenburg-Western Pomerania), were also tested. 

                                                 
5 Stellerators represent another concept for magnetic confinement of plasmas; interesting and promising, too, 
they are however less advanced than tokamaks. 
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The attractiveness and economics of future fusion power plants depend heavily upon the 
development of so-called low activation materials. When submitted to the intense neutron flux 
generated by fusion reactions inside the reaction chamber, such materials do not transmute 
into radioactive isotopes with long half lives and their mechanical properties remain 
essentially unaltered. Thus, materials research is an integral part of any fusion programme, 
and such studies were vigorously pursued in 2003 by the CRPP materials group, also located 
at PSI. The old dedicated PIREX (Proton Irradiation Experiment) facility was used for the last 
time before being closed at the end of the year. Investigations were also carried out using the 
locally available Swiss spallation neutron source SINQ. A special emphasis was placed on 
modelling studies. Indeed, such studies, combined with carefully selected experiments on 
SINQ, allow research on fusion materials to make progress, until IFMIF comes online and 
permits materials testing to be done under neutron irradiation conditions comparable to those 
present inside a fusion reactor. 

CRPP's expertise in developing electron cyclotron heating systems is acknowledged 
worldwide. As a result, the centre is coordinating a collaboration of European laboratories in 
charge of developing a gyrotron for ITER (170 GHz, 2 MW). In 2003, conceptual studies 
have been completed and construction of the device will start shortly. In addition, a test stand 
for the instrument will be erected in Lausanne and preparatory work is essentially completed 
as well. 

Finally, CRPP has been involved in socio-economic studies in co-operation with two other 
institutions of the Swiss Federal Institutes of Technology. Together with CEPE, fusion related 
risk perception was studied in different geographical groups, in Europe (Switzerland, 
Belgium, France and Austria) and in the Cadarache area. Another institute, LASEN, 
investigated global energy scenarios for the year 2100 and assessed a possible role of fusion 
in that time frame.  

Research done at the University of Basle 
Within the Physics Department, the group of Prof. Peter Oelhafen has acquired considerable 
expertise in the use of photoelectron emission spectroscopy and related techniques, which are 
particularly well suited to study surface phenomena. For many years, the group has been 
analysing graphite tiles coming from the inner wall of TCV in order to characterise the 
surface changes caused by exposure to hot plasmas, indeed a critical question for designing 
future fusion reactors. In 2003, contacts have been re-established, after several years of 
interruption, with the Forschungszentrum Jülich (FZJ) in view of a renewed participation of 
the Basle group in studies carried out in the framework of the IEA Implementing Agreement 
"Plasma/Wall Interactions in TEXTOR". The German research centre operates a tokamak, 
TEXTOR, which is particularly well suited to study interactions between the plasma and the 
internal walls of the reaction chamber. Investigations have been initiated in this facility to 
characterise surface changes in optical mirrors after exposure to plasma. 

Such mirrors are foreseen in ITER diagnostic ports as components to measure plasma light 
radiation in a broad range of wavelengths. Information about their performance is still 
insufficient. In particular, the deterioration of the reflectivity due to particle impact is not yet 
characterised. Experiments in smaller machines are needed in order to develop strategies to 
investigate and control the interaction of the plasma with the mirror surfaces. In collaboration 
with the Institut für Plasmaphysik at FZJ, the Oelhafen group has investigated changes in 
optical properties of molybdenum mirrors after exposure to plasma in TEXTOR. As the 
presence of carbon and oxygen, and the resulting molybdenum carbides and oxides, strongly 
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influence the optical properties of the surface, co-depositions of Mo and C in the presence of 
O were carried out. The different phases present in the film were analysed by photoelectron 
spectroscopy (XPS and UPS). The optical constants were measured by ex-situ spectroscopic 
ellipsometry and photospectometry and were correlated with the chemical composition of the 
film. A full report of the current status of this work is given in Annex 3. 

Work of the Basle group is supported financially by the Swiss Federal Office of Energy 
(OFEN). In July 2003, the long-standing contract between the group and OFEN was renewed 
for another three years (until June 2006). 
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ANNEX 1 
WHERE DO WE STAND IN FUSION RESEARCH? 

The question is today of particular interest as the international community is being asked to 
invest 10 milliard € in the International Thermonuclear Experimental Reactor (ITER), half 
for building it and half for exploiting it. Under the auspices of the International Atomic 
Energy Agency, the milestone project will be a joint venture of many countries with, as main 
partners, China, the European Union (EU) including Switzerland and several candidate 
countries, Japan, the Russian Federation, South Korea and the U.S.A. The design of what will 
be the first fusion reactor producing significant amounts of energy was completed in June 
2001, and two site proposals for hosting the facility are now in competition: Cadarache in 
Southern France and Rokkasho-mura in the northern part of Japan's main island.  

The facts 
Technical feasibility – Production of fusion energy has been demonstrated in experimental 
devices at levels of up to several megawatts for short time spans (up to 5 seconds). Scientific 
and technological know-how, leading to an agreed design, is now available for the 
construction of the first experimental reactor, ITER, in order to demonstrate that harvesting 
power from thermonuclear fusion is indeed scientifically and technically feasible. Thus, 
fusion energy generation on a commercial scale is not dependent upon further scientific 
breakthroughs; it is a matter of research and development to optimise existing concepts and 
technologies, and it requires both large international facilities and strong domestic programs 
of supporting research. As materials with high irradiation resistance and low neutron-induced 
activation are of particular importance for highly performing, environmentally benign and 
economically attractive power plants, an International Fusion Materials Irradiation Facility 
is being designed to test materials for fusion. 

Safety – Extensive studies have shown that fusion is inherently safe and environmentally 
friendly. Initiating and maintaining fusion reactions require a number of such highly 
uncommon physical conditions that failure of components or uncontrolled operation 
immediately leads to reactor shut down. Although a fusion reactor contains significant 
amounts of tritium – a radioactive isotope of hydrogen, which, together with non radio-active 
deuterium, makes up the fusion fuel – the worst in-plant generated accident would result in 
limited hazards to the public. Similarly, the consequences of accidents caused by external 
events, such as a large earthquake, would be far less severe than those resulting from the 
event itself. Finally, fusion fuels and materials are not subject to non-proliferation treaties 
because none of them poses a security threat with respect to nuclear weapon development.  

Environment – The fusion reactions produce no greenhouse gas and no radioactive or toxic 
products, but neutron-induced radio-activation of the inner reactor walls does occur. Almost 
all of the activated materials, however, can be disposed of as inert waste, recycled, or given 
shallow-land disposal about 100 years after the end of operation. Furthermore, it is reasonable 
to expect that future research on materials will optimise this aspect. 

Security of fuel supply – Tritium is produced in the fusion reactor from lithium, an element 
which, like deuterium, is plentiful, widespread and available at low cost. It is recalled in this 
context that fusion reactions release huge amounts of energy: 0.1 ton of deuterium and 4 tons 
of lithium would be enough to fuel for one year a 1000 megawatt electrical power plant 
requiring today 2.1 million tons of coal, or 10 million barrels of oil, or 100 tons of uranium. 
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Economics – The estimated costs of ITER have been validated by industry. Extrapolating 
from them, the final costs of fusion electricity can be estimated and will depend upon the 
extent to which fusion physics, technologies and materials are further optimised in the next 
few decades. Despite these uncertainties, current evaluations show that fusion electricity 
would be competitive in the future energy market. This is all the more so if emission 
mitigation costs such as carbon sequestration or external costs (e.g., environmental damage, 
adverse health impacts) are taken into account, and the significance of these costs is expected 
to grow in the future. Under these conditions, the projected cost of fusion electricity is 
comparable to that of other, environmentally friendly sources, thus ensuring it a significant 
share of the market by the end of the century. 

Social acceptance – Ongoing social studies indicate that no specific public acceptance 
problems are expected for fusion if comprehensive information is available and if the public is 
actively involved in the decision process at an early stage. 

The questions 
« When will fusion power be available? » Despite significant progress, it is an acknowledged 
fact that the practicality and economical feasibility of harvesting fusion power remain to be 
demonstrated. ITER construction and operation are major steps toward that goal. The 
experimental reactor is designed to be a flexible test facility capable of producing a significant 
amount of thermal power (500 megawatts) under conditions mimicking those of a power 
plant. After about 10 years of construction, it will be exploited for some 20 years, and, 
combined with the materials development programme, it will tell whether a demonstration 
power plant can be brought on line approximately 35 years from now. This would then lead to 
the first prototype commercial power plant toward the middle of the century. Stronger 
political will, leading to quicker decisions and heavier initial investments, could shorten 
markedly the development time ("fast track" scenario). 

« Why is it still so far away? » Since the 1960's, fusion research has often been perceived as 
an expensive, moving target, because the fusion community regularly had to revise its 
estimate of the time needed to bring the technology to maturity. With the benefit of hindsight, 
it is easy to understand why. The most important factor was the initial lack of knowledge in 
the state of matter to be reached in order to allow a fusion power plant to work. The 
construction of a series of experimental devices has enabled the building up of the necessary 
experimental data and the testing of theoretical models which allow now to undertake with 
confidence the development of fusion as an energy source. 

« Why invest in fusion? » The difficulties in solving the vital problem of providing energy for 
the future, with assurance of a secure supply while avoiding climate change, are universally 
recognised. No technological options can be ignored and, among these, fusion is a principal 
candidate for major contributions to the energy future, in particular for the centralised supply 
of base-load electricity. Indeed, socio-economic studies of long-term energy scenarios show 
that the cost, including externalities, of satisfying energy demand without fusion would be 
huge, dwarfing the cost of fusion development.  

« How is fusion research co-ordinated? » Worldwide co-operation on fusion is established 
primarily within the framework of the International Atomic Energy Agency and of the 
International Energy Agency. The latter co-ordinates the activities of eight Implementing 
Agreements fostering international co-operation on many fusion-relevant topics. Several 
countries have national fusion research programmes which, in Europe, are largely integrated 
into the EURATOM fusion programme of the European Union. 

 37



ANNEX 2 

FUSION RESEARCH AT EPFL/CRPP IN 2003 

For more details, please see the 2003 Annual Report of CRPP which can be ordered there 
(crppwww.epfl.ch). 

Tokamak physics in TCV 
Magnetic fusion physics is investigated experimentally primarily on TCV (Tokamak à 

Configuration Variable), a tokamak with a major radius (R) of 0.88m, a minor radius (a) 
smaller than 0.255m, a toroidal magnetic field (Bt) smaller than 1.54T and a vessel elongation 
factor of 3. A large degree of flexibility in its configuration, its control and its auxiliary 
heating systems makes the device a unique tool worldwide to contribute to a number of 
crucial areas of research, of interest both for the next generation of burning plasma 
experiments, such as ITER, and for longer term developments towards the design of magnetic 
fusion reactors. Among the features useful both for ITER and for tokamak concept 
improvement are the achievement and control of high performance plasma regimes, with large 
core plasma pressure, good energy and particle confinement, and exempt from macroscopic 
plasma instabilities. These regimes require optimisation of the plasma geometry and the 
ability to control the profile of a number of plasma parameters such as pressure or electrical 
current.  

On TCV, such studies are carried out using the recently completed systems for electron 
cyclotron (EC) heating (ECH) and electron cyclotron current drive (ECCD), with a total 
power of up to 4.5MW, namely 3MW at the second harmonic (X2) and 1.5MW at the third 
harmonic (X3). Up to 3.5MW have been injected into the plasma at the same time, which 
constitutes a world record. TCV fully exploits the unique properties of the EC systems, 
including flexibility in time and space, ease of controlling the deposition location, and ability 
to be absorbed in a very narrow region. 

The experimental campaign 2003 started in mid-January after a 2.5 month shutdown for 
minor diagnostic upgrades and repairs. TCV was operated until the end of October through 
three periods of five, seven and ten weeks each. Investigations were conducted in ohmic and 
ECH-ECCD plasmas (both with X2 and/or X3), including helium plasmas and forward and 
reversed field scenarios.  

The experimental results can be grouped into four main topics. The first one deals with 
physics developments needed to achieve high β plasmas and with the study of plasmas close 
to the β limits. The second topic focuses on the physics of current drive and suprathermal 
particles, using combined X2 and X3 ECH-ECCD. The third one aims at realising and 
understanding advanced regimes of operation, building up on the knowledge of the ECH and 
ECCD effects on the plasma profiles. Finally, the fourth topic takes advantage of the unique 
TCV plasma conditions to examine a number of physics questions, including the triggering of 
ELMs (edge limited modes) using an externally driven perturbation, transport of bulk plasma 
particles and impurities in highly shaped plasmas, edge and divertor physics studies, and the 
sawtooth stability as a function of plasma shape.  
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The main results are as follows: 
− Using a combination of ECH and ECCD, significant progress has been made in increasing 

the confinement enhancement factor of electron internal transport barriers in plasma 
discharges, both driven non-inductively or with an inductive current component, in 
steady-state conditions. A clear linear relationship between the confinement improvement 
factor and the product of the barrier strength and enclosed volume has been found (Fig. 
A2.1). 
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Fig. A2.1: A confinement enhancement figure of merit 
for the eITBOH (blue) and eITBNI (red) 

is the product of the barrier strength and volume 
 
 
 
 

− The role of the current profile in achieving the improved regime has been clarified, not 
only by using combinations of on- and off- axis ECH and ECCD, but also by acting on the 
ohmic current driven with power levels negligible compared to those of the injected 
ECH/ECCD power. For example, the barrier volume has now been increased with an 
improved balance of power in the off-axis heating and central counter-ECCD. This is seen 
from the wider Te and    profiles (Fig. A2.2.) and results in an increase of the 
confinement enhancement factor H

ρT
*

RLW from ~2.9 to 4.4 in steady-state conditions. In this 
scenario, the barrier position can be controlled by varying the plasma current and/or the 
power deposited in the plasma centre. Results from experiments at two values of Ip are 
shown in Fig. A2.2. In both cases, the central power is ramped up slowly to reach its 
maximum of 1 MW at 1.5 s. The radius of the eITBOH expands during the power ramp.  
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− The possibility of externally controlling ELMs was explored using coil perturbations that 
modulate the plasma edge current during single-null ELMy H-mode (H for "high") 
discharges. The ELM frequency is affected by the external drive frequency. The 
synchronisation between the external perturbation and the ELMs is influenced by 
sawteeth, which constitute a competing mechanism for triggering ELMs. 

− Fig. A2.3 shows a discharge in which three bursts of perturbations at 200Hz are injected 
during an ELMy H-mode phase. With the exception of a short ELM-free phase starting at 
0.57s, felm clearly tracks fD most of the time during each burst, and its value doubles 
compared with the value between bursts. Intermittent interruptions in the phase lock have 
been observed during perturbation bursts. The simulation code DINA confirms that the 
effect of the perturbation is to modulate the edge current, thereby acting to either delay or 
precipitate ELM events.  
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Fig. A2.3: (a)Da emission showing ELMs 

(b) Current in the internal radial field coil, red bars indicate bursts 
(c)felm (circles) and fD (dashed line) 

(d) Time delay from the perturbation to the next ELM. 
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Besides these research activities, TCV diagnostics, infrastructure and heating system 
were continuously upgraded and maintained during shutdowns in support of the experimental 
programme. 

The TORPEX Device 
A new TORoidal Plasma EXperiment (TORPEX) has been built at CRPP, mainly 

dedicated to the study of turbulence and anomalous transport in toroidal plasmas. Low 
densities and temperatures make it possible to measure and possibly control plasma 
parameters and wave fields with high resolution locally throughout the plasma. The device 
also provides an ideal training environment for young researchers. The group is now complete 
and includes two post-doctoral fellows (one with a Marie Curie fellowship) and three graduate 
students (in addition to a number of undergraduate students). 

TORPEX (Fig. A2.4) is a toroidal device with major and minor radius R=1m and 
a=0.2m, respectively, to which a toroidal magnetic field of up to 0.1T is applied using a set of 
28 coils. Six poloidal coils can be used to add a small vertical component Bv≤50mT for the 
optimisation of the plasma production scheme. Highly reproducible plasmas of argon and 
other noble gases, for pressures pgas~10-4-10-5 mbar, are created by means of waves in the EC 
range of frequencies. Plasma density and electron temperature are in the range ne~1016-1017  

m-3 and Te~5-10eV, respectively, with up to 20kW of microwave power at f=2.45GHz 
injected during 100ms from the low-field side. Parameters like the neutral gas pressure, the 
location of the EC resonance and the amount of injected power can be varied to control the 
density and electron temperature profiles. The first plasma was produced in TORPEX, in 
March 2003. 

 
 
 

 
 

Fig. A2.4: The TORPEX device 
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During the year, activities went from the first plasma to the optimisation of the plasma 
production process, and from measurements of the linear properties of the naturally occurring 
plasma instabilities, aimed at establishing the relationship between the gradients and the 
fluctuation spectra, to the first characterisation of turbulence. 

Theory and modelling 
Theory and modelling work on numerical simulations of low frequency instabilities and 

turbulence has made several substantial advances. In particular, the Eulerian approach, for 
which a fixed grid in phase space is used, gives us insight into the development phase space 
structures in non linear electrostatic simulations with an unprecedented level of detail. As a 
milestone achievement, we have completed the development of a global gyrokinetic, fully 
electromagnetic code, which retains all finite beta effects and both ion and electron dynamics. 

As an illustration of the global gyrokinetic simulations, the case of the non linear 
evolution of ion temperature gradient (ITG) modes is briefly presented. It is characterised by 
the generation of an axisymmetric component of the perturbation, called the zonal ExB flow, 
which in turn contributes to suppress ITG turbulence. Last year, numerical simulations had 
shown that the zonal flows produce long-lived radial structures. The development of refined 
numerical tools is a necessity in order to capture this non linear physics accurately. A revised 
algorithm of non linear gyrokinetic Particle-In-Cell (PIC) simulations has been developed. An 
equation for the time evolution for the perturbed part of the distribution function, δf, was 
shown to be redundant. The new scheme is simpler, it requires fewer computations, and it 
opens the way for new techniques that have the potential to reduce further the numerical noise 
inherent to the PIC method.  

An alternative to the PIC schemes, which consists in solving for the full distribution 
function on a fixed grid in phase space, has the advantage of avoiding the numerical noise 
problem. The present version of the code for non linear drift-kinetic electrostatic ITG modes 
is now able to explore the non linear regime deeper into the saturation phase with a good 
control of the conserved quantities: relative errors are 10-7 in particle number, 10-5 in entropy, 
and 6 % in total energy. It was shown how finer and finer structures develop in phase space 
(Fig. A2.5).  

 
 

Fig. A2.5: Contour plot of the distribution function in the non linear stage 
(cross-section in r, horizontal axis, and θ vertical axis). 

 
Other topics include the physics underlying anomalous transport, the propagation and 

interaction of radio frequency waves (at the EC frequency and at the Alfvén frequency), the 
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operational limits of magnetically confined plasma due to magnetohydrodynamics (MHD) 
phenomena and the comparison with experiments. Another activity covers the optimisation of 
three dimensional magnetic configuration. Numerical model for plasma control is also 
developed. 

Participation in the scientific exploitation of JET 
Members of CRPP participates in various so-called Task Forces (in particular Task 

Force on MHD Phenomena and Task Force on Exhaust (E)). CRPP is also responsible for the 
new Alfvén wave diagnostic which is part of the JET Enhancement programme. This new 
antenna system is designed to excite MHD modes in the Alfvén wave frequency range (20–
500kHz) with intermediate toroidal mode numbers (n≤15). This will provide direct 
measurements of the stability properties of the modes that are considered the most prone to 
instability in large burning plasmas such as ITER. The design of the two groups of 4 antennas 
to be installed in-vessel and the relevant interfaces is now almost complete. 

Fusion materials research 
Materials research is a strategic field for the realisation of a fusion reactor and CRPP is 

devoting an important effort to this crucial domain. The activities encompass development 
and test of reduced activation materials, the modelling of properties and contribution to the 
International Fusion Material Irradiation Facility IFMIF. CRPP has performed a large 
number of task related to the long term materials development program of EFDA, as well as 
for ITER. 

Modelling activities (some of them in collaboration with PSI) include molecular 
dynamics simulations of damage accumulation in Cu, Ni and Au, and of grain boundaries in 
face centred cubic Ni, as well as finite element calculations of ball punch deformation curves. 
As an illustration of such modelling, a series of simulations performed for a 5keV cascade in 
single crystal Au were performed (Fig. A2.6). It appears that the cascade generates in the first 
picosecond (ps) a shock wave that propagates away from the cascade core at the speed of 
sound (4000m/s from these MD results). It is accompanied by recoil collision sequences that 
are observed to propagate equally well in all <110> directions (crowdion propagation). The 
thermal spike occurs at 3ps. The cascade is cooled down at about 15ps. At about 20ps sessile 
defect clusters (of interstitial type) transform to glissile dislocation loops with a 1/2 <110> 
Burgers vector. These mobile defects are seen to migrate 1D along <110> directions by 
thermal activation. 
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Fig. A2.6: View in cross section of a 5keV cascade at 1.1ps in single crystal Au. 
The sample contains about 250'000 atoms and its side length is 15.5nm 

Colour represents kinetic energy. 
 

In the field of reduced activation materials development, the materials group contributed 
to the characterisation before and after irradiation of ferritic martensitic steel. In an effort to 
increase the operational temperature of structural materials in a future reactor, the 
development and characterisation of nanocrystalline refractory materials for structural 
applications in fusion power reactors have made important progress. 

Superconductivity 
Research and development activities in 2003 were again focused on cable-in-conduit 

superconductors for fusion magnets, with preparation and testing of short samples in 
SULTAN. The facility has been fully loaded throughout the year, in particular with tests of 
NbTi samples, of full size Nb3Sn ITER toroidal field coil conductor and of two samples of 
superconducting cables for the stellarator Wendelstein 7-X (W7-X) under construction in 
Greifswald. In experiments with NbTi, a current imbalance was imposed on the conductors 
with different strand coating and solved the issue of superconductor interstrand current 
sharing and its impact on conductor performance. Another experiment in SULTAN allowed to 
quantify the degradation (over 30%) affecting the Nb3Sn cable-in-conduit conductors for TF 
coils, when exposed to a transverse electromagnetic load.  

As mentioned above, in addition to the tests performed for the development of ITER 
conductors, CRPP also performs tests for W7-X, in the framework of a collaboration with the 
German Association (IPP Garching and Greifswald). Two samples of the W7-X conductor 
have been prepared by IPP. The work aims at quantifying the performance of the conductors 
and joint developed by IPP (Fig. A2.7), both in DC and AC conditions. The work of the W7-
X team is strongly dependent on these results.  
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Fig. A2.7: A prototype joint developed by IPP and tested in SULTAN, 
without joint box, compacted into the steel halves 

 
Besides the SULTAN related projects, advanced Nb3Sn strand characterisation – Ic(B, 

T, ε) – for future ITER conductor has been carried out. Analysis of TF Insert results is done in 
the scope of superconductivity studies.  

In a collaboration with the Forschungszentrum Karlsruhe (FZK), the preparation of a 
prototype 70kA High Temperature Superconductor Current Lead is in progress with some 
delay. The test is now re-scheduled in the Toska facility of FZK for 2004.  

Electron cyclotron heating and current drive (ECH-&CD) system for ITER 
Besides its contribution to the development of a gyrotron (a high power source of 

electromagnetic wave at high frequency) for Tore Supra at Cadarache (118 GHz, 0.5 MW, 
1000 s) and W7-X (140 GHz, 1 MW, CW), CRPP is involved in the European development 
of the gyrotron for ITER. The device has a coaxial cavity and its specifications are as follows: 
170 GHz, 2 MW, CW. The design is now completed and the project has moved to the 
construction phase (Fig. A2.8). 
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Fig. A2.8: Schematic 3D view of the ITER gyrotron (170 GHz, 2 MW, CW) 
 

In parallel, CRPP is preparing the European test stand for the ITER gyrotron. It will 
allow tests at full performance (2 MW in continuous mode) and will be used both for the 
gyrotron development and for the ITER ECRH&CD upper launcher (see below). CRPP has 
assisted EFDA in the definition of all components of the test stands (superconducting 
magnets, power supplies, high voltage and high power fast switches used to protect the 
gyrotron). The construction of the whole infrastructure necessary for the test stand is under 
the responsibility of CRPP. 

CRPP also participates in the European team designing the ITER ECRH&CD upper 
launcher. The present reference concept is based on the use of the so-called remote steering of 
the high power microwave beam, i.e. the steering of the microwave beam is performed 
outside the ITER port plug.  

Socio Economic studies 

Under this heading, two tasks were performed in 2003: 

Risk and novelty in energy scenarios (in cooperation with CEPE/EPFL)
The project investigates risk perception and attitude toward novelty of communicators (groups 
of experts or organisations), as found in the corresponding publications about future energy 
scenarios, and compare them with data collected from different groups of advanced students 
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in Switzerland, Belgium, France and Austria, as well as from a focus group established in the 
framework of socio-economic studies for the proposed European site for ITER at Cadarache.  

To this aim, specific questionnaires were developed and tested with the help of two 
groups of electrical engineering students, one group of social science students, one group of 
process engineering students, and one group of astronomy students. The average ranking for 
the different items is shown in Fig. A2.9. A significant increase in the spread of the average 
ranking per group was observed, except for the items earth, society, clean energy and cheap 
energy. Strongest agreement through all groups was observed for the items clean energy and 
safe energy, ranking high in importance (rank 1-2) with 68.6% and 46.2% standard errors of 
the mean, respectively. The high standard errors were due to low sample numbers of some of 
the groups. 
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Fig. A2.9: Ranking of different items in the various groups. 

The vertical axis is the rank, 1 being the highest. 
 

Fusion as part of the energy system (in cooperation with LASEN/CRPP)
The objective of the research was to explore the global potential of fusion power plants and to 
quantify their advantages and drawbacks. The problem is to build consistent multi-regional 
global electric markets scenarios for the horizon 2100, including fusion as an energy supply 
option. The research makes use of the PLANELEC/PRO software, developed by LASEN. It 
determines the generating expansion plan that adequately meets electricity demand at 
minimum cost while respecting constraints given by the user, such as CO2 emissions. When 
comparing alternate expansion patterns, the objective function to be minimised is the present 
value of total costs, including investment, operation, maintenance and fuel cost. 
PLANELEC/PRO uses probabilistic simulation to estimate generating system production 
costs and dynamic programming to determine the optimal expansion pathway. The allocation 
of natural resources to satisfy the constraint of the demand is based on recent systemic 
approaches to allow technologies which may not be economically optimal to be taken into 
account in the energy supply scenarios, and particularly the electricity supply. 

Fusion technologies are defined as candidates and compete with other technologies 
under environmental and resources constraints. The problem with this approach is that several 
unknown parameters have to be quantified, such as plant availability statistics or maintenance 
characteristics and cost. The methodology developed permits the definition of long-term 
global and multi-regional electric generation scenarios to evaluate the potential of the fusion 
option in comparison with other complementary or competing new technologies. 
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ANNEX 3 

FUSION RELATED SURFACE INVESTIGATIONS AT THE PHYSICS INSTITUTE, BASLE, IN 2003 

Summary 
Under the title "Plasma-wall interaction studies related to fusion reactor materials", the group 
of Prof. Peter Oelhafen, at the Physics Institute of the University of Basle, carries out surface 
investigations with the financial support of the Federal Office of Energy. Optical mirrors are 
foreseen in ITER diagnostic ports as components to measure plasma light radiation in a broad 
wavelength range. Information about their performance is still insufficient. In particular the 
deterioration of the reflectivity due to particle impact is not yet known. Experiments in 
smaller machines are needed to develop strategies in order to investigate and to control the 
interaction of the plasma with the mirror surfaces. In collaboration with the Institut für 
Plasma Physik of the Forschungszentrum Jülich in Germany, we investigated the change of 
the optical properties of molybdenum mirrors after exposure in TEXTOR. As the presence of 
carbon and oxygen and of the resulting Mo carbides and oxides strongly influence the optical 
properties of the surface, we realised co-depositions of Mo and C in the presence of O. The 
different phases present in the film were analysed by XPS and UPS. The optical constants 
were measured by ex-situ spectroscopic ellipsometry and photospectometry and were 
correlated with the chemical composition of the film. 

Mirror Erosion/Deposition Experiment at TEXTOR for applications in ITER 

Description and experimental setup 
Inclined polished mirror plates (117 mm x 76 mm x 2.5 mm) out of polycrystalline 

molybdenum have been positioned in the scraped off layer (SOL) of TEXTOR to allow the 
exposure at different radial distances from the last closed flux surface (LCFS) (Fig. A3.1). In 
this way, the influence of a growing carbon deposit has been studied as well as the changes of 
the reflectivity after erosion or by carbon implantation or interdiffusion into the surface. 
Smaller mirrors have been placed at the front of the holder at an angle of 90° relative to the 
horizontal plan. A diagonal strip on the inclined mirror is covered by a protecting lid. 

 
Fig. A3.1: Schematic description of the inclined mirror in the SOL of TEXTOR. 
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Before exposure, the spectral dependence of the reflectivity were measured at different 
locations and for different angles of incidence and as a function of the polarisation angle. 
These measurements were repeated after exposure and dismounting of the mirrors.  

A newly designed mechanical component allows to precisely position the large mirror 
sample relatively to the light beam of the optical instruments. In this way, systematic 
cartographies of the optical constants, the total and the diffuse reflectivity, were determined, 
using a Varian Cary 5 spectrophotometer (Fig. A3.2a) and a Sentech 850 UV/Vis 
spectroscopic ellipsometer (Fig. A3.2b). The samples are mounted on a rail with a series of 
zipper-like teeth, the distance between two teeth being 4 mm (inset of Fig. 2b). Such rails 
make it possible to measure the sample at the precisely same location before and after plasma 
exposure.  

The optical characterization allows to determine the optical constants as well as the 
thickness, composition and electronic structure of the deposits. 

 
 

Fig. A3.2: (a) Spectroscopic ellipsometry and 
(b) spectrophotometry equipped with a mechanical rail system (insert). 

 

Results for Mo mirrors 
Optical properties before plasma exposure: optical properties were characterised for a large 
number of positions on the surface. Fig. A3.3 shows a cartography of the reflectivity standard 
deviation for an incident wavelength of 250 nm. No systematic variation can be identified. 
The discrepancies of less then 3 % are within the experimental error. For the rest of the 
spectrum (visible and IR), the differences are even smaller. Hence, it can be assumed that the 
virgin surface of the polished mirror is homogenous.  
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Fig. A3.3: Standard deviation of the reflectivity at 250 nm for a large Mo mirror before plasma exposure. 

 
Erosion/deposition after plasma exposure: After plasma exposure, the appearance of the 
surface has changed non homogenously. Fig. A3.4 shows the example of the two Mo mirrors 
after exposure. On the larger mirror, an eroded zone on the mirror part closer to the LCFS was 
identified, as well as a deposition on the opposite part. The protected zone under the diagonal 
lid is not affected. The small mirror presents interference fringes indicating a variation in the 
thickness of the deposited layer.  
 

 

 
Fig. A3.4: Inclined pc-Mo mirrors after plasma exposure in TEXTOR 

 
Unfortunately, the dimensions of the mirrors made it impossible to analyse them by 

photoelectron spectroscopy without cutting them into small pieces. The samples were 
investigated by SIMS at the Max-Planck-Institut für Plasmaphysik in Berlin. Fig. A3.5 shows 
the SIMS profile of the protected surface (a) and the deposited zone (b). 
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Protected (virgin) surface 
 

a-C:D deposition grown in ≈180s 
 

  
  

 
Fig. A3.5: SIMS profile of the Mo mirror after plasma exposure 

 
A 400 nm thick layer containing carbon, boron, deuterium and even molybdenum has 

been formed on top of the original mirror surface. It can be assumed that the layer contains an 
important concentration of oxygen, which could not been measured by SIMS as the surface 
sputtering is done with O ions. The presence of Mo within the deposit can be explained by the 
high temperatures at the surface during exposure to plasma. 

Optical properties after plasma exposure: Fig. A3.6 shows the before/after exposure variation 
of the total reflectivity at 250 nm of the pc-Mo mirror.  

 
Fig. A3.6: Evolution of the 250 nm reflectivity after the plasma exposure of a pc-Mo mirror 
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Three evolutions can be clearly seen: 

− an increase of the reflectivity in the eroded zone, probably due to a kind of polishing of 
the mirror by the incident particles. 

− an important degradation of the reflectivity (up to - 35 %)  for the deposition part. SIMS 
analysis indicate that the deposit is a thick layer of more then several hundred nm 
composed by C, B, O and Mo. The reflectivity at 250 nm is consequently dominated by 
the composition of the thin film and not by the pc-Mo substrate. 

− no reflectivity evolution along a diagonal strip in the middle of the mirror corresponding 
to the protected part during deposition. 

As a next step, the reflectivity evolution will be analysed by spectroscopic ellipsometry. 
This needs a deeper knowledge of the thickness and the composition of the deposited layer. 

Optical and electronic properties of mixed Mo carbide – Mo oxide – Mo thin films 
Description and experimental set up 
Thin film deposition: First results on the deposition of tungsten thin films by means of 
magnetron sputtering have already been obtained previously. Especially interesting are the 
oxygen contamination and the surprisingly high reactivity with the transition metal layer. As 
the optical properties of analysed mirror materials were highly changed by the deposition of 
mixed layers of Mo, C, O, etc., it was decided to use our thin film deposition methods and 
surface characterization techniques to realize mixed layers of Mo, C and O and study the 
influence of the composition on the electronic and  optical properties. 

The experiments are performed in a vacuum system that consists of two interconnected 
chambers: a high vacuum sputtering chamber and a ultra-high vacuum photoelectron 
spectroscopy chamber.  

The sputtering chamber used for the coating deposition is pumped down to a typical 
background pressure below 10-6 mbar by a turbo pumping system. The sputtering is carried 
out using a newly developed dual magnetron using two concentric water-cooled magnetrons 
capped by graphite and molybdenum targets (Fig. A3.7).  

 
 

Fig. A3.7: Ring magnetron capped in this example by an Al (outside) and a Ag (inside) targets. 
 

The large magnetron is driven by bipolar-pulsed power (50-250 kHz) for the C target 
and the small one by either medium frequency RF power (at 13.5 kHz) or by bipolar-pulsed 
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power for the Mo target. The target powers are changed in order to modify the composition of 
the mixed films. During the thin film deposition at room temperature, the grounded substrate 
faces the targets at a distance between 5 and 8 cm. Argon and oxygen are used as process gas. 
A working pressure of around 5 x 10-3 mbar is adjusted by throttling the pumping system. 
Deposition conditions are always run for 4 min before starting a deposition on the chosen 
substrate in order to achieve stable plasma conditions. The thin films are deposited on AF45 
glass and monocrystalline silicon substrates 4 x 4 cm2 for the optical characterizations. 

Photoelectron spectroscopy and optical characterization: A transfer system connects the high 
vacuum deposition chamber to an ultrahigh vacuum electron spectrometer. Samples can be 
transferred from one system to the other without breaking the vacuum. The electron 
spectrometer is equipped with a hemispherical analyser (Leybold EA 10/100) and an X-ray 
source for core level spectroscopy (X-ray photoelectron spectroscopy XPS: Mg Kα excitation, 
hυ = 1253.6 eV). The typical resolution is 0.8 eV for the XPS measurements. A gold sample 
with the Au 4f7/2 core level signal at 83.9 eV binding energy is used as a reference for the 
electron energy calibration. 

The relative concentrations of the deposited elements forming the thin films is 
determined by integration over the Mo 3d, C 1s and O 1s core lines after subtracting a Shirley 
background. From the photoionization cross-sections, the atomic concentrations of the film 
surface are calculated. The growth velocity and the thickness of the films are measured in-situ 
during the deposition by laser reflectometry. The ex-situ optical characterization is done by 
spectroscopic ellipsometry and spectrophotometry. 

Results 
Photoelectron spectroscopy: Fig. A3.8 shows the Mo 3d core and the O 1s level peaks for 
different gas flows of oxygen and the Mo target driven by bipolar-pulsed power at 20 W. 
When no oxygen is introduced during the deposition, the peak fitting shows that the Mo 3d 
peak is composed of two doublets: a large one associated with metallic Mo and another one 
associated with MoO2. The presence of Mo dioxide results from the residual O in the high 
vacuum deposition chamber and the high reactivity of Mo with O. By increasing the flow of 
O, the peak shift to higher binding energies and the thin film is essentially composed of 
MoO2. The deconvolution of the experimental peak (not shown here) shows an Mo oxidation 
state, which lies between Mo6+ (MoO3) and Mo4+ (MoO2). This suggest that there is a mixture 
between the two stoichiometric oxides. The largest binding energy shift is obtained for MoO3 
sputtered by medium frequency RF power. For increasing O flow, the O 1s peak shifts 
towards lower binding energies. 
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Fig. A3.8: (a) Mo 3d and (b) O 1s core level peaks for different partial pressures of O. 
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Fig. A3.9 shows the Mo 3d and C 1s core level peaks for different powers applied to the 
Mo and C targets. For lower powers of the Mo target, the thin film composition is dominated 
by amorphous carbon with a content of Mo carbide. For higher concentration of Mo, the 
composition is a mixture is Mo carbide and metallic Mo. In all the cases, the residual content 
of oxygen induces the presence of Mo dioxide phases in the film. However their content 
decreases with increasing Mo power. 

(a)

 
  

(b) 

 
 

Fig. A3.9: (a) Mo 3d and (b) C 1s core level peaks for different powers of the Mo and C targets. 
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Fig. A3.10 shows an example of the Mo 3d core level for low values of driven powers 
applied on the targets. The spectrum is composed by 3 different doublets related to metallic 
Mo, MoC and MoO2. In this case, the growth velocity is low enough for the formation of 
oxides phases.  

 
Fig. A3.10: Mo 3d core level peak composed by contributions of Mo, MoC and MoO2. 

 
Optical constants: The optical constants were measured by ex-situ spectroscopic ellipsometry 
and photospectometry and were correlated with the chemical composition of the film.  It was 
found that the optical constants (refractive index n and extinction index k) and hence the 
reflectivity depend strongly on the composition of the films. Fig. A3.11 shows an example of 
n and k measured by spectroscopic ellipsometry for different thin film compositions. The 
points at 532 nm represent the fit results from laser reflectometry. We found a good 
agreement between the two techniques. 

 
Fig. A3.11: n (solid lines) and k (dotted lines) for different thin film compositions. 
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Fig. A3.12 shows a tentative correlation between the optical properties (here the total 
hemispherical reflectivity at 500 nm) and the deposition conditions (the ratio between the 
power applied to the two targets). The O content depends not only on this ratio but also on the 
absolute values of the powers and has a strong effect on the optical properties as seen on Fig. 
A3.12. 

 
Fig. A3.12: Reflectivity at 500 nm as a function of the Mo/C power ration 

 
Structural analysis by X-Ray diffraction, AFM and SEM will be used to complete these 

characterizations in order to use effective medium calculations to explain the evolution of the 
optical constants as a function of the volumetric composition of the films. 

Future work 
The combination of optical characterization and deposition/sputtering techniques is 

possible by using in-situ/real-time laser reflectometry related to a thin film preparation 
chamber. In the case of plasma facing mirrors, the evolution of the specular reflectivity will 
be recorded during the erosion (by plasma exposure or ion bombardment) of the mirror 
material or the deposition of plasma facing materials (C, W, …) on the mirror without taking 
the sample out of the chamber. This makes a rapid optical characterization in function of the 
experimental parameters (sputtering energy, thickness of sputtered layer, …) possible. 

For the applications of the mirrors it is important to scan the reflectivity evolution for a 
sufficient large spectrum. At present, a solid state laser at a wavelength of 532 nm was used as 
light source. It is planned to extend the range of studied wavelengths which implies the 
purchase of several lasers covering complementary spectrums. A CCD camera could be used 
to examine the diffuse reflectivity of the sputtered surface.   

Collaboration with the Institut für Plasmaphysik of the Forschungszentrum Jülich will 
be continued. Several exposure experiments are planned. Mirror plates out of stainless steel, 
tungsten and TZM (titanium-zirkonium-molybdenum) are in preparation. 

Various intrinsic physical and chemical properties of tungsten and vanadium will be 
investigated. These studies can be grouped as follows:  (i) The reactivity of these transition 
metals against oxygen under various experimental conditions and the thermal stability of the 
resulting oxide phases will be examined. (ii) In addition, the interaction of carbon deposited 
on W and V will be studied in order to identify the experimental conditions resulting in 
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carbide phase formation. Again, the thermal stability and chemical reactivity of these phases 
along with potential re-conditioning processes will be investigated. 
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Exposure of Molybdenum Mirrors in the Scrape-off Layer of TEXTOR, submitted for a 
contribution to the 16th International Conference on Plasma Surface Interactions in 
Controlled Fusion Devices, May 24-28 2004, Portland, Maine, USA. 
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De Temmerman, W. Schneider, D. Hildebrandt, M Laux, M. Rubel and B. Emmoth, 
Exposition von Molybdän-Spiegeln am Plasmarand von TEXTOR, submitted for a 
contribution at the DPG Frühjahrstagung, Mars 8-12 2004, Kiel, Germany. 

G. De Temmerman, M. Ley, J. Boudaden, and P. Oelhafen, Optical properties of co-
deposited molybdenum carbide films, submitted for a contribution to the 16th International 
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Scientific collaborations 

National collaborations: CRPP-EPFL 
International collaborations: Dr P. Wienhold, Dr V. Philipps, Forschungszentrum Jülich, 
Institut für Plasmaphysik, Gruppe  Plasma - Wand Wechselwirkung 
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ADDITIONAL INFORMATION 

The following web pages provide much additional information on all the topics discussed in 
this report: 

Energy in general 
International Atomic Energy Agency IAEA: www.iaea.org 

International Energy Agency IEA: www.iea.org 

Switzerland: www.suisse-energie.ch 

ITER 
www.iter.org 

Euratom 
European Fusion Development Agreement EFDA: www.efda.org 

Joint European Torus JET: www.jet.efda.org 

European Commission: europa.eu.int/comm/research/fusion1.html  

Framework programmes of the European Union: www.cordis.lu 

IEA Implementing Agreements 
www.iea.org/impagr/imporg/impagpub/listof.htm#5 

Switzerland 
Plasma Physics Research Centre CRPP: crppwww.epfl.ch 

University of Basle: www.unibas.ch/phys-esca 

 

Interested readers can also contact: 

Dr. Jean-François Conscience Phone: +41 (0)31 322 96 80 
Bundesamt für Bildung und Wissenschaft Fax: +41 (0)31 322 78 54 
Office fédéral de l'éducation et de la science conscience@bbw.admin.ch 
Federal Office for Education and Science www.bbw.admin.ch 
Hallwylstrasse 4  
CH-3003 Berne  
Switzerland 

Additional copies of this report can be ordered at the same address or downloaded (pdf file) 
from www.bbw.admin.ch 
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ABBREVIATIONS 

BBW: Bundesamt für Bildung und Wissenschaft 
CD: Current drive 
CEPE: Centre for Energy Policy and Economics 
CERN: European Laboratory for Particle Physics 
CRPP: Centre de recherches en physique des plasmas 
CTA: Coordinated Technical Activities 
E: Exhaust 
EC: Electron cyclotron 
ECCD: Electron cyclotron current drive 
ECH: Electron cyclotron heating 
ECRH: Electron cyclotron resonance heating 
EDA: Engineering design activities 
EFDA: European Fusion Development Agreement 
EIROFORUM: European Intergovernmental Research Organisations Forum 
ELM: Edge limited mode 
EMBL: European Molecular Biology Laboratory 
EPFL: Ecole polytechnique fédérale de Lausanne 
ESA: European Space Agency 
ESO: European Southern Observatory 
ESRF: European Synchrotron Radiation Facility 
EU: European Union 
EURATOM: European Atomic Energy Community 
EVEDA: Engineering Validation and Engineering Design Activities 
FEC: Fusion Energy Conference 
FP5: 5th Framework Programme 
FP6: 6th Framework Programme 
FZJ: Forschungszentrum Jülich 
FZK: Forschungszentrum Karlsruhe 
IA: Implementing Agreement 
IAEA: International Atomic Energy Agency 
IEA: International Energy Agency 
IFMIF: International Fusion Materials Irradiation Facility 
IFRC: International Fusion Research Council 
ILE: ITER Legal Entity 
ILL: Institut von Laue – Langevin  
IPP: Institut für Plasmaphysik 
ITA: ITER Transitional Arrangements 
ITER: International Thermonuclear Experimental Reactor (but see page 8!) 
ITG: Ion temperature gradient 
JET: Joint European Torus 
JIA: JET Implementing Agreement 
JOC: JET Operation Contract 
LASEN: Laboratoire de systèmes énergétiques 
MHD: Magnetohydrodynamics 
OECD: Organisation for Economic Co-operation and Development 
OFEN: Office fédéral de l'énergie 
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OFES: Office fédéral de l'éducation et de la science 
PIC: Particle-In-Cell 
PIREX: Proton Irradiation Experiment 
PSI: Paul Scherrer Institute 
RF: radio frequency 
SINQ: Swiss spallation neutron source 
SULTAN: Supraleiter-Testanlage 
TCV: Tokamak à configuration variable 
TORPEX: Toroidal Plasma Experiment 
UKAEA: United Kingdom Atomic Energy Agency 
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