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Preface

En tant que nouveau directeur, c'est avec honneur et plaisir que je vous présente le
rapport d'activité 1998 du Centre de Recherches en Physique des Plasmas (CRPP) de
l'Ecole Polytechnique Fédérale de Lausanne (EPFL). C'est en effet un honneur car ces
travaux ont été effectués sous la direction de M. le Professeur Francis Troyon qui a
quitté ses fonctions au printemps 1999. C'est aussi un grand plaisir car, malgré les
difficultés techniques rencontrées, nous avons pu obtenir de nombreux résultats
scientifiques de qualité.

Ce rapport couvre les activités du CRPP dans les domaines de la physique des
plasmas, de la technologie en vue de la fusion, des procédés industriels utilisant le
plasma et d'autres activités dans le domaine de spécialisation du laboratoire. La
majeure partie de ces travaux ont été accomplis dans le cadre de l'Association
Euratom - Confédération Suisse

II est difficile devant la richesse et la qualité des résultats obtenus de ne mentionner
que quelques-uns. Permettez-moi néanmoins d'essayer d'en citer quelques domaines
où nos efforts ont apporté des résultats scientifiques importants et une contribution
substantielle aux diverses missions du CRPP dans le cadre de l'Ecole Polytechnique
Fédérale de Lausanne et de l'Association Euratom - Confédération Suisse:

L'exploitation de TCV en présence de chauffage cyclotron électronique est
devenue routinière et a commencé à apporter une moisson de résultats
intéressants.

Le développement de codes de simulation en vue de l'étude d'ondes de dérive
instables et du transport en résultant a déjà produit des résultats importants
pour des tokamaks.

Dans le domaine technologique, l'Association continue d'apporter une
contribution importante dans le domaine de la supraconductivité en vue d'ITER
et des matériaux pour le programme à long terme en vue d'un réacteur de type
DEMO.

La diversification dans les procédés industriels utilisant le plasma a pleinement
tenu ses promesses à travers de nombreuses collaborations et partenariats avec
des industries et groupes de recherche nationaux et internationaux.

J'aimerais remercier tous les collaborateurs du CRPP pour leur contribution, car ce
sont leur compétence et leur engagement qui ont permis la réalisation de tous les
travaux et l'obtention des résultats qui vous sont présentés dans ce rapport annuel.

Prof. M.Q. Tran
Directeur



Vorwort

In meiner Funktion als neuer Direktor habe ich die Ehre und das Vergnügen zugleich,
Ihnen den Forschungsbericht 1998 des Centre de Recherches en Physique des
Plasmas (CRPP) der Eidgenössischen Technischen Hochschule Lausanne (ETHL) zu
präsentieren. Es ist mir eine besondere Ehre, da diese Arbeit noch unter der Leitung
von Herrn Professor Francis Troyon, der im Frühjahr 1999 als Direktor des CRPP
zurücktrat, entstand. Es ist mir aber auch ein grosses Vergnügen, da es uns gelungen
ist, trotz einiger technischer Schwierigkeiten eine Vielzahl an hervorragenden
Ergebnissen zu erzielen.

Dieser Bericht beinhaltet die Aktivitäten des CRPP in der Plasmaphysik, in der
Fusionstechnologie, sowie in der industriellen Anwendung von Plasmen und in
anderen Spezialgebieten des Institutes. Ein Grossteil dieser Arbeit wurde im Rahmen
der Assoziation Euratom - Schweizerische Eidgenossenschaft ausgeführt.

In Hinsicht auf die Fülle und die Qualität der Ergebnisse fällt es mir schwer, nur
einzelne hervorzuheben. Erlauben Sie es mir trotzdem, einige Bereiche zu erwähnen,
in denen unsere Anstrengungen zu wichtigen wissenschaftlichen Resultaten geführt
und wesentlich zur Erfüllung der Aufträge des CRPP im Rahmen der EPFL und der
Assoziation Euratom - Schweizerische Eidgenossenschaft beigetragen haben.

Der Betrieb vom TCV mit zusätzlicher Elektron-Zyklotronresonanz-Heizung ist
zur Routine geworden und beginnt, eine Vielzahl interessanter Resultate zu
produzieren.

Die Codeentwicklung zur Simulation von Driftwellen-Instabilitäten und des aus
ihnen resultierenden Transportes hat bereits wichtige Erkenntnisse für
Tokamaks erbracht.

Im Bereich der Technologie fährt die Assoziation fort, sowohl zur Entwicklung der
Supraleitung mit Blick auf ITER als auch zur Materialforschung mit dem
langfristigen Ziel eines Fusionsreaktors wie Demo beizutragen.

Die Diversifizierung in den industriellen Plasmaverfahren ist in Zusammenarbeit
mit Partnern aus der Industrie und anderen nationalen und internationalen
Forschungsgruppen erfolgreich gewesen.

Ich möchte mich bei allen Mitarbeitern des CRPP für ihren kompetenten und
engagierten Beitrag, der die Realisierung aller in diesem Bericht vorgestellten Arbeiten
und Ergebnissen ermöglichte, bedanken.

Prof. M. Q. Tran
Direktor



Prefazione

Nelle vesti di nuovo direttore ho il piacere e l'onore di presentarvi il rapporto delle
attività per l'anno 1998 del Centre des Recherches en Physique des Plasmas (CRPP)
dell'Ecole Polytechnique Fédérale de Lausanne (EPFL).
Questo è per me un grande onore in quanto tali attività si sono svolte sotto la
direzione del Professor Francis Troyon, che ha lasciato le sue funzioni durante la
primavera 1999. È inoltre un grande piacere poiché, nonostante le difficoltà tecniche
incontrate, è stato possibile ottenere numerosi risultati di alta qualità scientifica.

Questo rapporto spazia sulle attività del CRPP nei campi della fisica dei plasmi, della
tecnologia per la fusione, dei processi industriali che fanno uso di plasmi e di altre
attività nell'ambito di specializzazione del laboratorio.
La maggior parte di questi lavori è stata realizzata nell'ambito dell'Associazione
Euratom - Confederazione Svizzera.

Dinanzi alla ricchezza e qualità dei risultati ottenuti è difficile menzionarne solamente
alcuni. Permettetemi tuttavia di citare alcuni campi nei quali i nostri sforzi sono stati
coronati da risultati scientifici importanti e da un contributo sostanziale alle diverse
missioni affidate al CRPP in seno all'Ecole Polytechnique Federale de Lausanne ed
all'Associazione Euratom - Confederazione Svizzera:

L'esercizio del tokamak TCV in presenza di riscaldamento ciclotron - elettronico è
divenuto di routine e ha iniziato a fornire risultati interessanti.

Lo sviluppo di codici di simulazione per lo studio delle onde di deriva instabili e
del trasporto da queste risultante ha già prodotto risultati importanti per la fisica
dei tokamak.

In campo tecnologico, l'Associazione continua a fornire un sostanziale contributo
nell'ambito della superconduttività in vista di ITER e dei materiali per il
programma a lungo termine che prevede un reattore di tipo DEMO.

La diversificazione nei processi di plasmi industriali ha pienamente mantenuto le
sue promesse grazie a numerose collaborazioni e partnership con industrie e
gruppi di ricerca nazionali ed internazionali.

Desidero ringraziare tutti i collaboratori del CRPP per il loro contributo, poiché sono
state le loro competenze ed il loro impegno a rendere possibile la realizzazione di tutti i
progetti ed il conseguimento dei risultati che vi saranno presentati in questo rapporto
annuale.

Prof. M. Q. Tran
Direttore



Preface

It is both an honour and a pleasure for me, as new Director, to present the 1998
Annual Report of the Centre de Recherches en Physique des Plasmas (CRPP), an
institute of the Ecole Polytechnique Federate de Lausanne (EPFL). It is a particular
honour since the work presented was performed under Professor Francis Troyon, who
retired from the directorship of the CRPP in spring 1999. The pleasure resides in the
fact that 1998 has been particularly fruitful from the point of view of the quantity and
quality of our scientific results.

This report covers all the activities of the CRPP in the field of plasma physics, from the
technological challenges of future fusion reactors to the industrial use of low
temperature plasmas. The work centres on the experimental and theoretical challenges
of developing the techniques and understanding for advancing the concept of magnetic
confinement of hot plasmas. Most of these activities are carried out under the auspices
of the Association EURATOM-Confederation Suisse.

It is difficult to extract a few highlights to represent the breadth and depth of the
research described in detail in the body of this report, however it is worth citing a few
examples illustrative of the advances made and of the contributions to the European
fusion programme and to the programme of the EPFL:

The scientific exploitation of the TCV facility is increasing in depth with new
diagnostics and above all with intense Electron Cyclotron Heating. The flexibility
of TCV is now matched by the flexibility of the additional heating system.

Simulation codes are being developed to reproduce the anomalous transport
observed in tokamaks and attributed to unstable drift waves.

The Association continues to contribute its technology experience in the fields of
superconductivity for fusion reactors and the development of first wall and
structural materials specifically optimised for use in fusion reactors.

The experience of the CRPP in low temperature plasmas is recognised more and
more, seen in an increasing number of industrial and research collaborations
both nationally and internationally.

I would like to thank all my colleagues in the CRPP for their different contributions, for
without their competence and tremendous enthusiasm, the quality of the very varied
work described in this Annual Report would not be the same.

Professor M.Q. Tran
Director
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INTRODUCTION

1.1 Worldwide status of magnetic fusion research

The general strategy for developing fusion as an energy source remains unchanged
in its main orientation. ITER has been further developed with reduced technical
objectives allowing a reduced cost. This so-called RTO/RC ITER, is still considered
to be the best and necessary step between the present size devices and a DEMO
reactor.

RTO/RC ITER is a scaled-down version of the original ITER design. In order to
achieve a cost reduction of about 40-50%, some technical objectives had to be
reduced, compared with the original ITER specifications. Reductions have been
chosen in the power amplification factor Q (Q~10 with a burn time of about 500s,
Q~5 in steady state), in the total fusion power (~500MW) and in the neutron fluence
(>0.3MWa/m2). The EU, Japan, Russia and the USA (the latter until end of July
1999) are now collaborating in the EDA Extension Phase of ITER which will last
until July 2001, with the aim of completing tests of critical components of the
device as well as defining all the elements necessary for a political decision to build
ITER.

Japan continues to maintain a strong commitment to fusion power. Its programme
covers all the different aspects of fusion research, both in questions of physics and
technology. On the physics side, the study of magnetic confinement is concentrated
on the exploitation of the large tokamak JT-60U and the new large super-
conducting stellarator LHD (Large Helical Device). The latter was successfully
brought into operation in 1998. In parallel, all the required technologies are being
developed for present day experiments as well as for a reactor. The support for
fusion is widespread in government, economic circles, academic societies and also
among the educated public. The Japanese government's commitment towards
fusion is a continuation of a long-term view of the necessity of solving the critical
issue of their energy dependence. Japan considers that ITER is affordable, that it
should be the one step towards a DEMO fusion reactor and is actively pursuing
detailed studies with the objective of hosting ITER in Japan.

In the US, there has been a phase during which strong doubts were expressed
about the political and even the community commitment towards realising a fusion
reactor such as ITER in the near term. However, recent developments indicate that
a positive consensus has now been reached regarding the timeliness of starting a
burning plasma experiment in an international context. This consensus presently
being developed by the US fusion community is expected to have positive effects for
both the overall American fusion programme and for a future US involvement on
ITER. There is now a strong view within the US scientific community that, if ITER
goes forward to construction, the US should attempt to re-join the project.

In the EU, the 5th Framework Programme (FP) was adopted in December 1998. The
budget, 788 Million Euros for the period 1999-2002, essentially guarantees the
continuation of all the European activities previously foreseen in the fields of
physics, technology, participation in the ITER-EDA and the new exploitation of the
JET facilities starting in 2000. The EU Fusion Programme has become a "key
action" of the EU thematic action "Preserving the Ecosystem". The goal of the 5th FP
is stated to be the development of the necessary basis for the possible construction
of an experimental reactor with the objective of demonstrating the scientific and
technological feasibility of fusion power production as well as its potential safety
and environmental benefit. The physics programme encompasses activities for
ITER, activities using the JET facilities and the supporting research in the
Associations. The research priorities for ITER cover finalising the design and test of
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the large prototypes, adapting the design to specific potential host sites and
consolidating the necessary scientific knowledge base. Preparation and discussions
are underway to examine several potential European sites and to prepare the
political context for a decision to construct ITER. On the last point, it is intended to
have a reference design for RTO/RC ITER by January 2000 in order to introduce
this item in the preparatory work for the 6th Framework Programme.

The JET Joint Undertaking will cease to exist at the end of 1999. JET reached
record fusion products during the 1997 D-T campaign and is now the unique
facility with tritium capability in the world. Scientific exploitation of the extensive
JET facilities will be continued after the end of 1999 in a campaign-oriented
manner by all the European Associations, including Switzerland. This requires a
strong commitment from all the associated laboratories and will necessitate co-
ordination with the national programmes. However, success of the post-1999
exploitation of the JET facilities will have a major impact on the whole fusion
programme. The work-plan for the JET facilities allows the inclusion of a major D-T
campaign together with high plasma performance experiments yielding a
substantial heating of the plasma by fusion produced a-particles.

1.2 Activities of the Swiss-Euratom Association

The Swiss Confederation-Euratom Association focuses its activities on some of the
physics and technological problems where its existing competence and experience
best match the priorities of the European programme. The activities are based on
the four main installations of the CRPP, Lausanne which occupy two sites.

Tokamak physics, including both theoretical and experimental work at CRPP, is
complemented by contributions to joint projects. A programme on plasma heating,
on the TCV tokamak, using powerful millimeter-wave sources was approved in
1993, the construction of the ECRH system has started. Some of the other main
activities carried out at CRPP are the improvement of plasma diagnostics for TCV,
the long term development of a powerful infrared source, based on a gyrotron (in
the range of 300-1000 GHz) for diagnostics, the development of powerful gyrotrons
for use on TCV and Tore Supra (jointly with Association EURATOM-CEA,
Association FZK-EURATOM (Forschungungszentrum Karlsrhuhe) and Thomson-
Tubes Electroniques), the development of coating techniques for plasma facing
components (PFC) with low atomic number materials (jointly with the University of
Basel and Association FZJ-EURATOM (Forschungszentrum Julich), through an IEA
implementing agreement).

The fusion technology R&D part of the Swiss Association, located at the Paul
Scherrer Institute (PSI) in Villigen, became attached to CRPP in August 1993. The
activities which are carried out in the PSI are mainly: the development of
superconducting coils and their critical components for ITER, the testing of
superconducting conductors in the large test facility SULTAN and the study of
radiation damage to fusion relevant mateiral using the 600 MeV proton irradiation
facility PIREX with the goal of testing specific alloys for ITER as well as developing
low activation materials for the DEMO fusion reactor.

Many of these activities are carried out in collaboration, with Swiss and other
European industries, with other laboratories within the European fusion
programme and with other laboratories in Russia, the Czech Republic and the USA.
Details of these activities are discussed further in the relative sections.



- 3 -

1.3 The CRPP in 1998

The long-standing strategy of the CRPP aims at excellence in certain carefully
selected areas, based either on existing facilities capable of making a unique
contribution to the field, or on a solid scientific experience and expertise in the
field. In the area of the physics of fusion plasmas, research at the CRPP has
concentrated on the following fields:

• the exploitation of the TCV tokamak, which has a unique flexibility in producing
and studying strongly shaped plasmas;

• the study of electron cyclotron heating and current drive, combining a high
power and versatile additional heating scheme with the shape flexibility of TCV;

• the theoretical and numerical simulation of the equilibrium, stability and
confinement of magnetically confined plasma, including the tokamak, stellarator
and novel configurations;

• the development of high power high frequency sources for plasma heating and
diagnostics;

• supporting the JET experiments and the ITER Engineering Design Activity
(EDA).

The details of all these activities are given in the major chapters of this report. Some
of the highlights of the year are described briefly here.

The TCV tokamak is continuously being upgraded and is starting to be well
equipped with space- and time-resolved diagnostics. An unfortunate oil
contamination of the tiles during their fabrication led to an unforeseen down-time
of half this present year (January-July 1998). The motor-generator was upgraded
for longer pulses during this period.

The installation of the Electron Cyclotron Heating and Current Drive system
(1.5MW at 82.7GHz) for TCV is progressing satisfactorily, considering the very tight
situation regarding the CRPP support personnel.

The creation, control and evaluation of strongly shaped plasmas has continued up
to an elongation K of 2.58 (Maximum design elongation is 3). The maximum plasma
current Ip obtained so far is presently 1.05MA.

Electron temperatures in excess of 6keV have been obtained during ECH heating.

The plasma elongation and shaping improve the energy confinement time, both in
the Ohmic regime and with ECH. The enhancement can be explained solely by a
"Shape Enhancement Factor" due to flux-surface expansion of the shaped plasmas,
indicating little or no effect of the shaping on the underlying transport.

Plasma detachment is obtained with diverted plasmas, at low density and without
the addition of impurities. This result was not expected on the basis of results from
other tokamaks.

The expertise of the CRPP is now integrated in the European effort aiming at the
development of high power high frequency gyrotrons for existing or planned
experiments. Only a very small effort is devoted to the development of a third
harmonic quasi-optical gyrotron for diagnostic.

The theory and numerical simulation group gives support to various running and
planned experiments, using different codes, most of which were developed at the
CRPP. Computational models in the field of Alfven eigenmodes have been compared
with experimental results from JET, TFTR and DIII-D showing that these models
may now be used to make reliable predictions. Support for TCV has been provided
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by calculations of the MHD stability of strongly shaped plasmas, by the transport
simulations and sawtooth modelling. In collaboration with the Keldysh and
Kurchatov Institutes we have explored the potential of different 3D configurations
with a view to a future experiment. Much progress has been made in kinetic
modelling where several codes have reached the production phase. Using the
massively parallel computer at the EPFL it has been possible to identify the reason
for the degraded efficiency observed in quasi-optical gyrotrons and the physics
governing the stability of ion-temperature-gradient (ITG) driven modes in tokamaks.
With the additional computing power made available to us through our
collaboration with the Association Euratom-Max Planck Institut fur Plasma Physik
(Germany), we have been able to use the Cray T3-E to assess the performance of
non-linear kinetic ITG simulations of tokamak plasmas and to perform the first
linear simulations in 3D configurations.

Support for the design phases of ITER is one of the main priorities of the CRPP.
Besides "Voluntary Physics" activities, we have contributed directly to the problems
related to plasma control. Members of CRPP were nominated, ad personam, as Task
Area Leader, European Expert or Member of strategy defining and scientific
committees of ITER.

All of the activities mentioned were performed within the framework of the
Association Euratom-Confederation Suisse and have benefited from collaboration
with all the Associations of the European Fusion Program. Bilateral collaborations
have also been established with Eastern European institutions (The Czech
Republic, Hungary, Russia), Japan and the US in physics and diagnostic
development. They include the exchange of personnel and equipment between the
CRPP and these institutions. These scientific relationships have been extremely
beneficial to the CRPP, especially in view of the very tight personnel situation in
which the CRPP has found itself in the last two years.

Activities of the CRPP also covered domains which benefit from the expertise of the
laboratory but are not included in the work programme of the Association. They are
the development of a high Tc superconducting cable for energy transport and the
R&D in industrial plasmas. In the report these activities are marked by an
asterisks.

1.4 Main fusion reactions

Nuclear fusion is a process in which light nuclei fuse together to form heavier ones:
during this process a very large amount of energy is released. This process powers
the universe. In the core of the sun, the lightest and most abundant isotope of
hydrogen (H) is converted into helium (He) at a temperature of 15 million degrees.
Because of its low reactivity cross section this reaction is not relevant on earth and
so for a fusion reactor it is planned to use instead the two other isotopes of
hydrogen: deuterium (D) and tritium (T), which fuse together much more readily
than any other combination of light nuclei according to the following reaction:

D2 + T3 -» He4 + n + 17.6MeV

The end products are helium and neutrons (n). The total energy liberated by fusing
one gram of a 50/50% mixture of deuterium and tritium is 94000kWh, which is 10
million times more than with the same mass of oil. Most of this energy (80%) is in
the form of fast neutrons carrying an energy of 14MeV while the remaining 20% is
carried by the helium nucleus. All this energy will eventually become heat to be
stored or converted by conventional means into electricity.

The reaction rate of all fusion reactions only start to become significant at
temperatures above a few tens of millions of degrees. For the D-T reaction, the
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optimal temperature (highest reaction rate at constant pressure) is of the order of
70-200 million degrees K; whereas the sun works at a lower temperature than the
optimal because of its enormous size, a fusion reactor on earth will have to work in
the optimal range. At such temperatures, above a few tens of thousands of degrees,
the D-T fuel is in the plasma state the ultimate state of all matter.

Another reaction of interest is

D2 + He3 -> He4 + p + 18.8MeV

but the light isotope of helium, He3, is rare on earth.

Fusing together deuterium nuclei according to the two possible reactions

D2+ D2 -> T3 + p + 4MeV 50% probability

D2 + D 2 ^ H e 3 +n + 3.2MeV 50% probability

is the most attractive possibility since it produces in about equal amounts light
helium (He3) and tritium which then fuse rapidly in the same volume with
deuterium to give helium and hydrogen as end products. As the optimal
temperature range is higher and the reaction rate slower than for D-T, making it
much more difficult, the fusing of deuterium nuclei is not considered at this stage.

1.5 The fuels

Deuterium is very abundant on the earth and can be extracted from water
(0,034g/l). Tritium does not occur naturally but it can be regenerated from lithium
using the neutrons produced by the D-T fusion reactions. The two isotopes of
natural lithium contribute to this breeding of tritium according to the reactions:

Li6 + n -> He4 + T3 + 4.8MeV

Li7 + n -> He4 + T3 + n - 2.5MeV

The global reaction then becomes:

D + Li —> 2 He4 + energy + neutrons ...

The relative abundances of the two lithium isotopes Li6 and Li7 are 7.4% and 92.6%,
respectively. The geological resources of lithium in the earth are large enough to
provide energy for several thousand years without counting the lithium in the sea
water.

1.6 Attractiveness of fusion as an energy source

The inherent advantages of fusion as an energy source are:

Fuels are plentiful and their cost is negligible because of the enormous energy
yield of the reaction.
The end product of the reaction is helium, an inert gas.
No chain reaction excursion is possible, such as in fission. At any time only a
very small amount of fuel is in the reacting chamber and any malfunction
would cause an immediate drop of temperature and the reaction would stop.
No after-heat problem.
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While potential advantages are:

Radioactivity of the reactor structure, caused by neutrons, can be minimised
by careful selection of low-activation materials resulting in little long lived
radioactive wastes.
The release of tritium in normal operation, mainly through the cooling circuit,
can be kept to a very low level. The inventory of tritium ((3 radiation, half life of
12.3 years) in the breeding section of the reactor and on the site can be
sufficiently small so that no accident could lead to harmful release to the
environment. Pure deuterium operation would avoid almost entirely this
problem, the breeding system being replaced by a neutron absorbing shield.

1.7 The main approaches

The main components of a fusion reactor are the core (reaction chamber) in which
the fuel reacts, the first wall which isolates the fuel from the environment and
which receives the heat radiated or transported from the core and the D-T breeding
blanket. Energy is extracted, via a coolant, as heat from the first wall and from the
blanket and converted into electricity, for example.

The key component is the core. Two very different concepts of reactor core are
pursued today: the inertial confinement approach and the toroidal magnetic
confinement approach.

In an inertially confined reactor a small mass (fraction of a gram) of solid D-T fuel
placed in the middle of a large cavity is compressed and heated to the required
temperature in a very short time (pico- to nano-seconds) by intense beams of
energetic photons or particles. The reaction proceeds explosively, releasing much
more energy than used for the heating, if the mass is sufficiently large. The
pressure reaches about 10^ bars which leads to rapid disintegration (nanoseconds)
of the mass of fuel. The helium and unspent fuel are then removed and the process
is repeated, maybe a few times per second.

In magnetic confinement a volume of the order of 1000 IIP of fuel at a pressure of a
few bars reacts at a relatively slow and steady rate. To keep the reaction going,
helium must be constantly removed and replaced by fresh fuel. To ignite the
reaction a heating system is needed to bring the temperature to the right range.
This heating system can be removed if and when the heat generated by the fusion
reaction is sufficient to maintain the required temperature.

The fuel is about a million times less dense than ambient air although its pressure
is a few bars due to its high temperature. It is imbedded in a strong magnetic field
which holds in the plasma pressure and slows down the heat flux to the vessel
walls sufficiently confining the hot plasma. The difficulty is to insulate the plasma
well enough for the relatively small energy released by the fusion reactions in a
burning plasma to maintain the high optimal temperature.

Magnetic confinement is the main line pursued in the world and the European
programme is concentrated exclusively on this line. The ITER project designed on
the basis of a tokamak should demonstrate ignition in a large plasma volume and
maintain fusion reactions for quasi-steady conditions. Only a watching brief is kept
on inertial confinement.
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RESEARCH ACHIEVEMENTS OF THE CRPP IN
1998

2.1 Introduction

1998 has seen advances in all the areas of scientific activity at the CRPP. The
investment in the TCV tokamak is being repaid with very exciting results from the
high power ECH and ECCD system, whose flexibility is as valuable a tool as the
flexibility of the TCV plasma configurations. In order to do justice to the wealth of
results which will be forthcoming in the next few years, the array of diagnostics is
increasing at an encouraging rate, especially the high resolution 2D diagnostics
necessary for interpreting the wide variation of TCV shapes. Figure 2.1.1 shows a
sample of the shapes achieved on TCV at the time of writing. Chapter 2.2 details
the results from the TCV tokamak.

a) 12868, 0.7s b) 11368, 0.6s c) 15712, Is d) 15005, Is e) 15131, Is

725 kA 1.02 MA 350 kA 290 kA

f) 15448, Is g) 16099, 1.5s h) 14388, Is k) 12016, 0.7s 1) 12018, 0.7s

345 kA 125kA 250 kA 450 kA

Fig. 2.1.1 Plasma configurations already obtained on TCV

370 kA

The theoretical studies of magnetic confinement systems has concentrated on
exploring new configurations in the 3D geometry of the stellarator family. Such
work is necessary in long term, since even if the tokamak is the most advanced
magnetic confinement system known at present, the inherent advantages of a
stellarator justify pursuing this parallel line of research. Both tokamak and
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stellarators exhibit enhanced transport losses experimentally and studying the
reasons why is the second pillar of the theory group at the CRPP. Understanding
these losses might lead to ideas for reducing them, which could have an enormous
impact on all magnetic confinement devices. A thorough overview of the theoretical
work at the CRPP is presented in Section 2.3.

Realising a thermonuclear reactor would require two major technical developments,
namely improving the available materials for constructing the innermost part of the
reactor and improving the superconducting magnet systems for providing the
magnetic fields which are the fundamental components of a magnetic confinement
system. These two activities are also being developed at the CRPP in its Villigen
laboratories and the advances on these two fronts are detailed in Section 2.4.

The CRPP has an active research component in the development of high power
microwave sources and participates in the design and development of high power
gyrotons for fusion research, not only at the CRPP but also for other magnetic
confinement experiments. These systems are evolving in the direction of maximising
the pulse length at the nominal power and the major results are presented in
Section 2.5.

Plasmas are not only of interest for magnetic confinement, but are also becoming
recognized more and more as a valuable and economical tool in various areas of
industrial production. The underlying knowledge and experience of plasma physics
at the CRPP is being put to good use in a series of industrial partnerships to
promote plasma processing in industry and to help industry with specific problems
related to their plasma systems. These activities are expanding at present, limited
by the available personnel rather than the possible scope of activities and a
summary of the work being carried out is presented in Section 2.6.

This very broad scope of activities range from long calculations on the world's
fastest super-computers for the rather exotic field of magnetic confinement of high
temperature plasmas to the quest for better and faster preparation of machine tool
surfaces or packaging surfaces and make the CRPP an extremely good example of
the importance of studying, understanding and mastering the 4th state of matter,
namely the plasma state. The remainder of this section is devoted to the detailed
results of all of these studies.

2.2 TCV

2.2.1 Overview

Research carried out on TCV in 1998 followed the main lines defined by its
specificities: study of shaped and elongated configurations and electron cyclotron
heating. First generation tokamaks used to have a circular cross-section or later a
D shape with moderate elongation. The influence of a more detailed choice of the
cross-section boundary together with an increase in the elongation on the overall
tokamak performance remained to be explored. Potential improvements in the
maximum plasma pressure that can be achieved before triggering fatal instabilities
in the magnetic confinement and amelioration of the thermal confinement
properties of the plasma were foreseen and would have a great impact on the design
of a tokamak based thermonuclear reactor. TCV was built to assess these aspects
of tokamak physics. For this purpose it has a rectangular vacuum vessel which can
accommodate an elongation of 3, a set of 16 independent shaping coils that allow
the creation of a huge variety of cross-section shapes, a fast response internal coil
system to control plasmas which are unstable on a very short time scale and a very
flexible command and feed-back system. The temperature that can be reached with
only the heating produced by the plasma current is limited far below values



- 9 -

relevant to a fusion reactor. TCV is therefore being equipped with an electron
cyclotron heating (ECH) system; in 1998, 1.5MW out of the final 4.5MW were
available. Beside producing high electron temperatures, 6keV or more compared
with about lkeV without additional heating, ECH with its localised resonance and
an orientable launching system offers the possibility to select the heating region in
the plasma cross-section. This will in turn influence the temperature, pressure and
current distributions. Such a tailoring of the plasma profiles is becoming crucial
when trying to overcome limits to the plasma performance.

This overview highlights the most salient progress made in these directions on TCV
in 1998 while later sections give more detailed presentations.

High elongation: The main advantage of an elongated cross-section compared with
a circular plasma is the potential increase in the maximum sustainable plasma
current: for example the current in a plasma with an elongation of 3 can be
increased by a factor 5. Furthermore it is well known that both the maximum
plasma pressure and the energy confinement time characterising the quality of the
thermal insulation are proportional to the plasma current. In 1998, TCV operated
up to an elongation of 2.5 and specific experiments have been carried out to
determine to what extent these favourable trends remain valid. It was observed that
the plasma current could not be further increased when the elongation exceeded
2.3. Measurements of the MHD activity in these extreme regimes combined with
numerical stability calculations allowed us to identify the limiting instability and
indicated that further improvement could be expected from a modification of the
shape of these high elongation configurations.

The drawback of high elongation configurations is the necessity of a very fast
vertical position feedback loop. To avoid time consuming trial and error
optimisation of this loop, different models have been developed and compared with
experimental results, which will finally combine the accuracy of sophisticated
models and the efficiency of the simpler ones.

Shaping: Even at moderate elongation, appropriate shaping can be shown to
extend the operational domain of the tokamak. A statistical study encompassing a
large number of different discharges has shown that locked modes, an instability
that develops during the formation of the discharge and leads to its premature
termination called a disruption, could be avoided if the temporal evolution of the
shape followed a carefully chosen scenario. Disruption avoidance is important for
reactor size tokamaks because the abrupt termination causes large electrical and
mechanical stresses.

The shaping capabilities of TCV can be applied not only to the cross-section of the
main plasma but also to the configuration of the so-called divertor. The divertor is
located outside the hot plasma and its magnetic topology allows the control of the
interaction between this main plasma and the vessel walls. Future devices rely on
these processes to reduce heat loads to the contact components to technologically
acceptable levels. On TCV the connection length, the length of the trajectory of a
particle leaving the main plasma up to the wall, has been increased to a point
where divertor detachment can occur. This divertor operating regime is foreseen for
ITER and TCV, being the smallest tokamak that can achieve this regime, has
provided valuable information for benchmarking plasma edge simulation codes.

The design of plasma shape controllers for ITER gives a large weight on the
limitation of heating losses in its superconducting coils as well as excessive and
thus expensive electrical power. To reach these goals, advanced high order control
algorithms have been proposed. The flexibility of the TCV control system and the
quality of its magnetic measurements make it an ideal testbench. The first step was
to identify and validate a plasma equilibrium model through experiments with
appropriate test signals. This model was then used to set up the coefficients of an
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optimised controller. A controller with a very high order of 50 was implemented in
the newly installed digital plasma control system of TCV and gave very successful
control of the shape parameters at first attempt.

ECH heating: During 1998, the commissioning of 3 gyrotrons and their launching
system allowed us to deliver 1.5MW to the plasma. An intensive experimental
campaign has been undertaken to measure the confinement properties of a wide
variety of plasma shapes with high additional power level. This campaign confirmed
that the previously observed influence of the shape on the energy confinement time,
a beneficial effect of high elongation and low or slightly negative triangularity, was
partially retained under these conditions. This power level also allowed a low
density H-mode, in which thermal confinement quality is improved by the presence
of a transport barrier near the plasma edge.

ECH profile control: It has been discovered in recent years that a thermal
transport barrier can also be created in the plasma core. This is achieved by tuning
the current distribution in such a way that shear in the magnetic field lines is
reduced or reversed in the plasma centre, thus stabilising the turbulence
responsible for most of the thermal conductivity. Attempts to modify the current
profile using ECH on TCV started in 1998 with promising record temperature
discharges.

Another topic where localised ECH heat deposition is a useful tool is the study of
"sawteeth". Sawteeth are periodic relaxations of the central temperature and
particle content. They may affect the performance of a fusion burning plasma but
may also help in preventing ash and impurity accumulation in the plasma core.
Detailed experiments identified the existence of a close relationship between the
heating and current drive location in combination with the plasma shape and the
sawtooth characteristics, such as their period and amplitude. Improvement in the
soft X-ray measurements and their tomographic reconstruction together with the
development of a model of the evolution of the plasma temperature in presence of a
localised heating and a sawtooth instability allowed to give a satisfactory
interpretation of these phenomena.

All these experiments using a localised heat deposition rely on a good knowledge of
the ECH wave absorption. An effort has been undertaken to develop experimental
procedures and signal analysis techniques that could provide a reliable
determination of the heat deposition profile even in the most difficult situations.

ECH breakdown assistance: In a tokamak reactor, the inductive electric field used
to initiate the discharge and to ramp the current up is limited by the rate of flux
change in the superconducting coils and the low resistance vacuum vessel. Thus
discharge initiation will have to be assisted by additional heating. The possibility of
using first harmonic ECH for that purpose has been thoroughly tested on TCV.

In conclusion: This overview of the scientific achievements of TCV in 1998 clearly
demonstrates that the operation of tokamaks is now heading towards advanced
operating regimes in which plasma parameters are carefully tuned to obtain the
best overall performances. TCV offers in this context a unique opportunity to
explore potential gains from high elongation, cross-section shaping and controlled
current drive and heating deposition.

2.2.2 Current and Beta Limits of Highly Elongated Plasmas in TCV

Tokamak plasmas with elongated and shaped cross section offer distinct
advantages compared with plasmas with circular cross section. First, the maximum
plasma current grows with elongation, Ip~((k2)+l)/2, where k is the elongation,
defined as the ratio of the vertical and horizontal minor axes of the plasma cross
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section. Consequently, the global energy confinement time also increases with
elongation since, according to empirical scaling laws, it is proportional to the
plasma current. The second advantage is that elongated cross sections allow much
higher p values than circular ones (P is denned as the ratio of the volume averaged
plasma pressure to the vacuum magnetic field pressure). Both of these advantages
have been predicted theoretically and demonstrated experimentally up to
elongations of k~2.3, but until recently, it was not known whether the favourable
trends are still valid at higher elongation, k~2.5. Experimental studies of stability
limits at high elongation are difficult because elongated plasmas are unstable with
respect to an axisymmetric mode, the vertical displacement instability, and the
growth rate increases rapidly with elongation. The mode can be stabilised by a
combination of passive elements and active feedback coils, but only a few tokamaks
are equipped with feedback systems allowing operation beyond k=2.

TCV can operate routinely up to elongations of k=2.5. This is possible thanks to an
active feedback coil which is located inside the vacuum vessel. In recent
experiments, we have measured current limits for elongations in the range
2.0<k<2.55. We find that the maximum plasma current increases with elongation,
as expected, up to k=2.3. However, for k>2.3, the maximum current remains
roughly constant, Ip/(a*B)=3MA/(mT), where Ip is the plasma current, a is the
horizontal minor plasma radius and B is the toroidal magnetic field. If one tries to
increase the current above this limit, MHD modes appear and lead to a disruption.
These results represent the first experimental evidence for a saturation of the
plasma current when k>2.3. They also confirm early theoretical predictions of
stability limits at high elongation, made more than ten years ago at the CRPP.

p limits have also been measured in the range 2.2<k<2.55. They are found to be
between 2% and 3%, in agreement with theoretical calculations. The beta limit not
only depends on the elongation of the plasma cross section but also on its
triangularity and squareness. In fact, the beta limit increases with triangularity and
decreases with increasing squareness. In TCV, with its rectangular vacuum vessel,
a relatively high squareness is necessary at high elongation, in order to reduce the
growth rate of the vertical displacement instability. If the difference between the
plasma shape and the vessel shape is too large, the vertical instability becomes
completely uncontrollable. This explains why the p limit for highly elongated
plasmas in TCV is lower than in other tokamaks having D-shaped vacuum vessels.

2.2.3 MHD behaviour of highly elongated plasmas

Plasmas with a high elongation (K>2.2) are observed to be subject to three types of
instabilities.

The first one is the axisymmetric mode, which is intrinsic to elongated plasmas.

Another instability, which also leads to disruptions, is found in particular at high
plasma currents. It limits the operation to normalised currents IN=Ip/aB below
3MA/T*m. The disruptions are preceded by a non-rotating n=l mode, which grows
on a time scale ranging from lOOus to 1.5ms. This mode has a toroidal periodicity
n=l and a dominant poloidal mode number m=2. It is both seen by soft X-ray
tomography (Fig. 2.2. l(b)) and by magnetic probes (Fig. 2.2. l(a), starting at
t=0.795s).

This disruptive limit is found to be consistent with the ideal MHD limit.

The third type of instability can also appear at lower plasma currents. These modes
have m/n=4/3 and 3/2 structures and rotate with 10-15 and 5-llkHz,
respectively, in the direction of the electron diamagnetic drift. They grow on time
scales of 0.5-3ms and saturate while degrading the confinement, or causing minor
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disruptions. These modes are believed to be tearing modes, which can be caused by
the finite resistivity of the plasma. The tearing mode stability parameter was
calculated for typical safety factor profiles in a cylindrical (high m) approximation
and the mode was found unstable for the observed mode numbers m/n=4/3 and
3/2 while all other modes with m>2, e.g. 3/1, 4/2, or 5/2, were found stable.

The observed growth times also correspond to a resistive time scale. Although these
tearing modes do not directly lead to major disruptions, they could occasionally
trigger a disruptive 2/1 mode far below the ideal stability limit, as was the case in
the discharge shown in Fig. 2.2.1.

(a) (b)
#12414 SXR - tomography (m=2)

0.785

Fig. 2.2.1

0.79 0.795
time [s]

Mode activity at the high current MHD limit

-0.8-

0.6 0.8 1
R[m]

2.2.4 Stability Analysis of the Vertical Position Control System in TCV

The vertical position feedback loop in an elongated tokamak is a highly complex
system consisting of vertical position detectors, signal processing, power supplies,
active coils, passive stabilisers and the plasma itself. The stability of this system
depends on a large number of parameters, and the successful creation of highly
elongated plasmas requires that all relevant parameters are set to their optimum
values. In view of the multidimensional aspect of this problem, trial-and-error
optimisation is time-consuming. The only practical way to optimise the system is to
construct a sufficiently accurate model and to analyse the stability of the model.

A large variety of plasma models have been used in the past for the purpose of
analysing the stability of vertical position control systems. In choosing a suitable
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plasma model, a compromise has to be found between complexity on the one hand
and accuracy on the other hand.

We have developed a deformable plasma model (DPM) which combines the accuracy
of ideal MHD models with the efficiency of simpler models, such as the rigid plasma
model (RPM). The DPM belongs to the family of perturbed equilibrium models and is
based on calculations of poloidal flux variations produced by current variations in
the active feedback coils and passive structures. Variations of the equilibrium
source functions are determined by imposing the ideal MHD constraints of flux
conservation and adiabaticity. This new model has been used to compute open loop
growth rates and closed loop stability of the TCV vertical position control system.
The results are compared with those obtained from a simpler model (RPM) which
assumes the plasma to be a rigid body with a fixed current density distribution,
whose motion is constrained to vertical displacements. The comparison of open loop
growth rates shows that the results of the two models agree at low K and low 8 and
that the ratio between the DPM and RPM growth rates increases with 8 but
decreases with K. The open loop growth rate also depends on the plasma internal
inductance, and at high inductance, the two models give the same result.

Closed loop stability has been computed as a function of elongation and
triangularity. We find areas in parameter space (high K, high 8) where the open loop
growth rates of the models agree fairly well, but the predictions of closed loop
stability are vastly different. In other areas (moderate K, low 8) there is considerable
disagreement between the open loop growth rates and yet, the closed loop stable
domains are similar in size. This behaviour is attributed to the structure of the
eigenmode, which has been shown to be completely different in the open loop and
closed loop cases. The discrepancy between the two models not only depends on the
plasma parameters, but also on the choice of the vertical position observer. This
discrepancy can be very large indeed if one considers observers consisting of single
pairs of flux loops and B probes.

The comparison of closed loop stability predictions with experimental results in
TCV shows that both the RPM and the DPM models are consistent with the
experiment, although the predicted stable domains of the two models are quite
different.

2.2.5 Locked Mode Avoidance

Locked modes are oscillations which may appear spontaneously during the plasma
current ramp-up, then grow in amplitude and decrease in frequency. Once the
mode is locked, (zero rotation frequency), internal disruptions occur, followed by a
final disruption. Avoiding these fatal modes requires avoiding the regions of the
operational domain where the birth of the mode takes place. The determination of
those regions is on the basis of existing plasma discharges. The dangerous regions
must be avoided when preparing the discharges.

For the determination of the dangerous region of the operational domain, a large
database, containing data from all TCV discharges presenting a locked mode as well
as discharges without disruptions, has been compiled and we used statistical
methods such as clustering technique. In the highly multidimensional parameter
space of the tokamak operation, the region of interest has been well circonvolued by
only four parameters. Indeed, low plasma elongation (K<1.2) and triangularity
(ISI<0.3), combined with a given density (between 2.5-4.1019m"3) at the crossing of
the lowest values of safety factor (q=3 or 4) are the conditions for highly probable
birth of locked modes. In contrast, these modes very rarely appear outside this
region. Some dedicated discharges have been performed to verify the results of the
statistical analysis and a clear confirmation was obtained. In conclusion, locked
mode induced disruptions can be avoided with a large probability by moderate
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shaping of the plasma before increasing the plasma current to reach low safety
factor values.

More experiments will be undertaken in the near future to determine the boundary
between dangerous and non-dangerous regions more precisely as well as to
decorrelate the shaping effect between the elongation and the triangularity.

2.2.6 Divertor Detachment in Ohmic Discharges

Understanding the phenomena of divertor detachment seen in currently operating
tokamaks is of profound importance for future large devices which will rely on the
process to reduce heat loads on divertor target plate surfaces to technologically
feasible levels. Unlike many modern tokamaks now equipped with closed divertor
geometries and strong pumping for particle exhaust, the requirement of complete
flexibility in plasma shape on TCV imposes an open divertor geometry lacking
confinement structures for neutral particles. In contrast, TCV offers interesting
possibilities for the study of the detachment process as a function of magnetic
geometry and such experiments form an important part of the TCV programme.

Divertor detachment occurs at high plasma density or when radiated losses are
large such that significant temperature gradients develop along field lines in the
scrape-off layer (SOL), Te in the divertor drops to low values and the rate of neutral
ionisation becomes small in comparison with that of ion-neutral friction processes.
The establishment of strong Te gradients is facilitated, amongst over factors, by
long connection lengths, Lc, from the flow stagnation point in the SOL to the
divertor target. Despite its small size, the ability to manipulate plasma shape allows
TCV to produce equilibria in which Lc is sufficient for detachment to occur.

An example of detachment in a TCV Ohmic discharge at Ip=340kA is shown in
Fig.2.2.2 for a discharge in which the outer strike zone is placed at a large poloidal
distance from the X-point (signals are shown from a variety of identical shots).
Trace (f) shows that Lc from outer midplane to the divertor floor reaches 25m just
outside the separatrix and it is in this region at the target that detachment begins.
This is illustrated in the 2D plot at top right of the power flux measured on the
outer target by a scanning IR camera. As time progresses and central plasma
density rises (trace (a)), the power falls in the region near the strike point (shown by
the red line). As this occurs, the particle flux and electron temperature in the strike
point vicinity decrease (trace(d)) whilst the D a emission (proportional to the
Deuterium ionisation rate) increases in the region just above the target (trace (e)
and the 2D visible video image to the bottom right). These are the classic signs of
plasma detachment. Notable also is the rapid increase of total radiated power with
rising ne (trace(c)) and the low value of plasma impurity content when detachment
occurs (Zeff in tracefb)).
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Fig. 2.2.2 Example of TCV detached diverted plasma operation

Diverted plasmas of the form shown in Fig.2.2.2 are being used to cross-check the
predictions of divertor and SOL simulation codes such as the coupled fluid/neutral
package B2-EIRENE and to investigate the effect on the character and onset of
detachment with poloidal depth between X-point and target and magnetic flux
expansion at the target plates.

2.2.7 Scaling of sawtooth inversion radius and profiles in shaped
plasmas

Over a wide range of Ohmic operating conditions, encompassing essentially all of
the currently accessible operating domain for sawtoothing discharges in TCV, we
observe remarkable relationships between pressure and current profile broadness
(inverse peaking) factors and the sawtooth inversion radius such that
<pe>/Peo~=rlnv/a~=<j>/qQjo, where rtav is the sawtooth inversion radius obtained from
X-ray tomography and a the minor radius. The scaling parameter <j>/qajo= <j>*
ko/(l+ko2)Bovac/Bo. where <j>*=uoRo<j>/BOvac is the non-dimensional average current
density, 2ko/(l+k0

2).B0vac/Bo a correction factor in the presence of strong shaping
and/or strong paramagnetism (or diamagetism) is easily expressed in terms of
global equilibrium parameters. These observations are explained by the effects of
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sawtooth activity which limit the core current density and the peaking of the
pressure and temperature profiles inside the q=l radius. The observed inversion
radii coincide within ±5% of the minor radius with the q=l radius, rlt obtained from
a current profile model based on minimal set of robust physics assumptions. The
model is constructed so as to have a prescribed parabolic q-profile inside rlt with
0.8<q0<l and is determined by neoclassical resistivity and a small bootstrap
contribution for r>rj. This study is of particular interest in the current context of a
lower cost redesign of ITER. The scaling of the inversion radius with elongation in
particular may be important because sawteeth are often the trigger for Edge
Localised Modes (ELMs) which may release large amounts of heat and damage first
wall components.
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Fig. 2.2.3 Scaling of sawtooth inversion radius with width of current profile.

2.2.8 Benchmarking plasma equilibrium response models

In order to design optimised feedback controllers for plasma shaping, a prime
requirement is an accurate model of the system to be controlled. During the
engineering design phase of ITER, different models have been used, based on
different physical assumptions, giving different results. A program was started on
TCV to benchmark these models on an operating tokamak, since TCV has a very-
flexible control system and a well diagnosed magnetic configuration. Work carried
out in 1997 had focussed on comparisons between the closed loop response of the
TCV plasma to voltage perturbations and had given encouraging results. During
1998 a new approach has been developed, in conjunction with Imperial College
(London) to identify the plasma equilibrium response model using simultaneous
voltage perturbations of different frequencies, allowing us to unravel the plasma
model and the feedback loop while operating with the control loop active. These new
results are accurate and allow us to compare the plasma model with the
experimental results without modelling the effect of the feedback loop.

These open-loop results have been compared with the CREATE-L model provided by
CREATE Consortium (Naples) and also with a rigid current distribution model
enhanced to take into consideration variations of poloidal flux (RZIP).

Figure 2.2.4 shows a typical result obtained using these methods, illustrating
observed parameters which are almost independent of the plasma modelling and
other parameters which allow us to discriminate between different models. The
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discrepancies between the RZIP and CREATE-L models and the experiment are
minimal.
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Fig. 2.2.4 Measured (o) and modelled (lines) transfer functions between the PF
coil voltages and plasma parameters

The TCV ECH system has been used to provoke 30Hz oscillations in the plasma
energy during the plasma current flat-top. A preliminary experiment has allowed us
to compare the magnetic response with the RZIP and CREATE-L models and the
results indicate that the experiment-model agreement is inadequate unless the
modulation of the plasma resistance is taken into consideration.

It is intended to extend this work to higher plasma elongations and to the use of the
fast internal coils.

2.2.9 Test of high order plasma shape controllers

During the engineering design phase of ITER, a number of methods were proposed
for reducing undesired effects of simple plasma feedback controllers, namely an
excessive high frequency action which leads to heating of the superconducting coils
and an excessive power requirement to meet the plasma control specifications.
These methods rely on the development of high order controllers which in turn rely
on an accurate model of the tokamak. No tokamak has operated with multiple high
order feedback control loops and it was decided to validated this approach on TCV.
The CREATE-L linearised plasma equilibrium response model, validated against the
TCV tokamak was used by the CREATE Consortium (Naples) to design a high order
controller for TCV, using the H-oo optimisation technique to guarantee the closed
loop behaviour. The model order was 70 and the controller order was 50. The TCV
digital plasma control system was used to implement this controller during the
plasma current flat-top with the control objective of tracking square reference
pulses for each of 5 controlled parameters. This digital control system had a cycle
time of 110 microseconds. The controller functioned at the first attempt,
demonstrating that the modelling of the tokamak system was sufficiently accurate
and that the modelling of the noise in the feedback loop was adequate. The most
encouraging feature was that the measured closed loop response was exactly the
response obtained using off-line simulations, showing that this method can be used
to tune the required plasma response without trial-and-error which will be essential
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for a large device. This work will be extended to the design of controllers with more
advanced optimisation criteria.

2.2.10 Energy confinement in ECH plasmas

After extensive studies of Ohmic confinement as a function of plasma shape and
initial studies of confinement with additional ECH heating at a power level of
0.5-1MW, extensive studies of confinement with ECH started in 1998 at the power
level of 1.5MW, using the first cluster of three gyrotrons at second harmonic,
82.7GHz.

During the initial ECH campaign before 1998, we studied the effect of power
deposition location on confinement. The location of the power deposition was
obtained from the power modulation or from the power shut-off technique, or more
qualitatively from the sawtooth shape. These low power studies confirmed the good
confinement of power deposited inside the q=l surface. First dependences on
density, safety factor, total power were also obtained for moderately shaped, quasi-
circular discharges, and at low additional power. Confinement was shown to
increase with density, safety factor and as usual, to decrease with power, with a
moderate power exponent (P"°-5) at this power level.

In 1998, the confinement campaign was dedicated to the study of the effect of
strong shaping, i.e. varying elongation (1.1<K<2.15) and triangularity (-0.65<5<0.5).

For these purposes, the EC power, up to 1.5MW was deposited centrally, well inside
the q=l surface for optimum confinement properties. Two values of qeng
(qeng=5abB/RIp=1.7 and 3) were used (2.3<qa<6; 0.2<Ip<0.7MA). Maintaining qeng
constant keeps the normalised q = 1 radius constant while changing the shape of
the plasma. The EC power exceeded the Ohmic power by up to an order of
magnitude. The value of the electron energy stored in the plasma is obtained from
repetitive Thomson scattering measurements (~150Hz), averaged over typically 10
time-slices to reduce the influence of fluctuations.

In an attempt to obtain a simple general power law over this full data set to
describe the dependence of the electron confinement time !&. on average line
density ne, the total power P, the edge elongation K, the edge triangularity 5 and the
plasma current Ip, we have applied a multi-variable regression to the database. The
dependences on K and Ip cannot be separately determined, owing to the strong
correlation between these quantities in our data set. The power law we are able to
express so far must therefore contain a free parameter:

rEe[ms] = 2x6" ' nei9PapIp'Ka< (1 + 5fs [m~\MW,MA]

with an=0.46±0.2, aP=-0.7±0.1, a8=-0.35±0.3, aK=1.4(l-a!)±0.4 and at remains
undetermined. The uncertainties result from a 25% error on xEe. Good fits are
obtained with ax in the range 0<ctj<0.7.

If instead of the above five variable regression a four variable regression is used,
with no explicit current dependence (a^O), a very favourable elongation power
exponent, aK~1.4, is obtained. Although this hides the separate contributions of
elongation and current, it indicates the overall beneficial effect of elongation on
confinement. Indeed, the main motivation of creating elongated discharges is to
increase the confinement via the plasma current and the decreased average
gradients. Further data are needed to separate the contribution of plasma current
and elongation.
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The scaling displays qualitative similarities with the ITER-98-L mode scaling, where
an=0.40, aP=-0.73, 04=0.96, aK=0.64. The an and ctP exponents are in good agreement
with our scaling within the uncertainties; however, aK and a, are not both
compatible with our scaling. Plotting our data against ITER-98-L, as shown in
Fig.2.2.5, shows the beneficial effect of negative triangularity.

Naturally, the general scaling (1), based on the entire data set, overlooks more
detailed effects in specific regions of the parameter space:

The degradation of confinement with power is intriguingly more pronounced
as the density is increased (maintaining constant current and plasma shape).
The beneficial effect of low triangularity or slightly negative triangularity,
which is very apparent at low total power (Ohmic or low ECH power), tends to
decrease with increasing power.

The confinement time in ECH conditions obtained in TCV shows good agreement
with the Rebut-Lallia-Watkins critical gradient confinement scaling, as already
found earlier for Ohmic conditions, Fig.2.2.6.

Since the correct knowledge of the power coupled to the plasma is essential for the
determination of the confinement time, we are developing different methods to
check the total power deposited in the plasma.

A simple experimental procedure has been established for checking the
performance of each individual gyrotron plus transmission-line plus launching-
antenna system. Each beam is swept through a poloidal plane and in the process
traverses the q=l surface. The alignment of each launcher is checked from the
sawtooth response as the beam crosses the q=l surface. This shows that each
launcher system is accurate to within 2mm in the plasma. The total power and
correct coupling (polarisation) is checked from the amplitude of the soft X-ray
emission when depositing within the q=l surface, the amplitude being reduced at
lower injected power or lower coupling. Each launcher when correctly aligned yields
nearly identical plasma responses.

Alternatively, we have also used the transport codes (PRETOR, ASTRA, both based
on the critical gradient method) to simulate the electron temperature profiles, which
gives another, indirect way of checking the power coupled to the plasma.
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Fig. 2.2.6

RLW [ ms ]

Fit to Rebut-Lallia-Watkins scaling law. Negative 8 appear
favourable. Same symbols as in Fig.2.2.5.

2.2.11 h-mode to H-mode transitions

L-mode to H-mode transitions have sometimes, but not always, been observed in
the same Ohmically heated discharges. This reflects the effect of the wall
conditioning on the accessibility of the H-mode. Further analysis of this influence
are currently undergone.

Since future reactors are planned to operate in H-mode with hot plasmas, it is
important for TCV to address the question of H-mode accessibility when additional
ECH power is applied. Even if the Ohmic H-mode density threshold corresponds
approximately to the ECH cutoff density, an unexpected lowering of the threshold
density allowed the observation of LH transitions during the ECH heating phase. As
a preliminary result, the dependence of the threshold power on the density seems
to be in contradiction with the ITER scaling. More experiments must be carried out
as well as more refined analysis of the data.

2.2.12 Optimised shear

In recent years, the so-called advanced scenarios have been discovered, in which
there is an internal transport barrier leading to very high core temperature and
density, and therefore improved confinement properties. In has been found that flat
or negative shear of the safety factor in the core reduces the growth rates of
microinstabilities and helps create the transport barriers. We have started a
program, using the ECH and ECCD capabilities of TCV, to generate scenarios with
flat or negative shear. A first method consists of using counter-current drive on axis
to generate a non-monotonic total current profile. Although we have not been able
to obtain a negative shear scenario, we have flattened the current profile such as to
suppress the sawtoothing activity in the centre of the plasma. This has lead to our
record shots in temperature, as we have been able to sustain a central temperature
of 5-6keV for 800ms, that is for more than 200 confinement times.
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A second method is to drive co-current off-axis, such as to have an off-axis "bump"
in the current profile. While we have clearly driven off-axis current, sufficient to
suppress the sawtooth activity, the available power was not enough to see changes
in local transport properties. However these results will be used to generate another
class of very interesting scenarios, namely steady-state scenarios, where all of the
current is driven non-inductively.

2.2.13 Transport analysis of TCV discharges

One particularity of ECH/ECCD is to allow very local changes of profiles. Such
scenarios need more detailed data analysis than was required earlier. We use the
PRETOR code to simulate TCV discharges and to determine the current profile more
accurately and also to determine and understand the effect of ECH on the profiles.
We are also able to include the global relaxation effect of the sawtooth activity and
therefore compare the simulated traces with the temperature crashes at each
sawtooth. This will become more and more an essential tool for both experimental
and theoretical work associated with the phenomena observed in TCV.

2.2.14 Central MHD activity during ECH and ECCD

Central MHD activity, or sawtooth activity, occurs over a large range of plasma
conditions. This activity can perturb plasma measurements, limit plasma
parameters and performance, and affect first wall heat loading requirements. It may
also prevent the build up of high-Z radiating polluants and ash in the core of a
burning plasma.

It has been observed on TCV, as elsewhere, that the central MHD activity can be
enhanced or reduced by ECH or ECCD depending on the way in which the heating
is applied. The flexibility of TCV and the associated EC system allows a very large
range of heating scenarios to be investigated on one machine.

Experiments have been performed a) sweeping the resonance location radially on
the high field side (HFS) by changing the toroidal magnetic field B, keeping q
constant, b) sweeping the microwave beam across the plasma, at fixed B, and c)
sweeping the plasma through a fixed microwave beam at fixed B. All sweeps were
performed in both directions to check for any hysteresis. These sweeps were
complimented by shot to shot scans over a similar range of heating locations and
plasma conditions. In addition, scans were performed of ECH power and plasma
shape (triangularity and elongation) during energy confinement experiments. The X-
ray tomography camera array and Thomson scattering systems were the principle
diagnostics used to analyse the central MHD behaviour. The magnetic probes are
significantly less sensitive to central MHD due to their large distance from the
plasma centre.

No hysteresis was seen during sweeps and no significant differences were observed
between sweeps and scans with regard to central MHD activity.

The most important observation is that the sawtooth shape, sawtooth period,
central density and temperature, rate of temperature rise after a sawtooth crash,
and amplitude of the sawtooth crash change dramatically when the heating location
is varied relative to the inversion radius of the sawteeth. All of the above mentioned
observables are approximately constant when heating inside the inversion radius
except the sawtooth shape and period. The sawtooth shape is different at different
heating locations while the sawtooth period is maximised when heating very close
to the inversion radius. These results confirm that so-called central heating can be
defined as heating anywhere inside the inversion radius: electron energy
confinement times are maximised when heating centrally.
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The sawtooth period is lengthened by heating centrally, but just inside the
inversion radius, or non-centrally (with the sawtooth amplitude going to zero) by
heating just outside the inversion radius. In this case, the inversion radius still
exists and is larger than the OH inversion radius, implying that the stablisation
may be due to decreased shear near the q=l radius. It is clear that the sawtooth
shape could be used to infer the heating location if a unique relationship can be
proved between shape and location.

The question of uniqueness may be difficult to resolve because of the presence of an
asymmetry seen during the experiments. That is, although the model for sawtooth
activity is dependent on the normalised radius (i.e. symmetric), the sawtooth shape
appears to be different when heating above or below the plasma midplane. The
differences are reminiscent of those seen during co- and counter- ECCD
experiments. A nominally-ECH sweep (i.e. no toroidal angle) can create small
components of co- and/or counter- ECCD due to the changing geometry between
the microwave beam and the total local magnetic field near the resonance. Future
investigations will be carried out to identify the source of this asymmetry and may
lead to a better understanding of sawtooth activity, the relative roles of ECH and
ECCD during microwave absorption and may lead to a unique relationship between
sawtooth shape and heating/current-drive location.

With intense electron cyclotron resonant heating, nonstandard sawtooth relaxation
oscillations have been observed on TCV. The shape of soft X-ray traces as a
function of time have been found to depend on the heating deposition radius. When
this radius is close to the q=l radius, the shape of the soft X-ray traces resembles
those of "humpback sawteeth", first discovered on the T-10 tokamak. These
experimental findings have led us to refine our tomographic reconstructions of the
soft X-ray emissivity profile, and to develop a simulation code for the evolution of
the electron temperature profile during ECRH and a growing m=l magnetic island,
which is normally associated with the sawtooth relaxation process.

In particular, we have analysed in detail the structure of saturated sawteeth, where
the sawtooth reheating ramp is interrupted by a prolonged saturated phase
accompanied by oscillations which often double their frequency. The sawtooth
period can be several times longer than in the Ohmic phase. The Singular Value
Decomposition (SVD) analysis of tomographic reconstructions has revealed the
presence of a rotating m=2, n=2 structure in the plasma emissivity, coupled to the
usual m=l, n=l kink mode, leading to frequency doubling. In addition, new details
of the fast relaxation phase have become apparent with the high temporal
resolution system. During the Kadomtsev-like reconnection process, as the hot core
moves outward and tends to disappear, the formation of a hot ring localized near
the sawtooth inversion radius is observed.

A theoretical model for the interpretation of these phenomena has been developed.
The model is based on the combined effects of the m= 1 magnetic island dynamics, a
localised heat source (such as ECRH), large heat diffusivity along the field line,
finite cross field heat diffusivity and plasma rotation. An extension of this model is
now able to reproduce nonstandard sawtooth behaviour and frequency doubling, at
least in qualitative agreement with TCV observations. The model has also provided
a first interpretation of the humpback sawtooth phenomenon.

2.2.15 Experimental localisation of the deposited ECH power

The determination of the ECH power deposition profile is particularly important in
TCV due to the possibility of a large variety of plasma shapes and the flexibility of
the ECH launching system. In particular it will be important to develop a routine
method to determine the deposition profile after each ECH discharge.
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The dynamic response to power modulation of the electron temperature inferred
from Soft X-ray (SXR) emissivity and from diamagnetic measurements is used.
Several excitation techniques have been investigated: simple sinusoids at different
frequencies (70Hz up to 500Hz) to minimise transport effects; random binary
signals; temporal evolution at power turn on and off. The pollution of the signal due
to the coupling between the sawtooth instability and the power modulation has
been analysed and circumvented using a Generalised Singular Value
Decomposition (GSVD) technique, allowing the elimination of the sawtooth
contribution. This study is therefore no longer restricted to non sawtoothing
discharges but covers the whole plasma current capability of the machine. The
GSVD is then followed by the tomographic inversion of the filtered SXR signals.

The SXR signals are composed by a modulation contribution superimposed on a
base signal depending on the plasma parameters and are thus decomposed,
together with the reference power trace, by means of a Modified Fourier Transform
(MFT) method in order to study the relative response of the SXR under ECH power
modulation. Radial amplitude and phase profiles then determine the deposition
location: at the deposition location the phase profile attains its minimum while the
amplitude profile attains its maximum.

Intermediate results of the work are centred on the sensitivity investigation of the
GSVD method for the sawtooth suppression using ECH discharges with heating
deposition at different locations and plasma targets at high and low plasma
current. The study showed that it is possible to optimise the input parameters in
order to increase the separation between the modulation and the instability
contributions, allowing as well the minimization of the number of tomographic
inversions to be performed. Future work will be the sensitivity investigation of both
the tomographic inversion feasibility and the MFT method.

Once completed, the procedure will be very useful for the experimental study of
heated plasmas as well as for the verification of simulations of ECH ray tracing and
absorption.

2.2.16 Breakdown and current ramp assist by ECH

In a tokamak reactor like ITER, it is mandatory to assist the inductive start of the
plasma current by an additional heating method, due to the limitation of the
inductive toroidal electric field to values below 0.3V/m. This limitation is due to the
needs of avoiding excessive dissipation in the primary superconductor coils during
flux changes (dB/dt<1.2T/s) and to the low toroidal resistance value required for a
disruption proof vacuum vessel. Consequently, breakdown of the neutral gas and
current ramp up requires the assistance of additional heating, like ECRH.

This method is applied on the TCV tokamak, where as in ITER the vacuum vessel
volume is large compared with the small initial plasma volume and has a similarly
low toroidal electric resistance. First harmonic ordinary mode (O-mode) launched
from the low field side is used as foreseen in ITER. The beam is launched
horizontally from the top of the vessel.

The use of O-mode launch enhances the neutral gas prefill pressure range
allowable for successful breakdown (lower limit reduced by a factor two with ~80kW
injected). The power deposition is localised radially, with a strong power absorption
observed at the upper hybrid absorption layer. Vertically, the power is preferentially
absorbed at the height of the launched microwave beam during EC breakdown.

A reduction of the inductive electric field by a factor of two can already be gained at
the low ECH power value of 15kW for a plasma located at the vessel equator,
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reaching about lV/m. In presence of O-mode injection, a prompt breakdown is
observed, whereas for pure inductive breakdown, longer breakdown times of
typically 5ms are observed. Starting power injection at a relatively early time plays
an important role on start-up, since the microwave power remains effective as long
as the ratio of EC to OH power is above unity. Start-up assist can be achieved
regardless of the vertical distance between the plasma magnetic axis position and
the injection height, at the top of the vessel, owing to multiple wall reflections of the
wave on the vessel walls.

First-pass O-mode transmission measurements show that, in the vicinity of the
cyclotron resonance, suprathermal electrons are produced with energies
corresponding to an effective temperature of 200-300eV, with an injected power of
20kW.

Start-up assist with second harmonic extraordinary mode launched from the low
field side has also been tried. Contrary to the first harmonic O-mode, which is very
efficient at the earliest times of the discharge during the breakdown and start-up
phases, second harmonic only becomes effective later in the start-up, when
absorption at the second harmonic becomes substantial.

2.3 Theory and numerical simulation

2.3.1 Overview

The general objectives of theoretical activities at CRPP are threefold. First, to
understand the macroscopic phenomena occurring in existing experiments, with
the perspective that this understanding will contribute to predict and possibly
devise ways to improve the operational limits set by fast-growing instabilities.
Second, the high cost of magnetic confinement experiments stimulates another,
perhaps more prospective, type of research, namely the search for improved
confinement configurations. Third, one of the most challenging issues is the
determination of the quality of confinement and transport properties; work has
focused on micro-instabilities that are responsible for degradation of confinement
by anomalous transport.

The determination of operational limits in tokamaks is described in Section 2.3.2,
with a dominant theme being the influence of the plasma separatrix on the stability
properties. Studies on 3D confinement configurations are highlighted in Sections
2.3.3 to 2.3.5. The study of quasi- and pseudo-symmetries are among the physical
properties explored that lead to optimised magnetic confinement systems. Also we
have started to investigate a novel confinement configuration, which is very
compact, does not require any central core conductor, and for which the necessary
rotational transform is produced both by external coil windings and by an internal
plasma current. In another investigation, we examine the stochasticity of magnetic
field lines in tokamaks with additional helical perturbations with the aim of
determining its influence on particle confinement.

A large part of our efforts in theory and numerical modelling has been directed
towards transport related issues. Micro-instabilities, for example the Ion-
Temperature-Gradient (ITG) mode, are widely held responsible for the degradation
of confinement observed in all magnetic confinement experiments so far. Progress
has been made both in the inclusion of physical phenomena, such as the influence
of plasma flows and non-linear coupling (Section 2.3.6), and the geometrical
aspects (2D helically symmetrical and 3D configurations, Section 2.3.7). Other
modes, due to finite resistivity, can tear certain magnetic surfaces apart into chains
of magnetic islands. The associated instability, the so-called neoclassical modes,
can lead to a collapse of the pressure and therefore degraded confinement (Section
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2.3.8). Finally, in a more semi-empirical way, we have studied the evolution of
plasma profiles with a numerical simulation code in which different transport
models can be implemented (Section 2.3.9).

In the presence of fast ions such as fusion a-particles, the Alfven Eigenmodes, can
become unstable. The most important result of our studies (Section 2.3.10) is the
prediction that the presence of a separatrix at the plasma boundary stabilises such
modes for any envisageable alpha particle population in a tokamak reactor. This
dramatic increase of the damping of Alfven Eigenmodes as the separatrix is formed
has been observed in the JET experiment.

2.3.2 Macroscopic stability of tokamaks

The macroscopic stability properties are studied with the MHD model that
considers the plasma as a neutral, conducting medium with infinite (ideal MHD) or
finite (resistive MHD) conductivity. In the past years, we have developed an
appropriate numerical formulation of the equilibrium and stability problem for
plasmas having a magnetic separatrix at the boundary ("divertor" configurations) or
inside it ("doublet" configurations). Previous studies had shown the importance of a
proper description of the separatrix on the stability of ideal MHD modes, in
particular the higher resilience of the beta limit to changes in plasma current and
pressure profiles. In the last year, we have focused on aspect ratio studies with
emphasis on tight aspect ratio configurations which have demonstrated world
record p limits in the START device. Taking into account the plasma separatrix, we
have shown that the current limit can still be twice as high as the values achieved
so far in the experiments, and that this limit is sensitive to the proximity of the
plasma boundary to the separatrix. Having a large current limit is interesting
because of the well-known Troyon linear scaling of the beta limit with current
which was established for higher aspect ratios. We have found an equilibrium with
an aspect ratio of 1.35, p=65%, stable both to localised ("ballooning") modes
everywhere and to global ("kink") modes provided a conducting wall is placed at a
realistic radius 1.3 times the plasma radius. Investigations are continuing to find
equilibria with a high "bootstrap" current fraction.

Analysis of the stability of TCV shots at high current and high elongation and
comparison of the magnetic perturbations associated with the unstable modes has
been performed (see Section 2.2.11).

2.3.3 Stellarator Design Optimisation

Quasisymmetric Systems (QS) are three dimensional (3D) magnetic confinement
configurations where the structure of the magnetic field strength is approximately
two dimensional (2D). The confinement of particles in such devices becomes
comparable to that of a tokamak. From a guiding centre motion perspective, QS
configurations satisfy 4 criteria: (a) absence of island-like structure formation on
the magnetic flux surfaces, (b) absence of locally trapped particles, (c) bounce
averaged trajectories confined to each flux surface and (d) the width of the trapped
orbits is invariant as the particle drifts in the direction of quasi-symmetry. Local
MHD stability calculations of 4-period quasi-helically symmetric systems yield beta
limits of about only 1% due to the large normal magnetic field line curvature. In
linked-mirror configurations which satisfy poloidal quasi-symmetry, the local beta
limit reaches 3% in a 4-period device and up to 6% in a 5 period device.

Configurations that satisfy only criteria (a) and (b) have been called
Pseudosymmetric Systems. As the conditions for such devices are less restrictive,
the possibility for optimising the stability properties is conjectured. A further
concept improvement is that of local omnigeneity (weak variation of field amplitude
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on a flux surface) targeted towards the deeply trapped particles. Future studies will
elucidate the potential of these type of configurations.

2.3.4 The Sphellamak Concept

The Sphellamak concept corresponds to a hybrid between a stellarator, a
spheromak and a spherical tokamak, Fig. 2.3.1. The system has no central core as
helical coils are wound on a sphere and connected to their neighbours near the
poles to form a modular structure. The current in these coils seed paramagnetism
and produce a small toroidal translation of the magnetic field lines near the plasma
edge. A toroidal plasma current is required for this type of configuration. The force
free component of it produces the toroidal magnetic field and consequently the
magnetic flux surfaces without the need of dynamo action and furthermore strongly
enhances the paramagnetism. Vertical field coils near the poles compensate the
current in the links that connect the helical windings and near the midplane to
balance the outward hoop force from the plasma current to thus control the plasma
position.

THE SPHELLAMAK CONCEPT

0.5 0.6 0.7 0,6 O.ft

Fig. 2.3.1 Left: The coil system of the Sphellamak configuration. There are 10
helical coils, an inner pair of vertical coils and an outer pair of vertical
coils.
Right: The mod-B distribution at the beginning of the period for a
nearly isodynamic case with 200kA toroidal current and p=5.24%.

The free boundary VMEC code has been applied to generate 3D equilibria in a
system where the helical coils are wound on a sphere of 1 metre radius.
Configurations that are nearly isodynamic at the plasma core are obtained at
beta=5% with a peaked toroidal current profile that are stable to local ideal MHD
modes as calculated with TERPSICHORE. For helical coil currents of 300kA, global
internal and external kink modes limit the toroidal current to about 60kA where
there is evidence of an equilibrium limit. Hollow current profiles produce quasi-
axisymmetric conditions and are unstable to global external kink modes in the
absence of a close fitting conducting shell, according to TERPSICHORE.

2.3.5 Magnetic topology of 3D toroidal configurations

In general 3D toroidal configurations the magnetic field lines do not always wind on
sets of nested surfaces (a desired feature for confinement), but can form chains of
magnetic islands with regions of chaotic field line behaviour (stochastic regions)
separated by the so-called "KAM barriers" (Kolmogorov-Arnold-Mooser). On the
other hand, the presence of stochastic regions, where particles will quickly diffuse
out of the device, can be used in the outer plasma regions, thereby forming an
"ergodic divertor" that extracts the particles and the power from a fusion device.
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Our study analyses the whole magnetic topology and statistical characteristics such
as the determination of the local diffusion coefficient or the transition probability of
the magnetic field lines. The system is considered to be the superposition of a
numerical equilibrium subjected to a magnetic perturbation. The numerical method
applied examines the intersection of the trajectory with a poloidal cross section and
this serves to define a perturbed map. The main advantage of the map is the
minimisation of both the numerical errors and the computational time. This
facilitates the accessibility to all the statistical properties of the system. Moreover,
the calculation of the map is done without any approximations concerning the
magnetic field perturbation, but we do assume that the equilibrium has nested flux
surfaces.

We have found that in a reversed shear configuration, there exists a strong field line
confinement barrier as well as a new type of bifurcation which occurs in the
neighbourhood of the inversion of the shear.

2.3.6 Microinstabilities in tokamaks

Microinstabilities are a major candidate to explain anomalous transport and have
been extensively investigated. In particular, Ion Temperature Gradient (ITG) modes
seem to play an important part in ion confinement. These modes have been
thoroughly studied in theory, first through dispersion relations and ballooning
representation.

Recently some evidence has been found that sheared ExB flows could be
responsible for the creation of internal transport barriers, thus improving
confinement. If so, these flows should strongly affect the ITG instability. So far,
their effect in tokamaks has only been studied via ballooning representation
although it has been established that this representation breaks down for strong
values of these flows. We therefore undertook a study of their effect using global
models. First, we used a global fluid model for the plasma, discretising the
equations with linear finite elements. The results showed a decrease of the linear
growth rate of the instability and a reduction of the radial extent of the convective
cells, both effects being in qualitative agreement with a reduction of anomalous
transport. However the stabilising effect was not very strong, due to limitations of
the fluid model which has no Landau damping and therefore plenty of so called slab
modes. Thus, we are now writing a global gyrokinetic model code for the same
system.

Another focus of attention has been on the effect of trapped particles. ITG
instabilities are electrostatic and have low frequencies and growth rates. They can
be sensitive to trapped ion effects when their frequencies are lower than the ion
bounce frequency. We have used the so-called "ballooning" formulation in which
the problem is reduced to a one-dimensional linear eigenmode problem local to
magnetic surfaces. A new eigenvalue code has been written to solve the resulting
integral equation with the finite elements method for the case of circular magnetic
surfaces and large aspect ratio. Electrons are assumed to respond adiabatically and
both circulating and trapped ions are considered. The code has been tested for the
case of only circulating ions with a perfect agreement with previously obtained
results. We are now working on the validation of the code in the trapped-ion regime.

All of the above has been done in the frame of linear theory, where growth rates and
eigenmode structures can be determined. In order to determine the level of the
turbulence generated by the instabilities, a nonlinear theory must be applied. The
main goal of the fully nonlinear global gyrokinetic simulations is to study the ion-
temperature-gradient driven turbulence in toroidal devices (tokamaks, stellarators).
The methods used are the Particle-In-Cell technique and high order spline finite
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elements in order to deal with the non-orthogonal curvilinear magnetic coordinates.
The simulation code developed so far runs on the Crays T3D and T3E using domain
decomposition in the toroidal direction for parallelisation. Using the Cray T3E
which is representative of present day super-computers, we have shown by
performing extensive convergence runs that it is very difficult to achieve energy
conservation after the nonlinear saturation of the instability. However, the physical
quantities such as the field energy and the heat flux seem to converge with the
number of macro-particles.

Future progress in this area will include the development of a global approach
including electromagnetic effects. Both a spectral method and a particle simulation
method will be developed in parallel, starting with linear theory.

2.3.7 Microinstabilities in stellarators

While there is a large worldwide effort to model drift-wave type microinstabilities,
such as Ion-Temperature-Gradient (ITG) modes, in axisymmetric tokamak
configurations, little has been done so far for helical and fully 3D stellarator
configurations in this context. This is the reason we have undertaken the
development of a 3D finite element, Particle-in-Cell simulation code applicable for
3D stellarator configurations.

We have developed a new global gyrokinetic PIC code aimed at the investigation of
related microinstabilities in 3D magnetic configurations. It has been coupled with
the MHD equilibrium code VMEC which provides realistic 3D magnetic equilibria.
The main modification was the implementation of a full 3D solver of the gyrokinetic
Poisson equation, for which an iterative solver was developed and parallelised using
the publicly available PETSc library. In order to make study of high mode numbers
possible, the fast spatial phase variation has been extracted analytically. The
Poisson equation is solved using a finite element approximation. The ITG mode has
a much longer wavelength parallel to the equilibrium magnetic field than
perpendicular to it; in other words the perturbation tends to be aligned with the
magnetic field lines. Therefore, solving Poisson's equation in magnetic co-ordinates
significantly increases the convergence.

The new code has been successfully compared for axisymmetric cases. Benchmarks
show a significant increase of the required computation time (40%) over the 2D
version due mainly to the particles, the new solver remaining unexpectedly fast if
the number of processors is equal to the number of points in the partitioned
direction which is in our case the toroidal direction. The new code has also been
successfully validated in helical configurations. Comparisons were performed with
the 2D helical code GYGLES on the CRAY T3E at the joint computer centre of the
Max Planck Society and the IPP. For such cases, the number of iterations being
increased, a whole run requires now up to 30 cpu-hours with 64 processors.
Results are in good agreement as the comparison for a straight heliac configuration
shows. We now plan to study ITG modes in full 3D configurations.

Besides providing a benchmark for the 3D code as explained above, the adaptation
of the GYGLES code to helical symmetry helps to gain a physical understanding of
the specificities of ITG modes in such configurations. One of the important features
found in our studies is the demonstration of the stabilizing effects of magnetic field
gradients in configurations with a helical magnetic axis (heliacs). Also, the most
unstable and potentially most dangerous modes for transport are not of
interchange "ballooning" character as in tokamaks. These modes tend to be
stabilised by finite Larmor effects in the helical low shear configurations we have
studied.
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2.3.8 Neoclassical tearing modes in tokamaks

The neoclassical tearing mode is characterised by the local formation of a magnetic
island, typically around the mid-radius of the plasma, on a resonant magnetic
surface. The width of the island is proportional to the plasma pressure. The
flattening of the pressure profile across the magnetic island can be viewed as the
equivalent of a local increase of the radial heat transport that consequently
degrades the plasma confinement time. This accounts for the expectation that it
could be the most limiting mode for good performance in ITER plasmas, even
though is does not cause a disruption. The particularity of this mode is that it is
metastable in the sense that it needs a seed island to be formed before the local
pressure gradient can destabilise it further. This explains why the mode appears
typically after sawtooth crashes, which complicates its study further. The CRPP is
involved in the international effort to characterise the influence of the main plasma
parameters on the onset and on the saturated island width of the neoclassical
tearing mode. To this end, we are developing a database in collaboration with the
ASDEX-U, DIII-D, JET, JT60-U and TFTR groups containing detailed parameters at
the onset of these modes. We are also collaborating with JET on the simulation of
the time evolution of these modes. An example of the simulation of the time
evolution of the perturbed magnetic signals, proportional to the square-root of the
island width, is shown in Fig.2.3.3 for a JET discharge. We shall increase the
collaboration in this area with JET in 1999 in order to determine better the
equation governing the time evolution of the NTM.

0.06 JET 47276
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Fig. 2.3.3 Time evolution of the magnetic signal associated with a 3/2 NTM in
JET {n-2 data). The simulation agrees well with the measured data if
a stabilising term is taken into account

2.3.9 1-D Tokamak transport simulations

We use the 1-D transport code PRETOR to simulate TCV discharges. PRETOR is a
predictive time-dependent transport simulation code for tokamaks. It self-
consistently models heating and particle sources and solves the conservation
equations for heat and particles. It predicts both temperature and density profiles
for electrons, ions and impurities, the effective charge number, and the current and
safety factor profiles. PRETOR is coupled with a 2D equilibrium code using the total
current and the plasma boundary as input, particularly important for TCV, as it
allows us to correctly describe the various plasma shapes produced in our
tokamak.
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We have concentrated our analysis on Ohmic discharges with very different plasma
boundary shapes in order to validate the RLW (Rebut-Lallia-Watkins) empirical
transport model over a wide range of plasma parameters. This model describes the
anomalous transport in a plasma assuming that turbulence in the magnetic
topology is the underlying phenomenon. The electron temperature gradient plays
the role of the Reynolds number in fluid mechanics. Above a threshold value,
turbulence rapidly develops and the heat and particle transport is enhanced.
Transport coefficients are obtained by means of a dimensional analysis containing
some free parameters. Over a large range of plasma and geometrical parameters,
the RLW transport model provides satisfactory simulations, keeping the choice of
the free parameters of the model fixed.

The PRETOR code also has a sawtooth crash model which was used to predict the
sawtooth period in ITER. A correct modelling of sawtooth periods and inversion
radius is important to obtain more accurate safety factor profiles and better
transport simulations. We have seen that the crash criterion used models the
sawtooth activity for all Ohmic shots considered.

As a result of the RLW model validation study, we have found that with negative
triangularity and high edge safety factor the transport coefficients must be
modified. This has been taken into account to simulate some discharges with
electron cyclotron heating (ECH), as they had large edge safety factors.

We are able to reproduce the experimental electron density and temperature
profiles with PRETOR, even in the case of ECH/ECCD scenarios, slightly modifying
the free parameters. This gives us a more detailed knowledge of the plasma
parameters, in particular of the current and safety factor profiles which are usually
difficult to determine, and is essential for the analysis of the so-called advanced
scenarios, as mentioned in Sections 2.2.8 and 2.2.16.

2.3.10 Fast particle destabilisation of macroscopic modes

In a fusion reactor there will be a-particles born with energies of 3.4MeV. These fast
particles will have velocities comparable to the phase velocities of Alfven waves and
can therefore resonantly interact with them, potentially destabilising them when
there is a gradient in the fast particle density. The Alfven Eigenmodes (AEs) are
studied with the gyrokinetic code PENN that computes the wave-particle power
transfers to the plasma species (electrons, thermal ions and fast ions) with
arbitrarily large ion gyroradii. Several predictions of JET experimental results on
the damping rates of AEs have been performed, with a ~5% agreement on the
frequencies and -30% on the growth rates. We have identified mode conversion
processes as the key physical mechanism: other simpler fluid models sometimes
disagree with experiments by at least one order of magnitude. Moreover the
dependence with the isotope mass is opposite to what is observed while PENN
computations are in line with experiments. These mode conversion processes, when
a long wavelength "fluid-like" wave is partly transformed to a shorter wavelength
Kinetic Alfven Wave, are efficient either in the low shear regions near the plasma
core, or, more importantly, near the magnetic separatrix. No unstable AE was found
in JET separatrix configurations even for the highest fusion power shots. Our
predictive studies with PENN confirm the damping increase as the separatrix is
formed and the damping decrease as the separatrix configuration is unwound. The
excellent agreement of all of our predictions with JET experiments makes us
confident in our prediction for ITER. Thanks to its magnetic separatrix
configuration, AEs should be stable in ITER.
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2 A Fusion technology

2.4.1 Overview

Future fusion reactors will have an important 14MeV neutron flux at the first wall,
subsequently absorbed by a tritium breeding blanket. The material in the first wall
will be activated by the neutron bombardment and this activation must be
minimised for ecological and economical reasons to avoid deep burial requirements
of large quantities of activated structures. This problem has long been recognised
and the development of materials with firstly reduced activation and secondly
reduced half-life is underway. Another vital requirement of these materials is
structural integrity and the effects of intense neutron bombardment of the
structural materials is also being addressed.

The next generation of fusion devices will operate with magnetic fields at the
conductor in the range 6-13T which have to be produced by high current densities
in the magnets. This can only be achieved economically with superconducting
magnets, since no resistive heat is produced due to zero resistance of the
superconductor.

During recent years a special configuration of superconductor is favoured: the so-
called Cable-In-Conduit Conductor (CICC). A CICC consists of a superconducting
cable made of up to 1500 twisted superconducting wires (NbTi or Nb3Sn), which are
tightly jacketed in a metal conduit, providing the desired mechanical stiffness of the
conductor against magnetic forces. Pressurised supercritical helium is pumped
through the cable interstices. The direct contact between the coolant and the cable
provides good thermal stability of the conductor against thermal disturbances.
These disturbances can become dangerous when the released energy is so high that
the temperature of the superconductor exceeds locally its critical temperature. If
this energy cannot be absorbed sufficiently by the surrounding helium, the normal
conducting zone will grow rapidly, because the resistive heating increases the
temperature at the boundaries of the zone above the critical temperature, driving
more and more parts normal. This sudden break-down of superconductivity in a
magnet is called a quench. Stability of superconductors against quenches is one of
the most important issues in applied superconductivity. Since CICCs have very
small hydraulic diameters (<lmm), the amount of helium which can flow through
the conductor is very much restricted. Therefore, if there is a substantial steady
heat load, such as nuclear heating in a fusion reactor magnet, the heat removal
capabilities of forced-flow supercritical helium are very limited. This problem can be
solved by introducing a second, separate cooling channel into the conductor, which
has a larger hydraulic diameter. For example, for the ITER conductors a stainless
steel spiral is foreseen forming a central channel, which is surrounded by the
superconducting cable.

These two technological research areas are covered by the CRPP Fusion Technology
groups at Villigen and are described in detail in the following sections.

2.4.2 The early stages of radiation damage

2.4.2.1 Multi-scale computer simulation of irradiation induced defect production
and accumulation in pure metals

Predicting microstructure evolution of metals under irradiation requires an
understanding of the production and properties of point defects and their clusters.
The diffusion mechanism is an important ingredient of this evolution. To include it
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in the simulation of the evolution of the displacement cascade, a new hierarchical
computational model is used, based on the Molecular Dynamics (MD) method using
empirical inter-atomic potentials and on Kinetic Monte Carlo (KMC). While the MD
deals exclusively with interactions at the atomic distances and over a time scale of
few tens of picoseconds, the KMC allows a full atomic study over extended time and
space scales. A necessary condition is the use of a self-consistent data set for the
energetics of defects and their diffusion, which may be obtained from MD
calculations.

This model has been applied to study the damage evolution of a single cascade
event in two pure metals, Ni and Al, of similar crystal structure (fee), but different
masses, electrical and thermal resistivities, and melting temperatures. The fully
vectorised MD code (MDCASK) is used. The Al interatomic potential has been fitted
to ab initio atomic forces and modified to describe the short-range high energy
scattering properly. All MD simulations have been performed on the T3D at the
EPFL. The BIGMAC code was used for the KMC simulations. Single point defects
(vacancies, interstitials) and extended defects (vacancy and interstitial clusters) are
considered as individual objects with a basic set of properties such as size, jump
and dissociation rates. The initial stage of the KMC simulation takes as inputs the
three dimensional distribution of defects produced by the displacement cascade
simulated by MD and their energetics (formation, binding and migration energies)
as obtained from MD simulations, using the same potential, to obtain self-
consistent defect data. A volume of up to one cubic micrometer can be simulated in
a reasonable CPU time. The following conclusions have been drawn:

• MD simulations of displacement cascades in Al for recoil energies ranging
from lOOeV to 15keV and from 500eV to 30keV in Ni have been performed.
The simulations show that there is little intra-cascade clustering and that the
clusters formed are very small. The threshold for sub-cascade formation has
been found to be around 5keV, much smaller than the one obtained in Ni
(>30keV). However, the dependence of the number of defects produced on the
recoil energy is comparable to that found in Ni.

• The formation and migration energies of single defects and clusters calculated
by MD methods are in good agreement with experimental values where
available and with other simulations.

• The annealing simulations using KMC methods show a number of transition
stages, which compare well with the corresponding ones obtained from iso-
chronal (electrical resistivity) annealing experiments.

• The compatibility of the modelling results with the experimental results is a
further test of the correctness of the calculated diffusion coefficients and
binding energies.

• No significant difference is found between Al and Ni in terms of defect
behaviour in terms of the Freely Migrating Defect (FMD) fraction, above stage
III.

2.4.2.2 Relating computer simulations to experiments: Simulations of transmission
electron microscopy images

The point defects, interstitials, vacancies or impurities, created by cascades, can
condense to form three dimensional defects or clusters that eventually may
transform in stacking fault tetrahedra (SFT), dislocation loops or second phase
precipitates. Molecular dynamics simulations yield a given distribution of defects
which has to be compared with the one observed experimentally, typically under
the electron microscope. The difficulty of such experimental studies is the
identification and the size measurement of the defects, the size being at the limit of
the TEM resolution used in conventional diffraction contrast mode. A further
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simulation step is needed in order to allow a proper comparison between the
experimental and MD simulation results.

CTEM images of such defects have been simulated with the multi-slice method
using the EMS software developed in the CIME, EPFL. The simulated objects of
interest are deduced from molecular dynamics. The technique has been used to
simulate the images of SFT's in Cu and dislocation loops in Al. A ~2nm SFT
composed of 45 vacancies was simulated using molecular dynamics in the pair
potential approach, see Fig. 2.4.1. It was compared with an experimental image,
from Cu irradiated with 590MeV protons, of a similar defect imaged at 200kV with
a g(6g) condition, Fig. 2.4.2. The imaging conditions have an influence on
quantifying the defect from its image. On the imaging side, the parameters that are
investigated are the objective aperture size, the spherical aberration, the beam
convergence, and the defocus spread. For the sample itself, the depth of the defect
and its size is varied. This explores the resolution limit that could be ideally
achieved. Limitations are imposed experimentally by sample preparation quality
and unwanted structural defects. However, a close inspection of the SFT simulated
image features, Fig. 2.4.3, indicates an excellent correspondence between the
experimental and the simulated images. It appears that there is a difference of 20%
between the size of the simulated image and the real object.

Molecular dynamics simulation was also used to simulate dislocation loops in Al
using a many-body potential derived from ab initio calculations. The loops were
build by placing a number of interstitials on a {111} plane in such a way that they
form a more or less round platelet. The samples were relaxed down to 0°K. The
diameters of the loops were ~0.5nm (8 interstitials), ~1.0nm (19 interstitials) and
~2.0nm (37 interstitials). Simulations of bright field and g(3g) weak beam images at
200kV were achieved. The Al dislocation loops simulated images show the typical
features of a dislocation loop contrast, indicating that the technique developed here
is so far adequate.

2.4.2.3 Defect microstmcture and tensile properties of pure fee and bec metals and
model alloys after low dose irradiation.

This research project studies the effects of the crystal type and high energy recoils
on the dose dependence of the microstructure and mechanical properties of pure
metals and model alloys. The irradiation matrix included doses from 10"5 to lO'Mpa
at temperatures between 320 and 520°K. These low doses can study the behaviour
of the material from the condition in which independent cascades are produced to
the level where saturation is achieved, that is, as cascades begin to overlap. The
main results obtained are:

• Radiation hardening is observed as a result of irradiation with 590MeV
protons at doses of 10"3dpa or greater, in the 320-523°K temperature range.

• Both in fee (Cu) and bec (Fe) pure metals irradiated at 320°K, no difference
has been found in the microstructures and tensile properties between the
materials irradiated in PIREX and those obtained after fission or fusion
neutron irradiation.

• In Cu and Pd, the radiation induced defect clusters represent a soft obstacle to
dislocation movement, which give rise to a hardening that is modelled as
dispersion hardening.

• Dislocation channelling is the dominant deformation mechanism, with a
(dose)1/2 dependence of the yield strength.

• A (dose)1/3 dependence is found in Fe at Tirr= 320°K, which is comparable to
that obtained after neutron irradiation of the same batch of material.

• Intergranular cracking has been systematically found in the irradiated Fe at
doses of 10"3dpa or higher. It is believed that this is an intrinsic mechanism of



- 34 -

irradiated materials that deform by dislocation channelling. Careful evaluation
of its effects is needed on the small size specimens that are planned for future
fusion neutron tests.

Fig. 2.4.1 View of a (111) plane cut in the MD sample containing the 2nm SFT

Fig. 2.4.2 a) Experimental weak beam g(6g), g = (200) of an SFT. b) Same as a)
but with the wireframe of a 2nm SFT

Fig. 2.4.3 a) Simulated weak beam g(6g), g = (200) of the MD simulated 2nm
SFT. b) Same as a) but with the wireframe of the MD simulated SFT.
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2.4.3 Development and properties of low activation materials

2.4.3.1 Low activation ferritic-martensitic steels

(i) Charpy testing of the OPTIMAX A steel irradiated in the Materials Test Reactor
at Peten to 2.4dpa has been completed. A ADBTT = 76°K, one of the lowest
obtained in this type of steels, was measured in the un-irradiated material.
Although the data on the irradiated material presents a larger dispersion, its
DBTT is still below 0°C, with approximately the same upper shelf energy.

(ii) Testing of the PIREX irradiated OPTIMAX steels has continued. The increase of
strength due to irradiation hardening has been compared for three materials,
pure Fe, F82H mod and OPTIMAX A after irradiation with different particles at
320°K. All three materials behave in a comparable fashion, independently of
the type of irradiation. This is an indication that the same type of hardening
mechanism is operative at this irradiation temperature in the three materials.

(iii) The electron microscopy performed in the PIREX irradiated F82H specimens to
1.7dpa at 310°K, shows the presence of high density (5.1021m~3) small (mean
size: 2nm) defect clusters, but no helium bubbles. After neutron irradiation to
2.5dpa at 520°K, a defect cluster density of 7.1022m3. The defect size
distribution is wider in this last case, with a mean size of ~ 5-6nm. These
results represent a major improvement in the microscopy of the steels, where
only recently the combination of better microscopes with improved observation
techniques allows systematic observation of such defect clusters.

(iv) No defect clusters have been detected in the proton irradiated OPTIMAX steel.
On the other hand, a distribution of small bubbles was detected in this steel
after the same type of irradiation.

2.4.3.2 In-beam tests of ferritic-martensitic steels

(i) The modifications that incorporate a new vertical drive to the in-beam
irradiation head have been completed and the pre-irradiation tests have been
performed.

(ii) Three new tests on F82H were performed in 1998. A test temperature of 300°K
was used in all tests, to concentrate on the temperature where the maximum
fatigue life decrease was found.

2.4.3.3 Low activation titanium alloys

(i) Tensile and fatigue testing of both the a Ti-5Al-2.5Sn and the a+p Ti-6A1-4V
alloys in the heat treated condition is in progress.

(ii) Metallographical and TEM characterisation of the alloys as received has been
performed. The TEM observations of the a alloy show the presence of a cubic
phase containing Fe, which is normally considered as an impurity in the alloy.

(iii) These alloys are being irradiated in the PIREX facility in the form of tensile
and fatigue specimens.
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2.4.4 QUELL Results

2.4.4.1 Introduction

Cable-in-Conduit Conductor (CICC) has become the favourite choice of conductor
type in many high field superconducting magnet applications. Magnets constructed
with CICC are characterised by good structural integrity and high electro-thermal
stability. They offer the key advantage of being able to carry high electrical currents
and thereby produce the highest magnetic fields with minimum energy losses. Of
all the uses, their most notable application is in magnetically confined
thermonuclear fusion power devices. This type of conductor is planned for all three
magnet systems of ITER.

The typical ITER-type CICC features a multi-strand cable embedded in a structural
alloy conduit. The strands consist of superconducting material, the Nb3Sn
filaments, integrated into a stabiliser matrix, such as copper.

In order to operate the conductor in the superconducting state, the cable must be
cooled at a temperature below 5°K. This is accomplished by forced circulation
supercritical helium through the cable interstices, representing only 25 to 40% of
the total conduit internal area. Because the helium flow path within the CICC can
range up to a kilometre in the ITER magnets, hydraulic frictional forces on the fluid
become important. Consequently, a high inlet pressure is required to provide the
helium flow rate to overcome the frictional drag and remove the energy dissipated in
the conductor. To offset these losses without sacrificing helium mass flow rate and
subsequently the current carrying performance of the cable, an alternative CICC
geometry has been proposed for the ITER Toroidal and Poloidal magnet coils. The
basic multi-stage cable layout and conduit configurations retain their original
forms, but an open concentric channel is incorporated along the conductor centre
line as shown in Fig. 2.4.4. The CICC with this geometry is called dual-channel
CICC. The central channel (hole) is supported against the surrounding annular
cable-space (annulus) by a stainless-steel spiral spring. The central channel creates
a low impedance hydraulic path down the middle of the cable and the pressure loss
will be substantially reduced. This new cable concept was experimentally
investigated for heat slug and quench propagation in the frame of the Quench
Experiment on Long Length (QUELL) which was performed in the high field
superconductor test facility SULTAN.

Fig. 2.4.4 CICC constructional details
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2.4.4.2 Experiment description

The conductor used for the QUELL sample was made from (NbTi)3Sn strands
developed for the ITER CS model coil. This construction has a small quantity of
titanium added to the matrix to improve the superconducting properties. To
enhance the critical current density, Ti was added to bronze and a Cr layer (2.3mm)
was plated on the surface of the strands to reduce the coupling losses.

The cable was built up in four successive cabling stages (3x3x4x6), the last one
being formed by the six 3rd stage sub-cables twisted around a central spiral tube.
Finally, the cable was wrapped with a 25mm stainless steel foil and inserted into a
Ti circular conduit. After compaction, about 100m were used to wind the QUELL
sample. The QUELL conductor is scaled-down by a factor of 1/5 compared with the
full-size ITER CS conductor. The QUELL sample was wound as a two layer, non-
inductive coil in order to minimise the coupling to the SULTAN coils. The turns
were separated by 5mm fibre-glass spacers, to avoid transversal turn to turn
propagation of the quench. The whole winding was impregnated with epoxy for
mechanical stability. A partial view of the QUELL sample is presented in Fig. 2.4.5.
The overall length of the cable is 90.961m.

Fig. 2.4.5 QUELL sample geometry

2.4.4.3 Quench Properties of the dual channel CICC

Quench propagation in dual channel CICC was investigated in a wide range of
operating parameters such as the length of initial normal zone, operating current,
temperature margin, helium mass-flow and pressure. From the experimental
results, the following picture of quench propagation emerged rather unexpectedly.
In the case of a long initial normal zone, shortly after the initiation of the quench, a
strong transversal expulsion of helium from the central channel is observed. This
reduces the axial induced flow usually expected in conventional CICC. The weak
heating induced flow and the depletion of helium results in low values of heat
transfer in the annulus. The conductor is therefore in the dry regime and the
quench propagates mainly by heat conduction along the strands. The front of the
helium heated bubble lags well behind the normal front in the strands and its
velocity is small. Later on, the transversal helium expulsion is progressively stopped
due to a hydraulic bottleneck effect either at the level of the perforations in the
central channel wall (critical flow) or in the channel hydraulic circuit. From now on
the cable behaves more or less as a conventional CICC. The helium in the normal
zone is heated by the cable, its temperature rises and it expands mainly axially in
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the still superconducting region, driving it into the normal state. The pressure in
the cable space grows and the pressure induced flow becomes stronger. The
annulus heat transfer coefficient increases and the conductor is driven into the
well-cooled regime. From now on, the propagation of the normal zone by conduction
is arrested and the hot, high pressure helium becomes the dominant mechanism
for the quench propagation, resulting in an accelerated propagation of the quench.
Due to the mixing process at the hole-annulus interface, a high transversal heat
exchange is expected and consequently, less or minimal dispersion in the
temperature profiles. Helium heating by pressure or friction changes the scaling of
the propagation velocity with the temperature margin (AT is the difference between
operating temperature and the resistive transition temperature) from -AT"05 to ~AT
i

For a short initial normal zone, the early time quench regime is less well
understood at present but as the quench progresses it goes into the same pressure-
driven regime as described.

2.4.4.4 Heat-Slug Propagation

The heat-slug propagation experiments were conducted by producing temperature
perturbations in the QUELL sample. These perturbations were generated by both
short and long heaters located at the centre of the sample with zero transport
current. The main observation was a substantial, unexpected high spreading of the
temperature pulse as it moves towards the outlet manifold. An equivalent axial
thermal conductivity an order of magnitude larger than that of copper is required to
explain such a spreading. An additional heat conduction mechanism of hydraulic
nature is clearly at play in the dual channel CICC, identified as a process of
combined axial convection and transversal diffusion known as Taylor-Aris
dispersion. The convection arises from the net axial flow of helium in the two
channels while the diffusion arises from the transverse exchange of energy brought
about by gradients in the fluid velocity at the interface between the two channels.
Different helium velocities in the hole and annulus and a low heat exchange
coefficient between the two channels are essential for this dispersion. Comparing
the transversal heat exchange coefficients for slow transients and fast transients,
the interesting observation was made that the latter is an order of magnitude
greater.

2.4.4.5 Conclusions

The expected transversal helium expulsion from the cable space in the early part of
the quench was confirmed and the dry adiabatic quench propagation velocity was
set as a lower bound for the quench velocity in a typical ITER cable. Even for
conductors with a high porosity central channel, there is a cross-over to a new
regime of quench propagation, similar to the one in classical CICC characterised by
the accelerated growth of the normal zone length. This regime sets in when the
discharging capacity of the central channel is overloaded. Scaling relations for the
normal zone length have been established for both long and short initial normal
zone.

An unexpected dependence of all quench properties on the temperature margin has
been observed. In the pressure-driven regime at later times, the quench
propagation velocity scales like ~AT~1. This dependence cannot be explained by the
heat conduction in the stabiliser which would give a scaling like ~ATa5. Therefore
we suggest that helium heating by compression or friction could play a role in
quench propagation at later times.
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The results of the QUELL experiment also indicate that perforation of the central
channel, could play an important role. On one hand, a higher porosity will help
reduce the quench pressure but will also reduce the quench propagation velocity at
early times, setting it at a value close to the dry adiabatic value with high
transversal expulsion and low axial heating induced flow. On the other hand, a
central channel with lower porosity will probably speed up the onset of the cross-
over to the pressure-driven regime of quench propagation. The accelerated growth
of the normal zone will help spread the magnet energy over longer distances and
less perforation will improve also the stability. There must therefore be an optimal
perforation which makes maximum use of these two concurring effects. There are
also aspects connected with the transversal heat exchange coefficient which
emerged from the heat slug experiments. In the limit of large transverse heat
exchange typical for quench propagation and rapid transients or high porosity,
transverse diffusion becomes perfect but axial dispersion is eliminated. As the
opportunity to spread the thermal energy over large volumes is diminished, the
energy concentration is held high and temperatures in the cable remain peaked,
increasing the risk of a down-stream quench or accelerating the quench
propagation. On the other hand, given a small transversal heat exchange typical of
slow transients or low porosity, the hole and annulus are thermally de-coupled and
the hole heat capacity is not used. To achieve an optimised dual channel CICC it is
obvious that the dispersion effect should be maximised.

2.4.5 Stability of Cable-In-Conduit Conductors

The stability margin of a CICC is defined as the largest sudden heat input that the
conductor can absorb and still recover the superconducting state. The stability of a
CICC is limited because the helium inside the conduit cannot be replenished fast
enough, so a large enough perturbation will eventually quench the conductor.
However, the stability margin can be as high as several hundreds of mJ/cc, higher
than any conceivable perturbation to the superconductor, if the enthalpy of the
surrounding supercritical helium can be fully utilised. This depends on the heat
transfer coefficient, which describes the amount of heat which passes through the
conductor surface into the helium.

A stability experiment has been set up whose main objective is the investigation of
the influence of the perforations of the central cooling channel on the induced flow
velocity and thus on the stability margin. Four identical 3.6m long pieces of NbTi
CICC with ITER geometry but central channels with different porosities were
produced. One sample contains a spiral as central channel, as foreseen for the
ITER conductors, whereas the three other samples contain a smooth tube and two
differently perforated tubes, respectively. The conductor samples were inserted into
the SULTAN test facility where stability tests were carried out by choosing a set of
constant operating conditions (B, I, T) and applying a transverse pulsed magnetic
field to a 50cm long region of the superconductor. This pulse produces AC losses
within the conductor raising the conductor temperature locally above its critical
value. Depending on the amount of heat deposited and the cooling conditions of the
conductor the cable is able to recover from this thermal disturbance or not. By
increasing the pulse amplitude and therefore the deposited energy it is possible to
deduce the so-called energy margin, i.e. the threshold up to which the conductor is
stable. This experiment is repeated at different operating current and background
field conditions.

Although the analysis of the data is not yet completed the experiments have shown
that heating induced flow does not seem to play a significant role at least for
samples of a few metre length and heated zones of ~40cm length. On the contrary,
we have found that the sample with the highest porosity was the most stable
against thermal disturbances which indicates that the helium inventory in the
central channel can be increasingly utilised with larger porosity.



- 40 -

2.4.6 ITER transient thermal hydraulic analysis

For the analysis of thermal hydraulic transients in two-channel CICC, two codes
are available. MITHRANDIR implements a 1-dimensional (x co-ordinate along the
conductor) 2-fluid model allowing for different flow and thermodynamic state of the
helium in the bundle and hole region. The 1-fluid model of GANDALF allows
different velocities but assumes the same pressures and temperatures in the two
regions. All strands are assumed to carry the same current density, and the
external disturbance is applied uniformly in the conductor cross section.
Electromagnetic effects are not included in either code at present. The validation
against quench propagation data of the QUench Experiment on Long Length
(QUELL), performed in the SULTAN facility, qualified these codes as reliable thermal
hydraulic tools, as already described. Here we present some results of (a) the
predictive stability analysis of the ITER CS and TF conductors, and (b) the
validation of the hydraulic solver FLOWER in QUELL.

2.4.6. J Stability analysis of the ITER CS and TF conductors

Large fusion magnets can be subject to different types of thermal loads (nuclear,
mechanical, electromagnetic) and an assessment of their thermal hydraulic stability
is essential for operation. Transient inputs of energy may disturb this operation and
the superconducting cable must be able to absorb them without quenching.
Disturbances can be classified in terms of "slow" (loss of coolant, increased inlet
temperature, overloads from joints, radiation, normal operation AC losses) and
"fast" (epoxy cracks, winding displacements, slip-stick movements of individual
strands) events. In ITER the disturbances are mainly caused by eddy currents
driven by magnetic field changes during a plasma disruption, but can also be
caused by mechanical heating.

We investigate a limited number of disturbance scenarios, some ITER relevant and
some only significant for code benchmark comparison. In all cases the heating
input is a square wave in space and time with the external linear power Q0 applied
directly into the strands for the time tdis and for a length equal to the initial heated
zone (IHZ). In the TF coil, the scenario TF-1 simulates a mechanical disturbance
{tdis = lms, IHZ = lm); TF-2 simulates a disturbance due to AC losses for 100ms
extended to one turn at high magnetic field, where the losses are most relevant (a
length of 15m). In the CS coil the scenario CS-1 simulates a mechanical
disturbance (lms) extended to one full turn at high field (12m), an unrealistically
long length selected for code benchmark tests. The CS-2 scenario simulates a
disturbance due to AC losses extended to one full turn at high field, also for
benchmark tests (100ms, 12m). Finally the CS-3 case simulates a disturbance due
to AC losses extended to the part of the innermost layer exposed to high field
(100ms, 150m). The ITER CS and TF Nb3Sn conductors are cooled by forced-flow of
supercritical helium. The length of the cooling channel in the TF coil is one half of
the conductor length of the 2-in-hand wound pancake (700m), and in the CS coil is
the length of the innermost layer at the peak magnetic field (674m). The analysis is
performed at constant peak magnetic field B and constant operating current. In the
reference scenario the heat transfer perimeter at the contact surface between
helium-jacket and conductor-jacket are conservatively assumed to vanish when
considering heat transfer quantities. In other scenarios (a) the helium in the central
cooling channel is assumed not to be available, a limiting case for most
conservative estimates, (b) extra co-wound copper strands are added to the nominal
Cu cross section, and (c) twisted cross sections of copper and superconductor are
used.
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The energy margin is given as a window between two limits, the maximum value for
recovery and the minimum value for quench of the energy deposited into the strand
divided by the heated volume of strands (mJ/ccstrand). All computed energy margins
are well above 200mJ/ccstrand, in agreement with previous stability analyses so the
conductor design appears to be conservative compared with the expected
disturbances due to mechanical effects (10mJ/ ccstrancl) and to AC losses (80-
120mJ/ ccstrand). The effects of different disturbances on the stability of the
conductor can be distinguished considering the time evolution of the normal zone
length Lnor, for both the minimum 00 for quench and the maximum QO for
recovery (Fig.2.4.6). Lnor is comparable with the IHZ when the helium enthalpy
cannot be used and the rate of growth is of the order of several m/ms (scenarios
with mechanical disturbances). Lnor is much less than IHZ when enough reserve of
helium enthalpy is available and the corresponding dLnor/dt is of the order of
cm/ms (TF-2 and CS-2). The influence of conductor lengths far from the heater is
negligible and the numerical solutions are insensitive to variations of the mesh
outside the zone which is finally reached by the pressure wave but never reached
by the heating wave. For all scenarios, the decision between recovery and quench
requires a few 100ms. This means that in simulations of mechanical disturbances,
the end of the time integration can be orders of magnitude larger than the duration
of the heating pulse. The energy margins computed with the 2-fluid code
MITHRANDIR are lower than the GANDALF estimates with the central hole. In
general, the difference between the two codes is small, except for the TF-1
disturbance scenario, where the 1-fluid margin significantly exceeds the 2-fluid
result. In TF-1, however, the margin appears to be still sensitive to mesh variations,
but the combination of the number of nodes, time step and time used is the finest
practical. The results of the 2-fluid code are also, as expected, above the limiting
cases of the 1-fluid code "without" the central hole.

2.4.6.2 Validation of the hydraulic solver FLOWER in QUELL

Accurate predictions of the quench characteristics of CICC conductors require well
defined hydraulic boundary conditions (HBC) to be fed to reliable thermal hydraulic
codes. Usually simplified HBC (e.g. given pressure at inlet/outlet) have to be
assumed in predictive analysis because the correct conditions are not known a
priori. To avoid this limitation, the set of routines FLOWER is designed to provide a
simplified model of the hydraulic connections between conductor and cryogenic
plant. The QUELL experiment provided a broad and detailed quench propagation
database used for the validation of the GANDALF and MITHRANDIR codes. The
experimental helium pressure at inlet/outlet of the sample was used as HBC, and
in this way the SULTAN cryogenic system did not have to be simulated.

We approximate the complex cryogenic system of the SULTAN facility with the
simplest possible model which retains the essential characteristics of the system
without unnecessary complications, using the FLOWER model. The resulting model
consists of two manifolds, at the inlet and outlet of the QUELL sample, a
compressor, two relief valves for protection against high pressures during a quench
(threshold 10.5bar), and a 1.2bar reservoir at room temperature. Real initial
conditions of the inlet and outlet manifolds are used, namely the temperature of the
sample and helium pressure.
A total of 8 quench propagation runs were investigated in a broad spectrum of
operating conditions, selected from over 60 QUELL experimental runs for their
physical relevance and data consistency. For the code/experiment comparison we
use the relative error between the simulated helium pressure (pSF) and the
experimental helium pressure (pE), at the inlet and outlet of the sample,
dp/p=(pSF-pE)/ pE, Fig. 2.4.7. Run 02 is representative of the main features of the
other runs. The agreement code/experiment is good for 7.4s of the 8s run. The
relative error is less than 10%, more pronounced at the outlet than at the inlet.
Beyond 7.4s, the inlet helium pressure exceeds the threshold of the relief valve and
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the discrepancy between simulation and experiment quickly deteriorates. The
opening and closing time constant of the relief valve, finite in QUELL, is assumed to
be zero in FLOWER for simplicity, explaining why the large experimental oscillation
is not reproduced by the simulation. In quasi steady state mode of the cryogenic
system, before the quench has started, the agreement between simulation and
experiment is good to a few %. During the quench, but before the conditions for
opening of the relief valves are met, the agreement deteriorates but remains within
engineering limits (<20%). When one or both relief valve opens the error can
increase considerably (>30%). These limitations are relevant only when assessing
the quench characteristics of a magnet system under faulty conditions of the
quench detection system and when relief valves are used for protection of the
cryogenic system.
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history at inlet (solid lines) and at outlet (dashed lines) of the QUELL
sample. The error is shown for all 8 runs investigated.

2.4.7 QUELL heat slug analysis

Heat slug propagation was used originally in QUELL for the assessment of the
thermal and hydraulic performance of the dual channel cable-in-conduit conductor
(CICC) at zero current and field. An inductive heater and a resistive heater were
used to deposit energy in the conductor and ultimately in the flowing supercritical
Helium I. The resulting evolution of the temperature of the titanium conduit was
measured at several sensors downstream of the heater and used to estimate the
energy deposited by the heater as well as the average helium advection speed. More
recently, a renewed interest has arisen concerning the question of heat slug
propagation in dual channel CICC, in connection with the test program of the ITER
Toroidal Field Model Coil (TFMC). In the TFMC an experimental evaluation of the
superconductor critical properties will only be possible by heating the helium
upstream of the joint, then letting it flow through the joint and downstream to the
high field region in the conductor, where a quench could be initiated. A preliminary
analysis of heat slug propagation in QUELL, restricted to a single experimental run,
was performed in the past with the 1-fluid code GANDALF and with the 2-fluid code
MITHRANDIR. Both codes have also been validated against quench propagation
data from QUELL, and applied to the study of QUELL and ITER stability. For dual
channel CICC like QUELL, the 1-fluid model assumes perfect thermal and
hydraulic coupling between the helium in the cable bundle region (B in the
following) and in the central channel/hole (H in the following). On the contrary,
finite as opposed to zero B/H coupling time and different thermodynamic
conditions in the two regions are allowed in the 2-fluid approach. The heat slug
experiments in QUELL were characterised by relatively low flow speeds, of the order
of O.lm/s in the B region and lm/s in the H region. These give a small steady state
heat transfer coefficient because the Reynolds number is relatively low and
therefore lead to a relatively weak B/H coupling.
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An intensive study of a set of 12 heat slug propagation runs (referred to as
001..012) was performed. The 0.12m long inductive heater was used for runs 001-
008, while the 2.3m long resistive heater was used for runs 009-012, both heaters
being located axially near the centre of the ~91m long Nb3Sn conductor. In the
inductive cases, the heater was on for 40ms, in the resistive ones for 300ms and in
both cases the energy deposited varied by over an order of magnitude. With respect
to the work previously presented the geometrical and material input has been
updated and a new calibration of the input energies has been performed. For the
inductive runs the nominal input energy was computed as Enom = C x Int, where
the constant C was estimated separately by the calorimetric method and Int comes
from experimental data. For all inductive runs only -10% of the input energy goes
directly into the strands, while the remaining 90% goes into the jacket. In the codes
the heating pulses are simulated as square waves in space and time. This is exact
for the resistive cases, while for the inductive cases the square time shape is still
approximately true. The spatial shape of the inductive power is not exactly uniform,
but this should not significantly influence the slow transients considered here. The
seven thermometers used to measure the temperature of the Ti conduit (+/- 10m°K
accuracy between 5°K and 20°K) are the major diagnostic tools, which we shall use
for our validation. The TA3 thermometer is nicely below the resistive heater and is
used for the calibration of the resistive heater model by adjusting the thickness of
the Kapton layer to match the peak jacket temperature at TA3 in run 012.
Pressure, temperature and differential pressure signals are used to deduce the
value of the experimental inlet mass flow, which is compared with the computed
one.

We present 4 of the 12 runs simulated with the 1-fluid GANDALF code to outline
the most relevant results of the 1-fluid analysis and represent the main features of
all runs. In two runs the heat slug is generated by the inductive heater operated at
590Hz, in the other two the heat slug is started by the resistive heater. For each
type of heater two limiting cases are compared: one at low energy (run 005 for the
inductive heater, 009 for the resistive heater) and one at high energy (run 008 for
inductive heater and 012 for resistive heater). The jacket temperature Tjffc at the
location of the TA3 sensor and the helium mass flow at the conductor inlet Gin are
the variables used for the comparison code/experiment. In the inductively heated
runs, the simulated Tjk at the "heater sensor" TA3 reaches its maximum on a
timescale comparable or faster than the delay in these thermometers.

Inductively heated runs. Fig.2.4.8. The time history of the jacket temperature is
more compressed than the experimental data of all temperature sensors. At any
given location the peak temperatures Tmax are overestimated in the simulation
while the heat slug grows and decays more rapidly than in the experiment. This
behaviour appears to be typical of the 1-fluid model, as shown by the comparison
with the 2-flow model results and by a 1-fluid model with added helium diffusivity.
The simulated Tmax anticipates the experimental data at all sensors and the
difference between the maximum times dt(Tmax) grows in the downstream
direction. In the simulation there is a quasi-constant overestimation of the helium
inlet mass flow at all times except during the initial transient. The choice of a too
low friction factor in the central hole, an input parameter, is perhaps responsible
for this result. As the energy deposited increases, the helium expands more rapidly
and the flow is more decelerated during the initial transient. The agreement
between simulated and experimental peak jacket temperatures is acceptable only at
low energy. The differences tend to smear in the downstream direction away from
the heater. When a relatively high energy is deposited into the system in a short
time, the simulated heat slug cannot properly diffuse along the conductor due to
the intrinsic limitation of the 1-fluid model.

Resistively heated runs. Fig. 2.4.9. The compression of the jacket temperature time
history is considerably less pronounced when the heat slug is generated by a
disturbance longer in space (2.3m vs 0.12m) and longer in time (300ms vs. 40ms),
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as is the case of the resistive heater compared with the inductive heater. At low
energy the simulation anticipates the experiment at all sensors while the
overestimation of Gin is -20%. At high energy the simulated and experimental peak
jacket temperatures are well synchronised not only at TA3, as imposed by the
criterion used for the heater calibration, but at the location of all TA temperature
sensors. In this case the high energy deposited generates a damping of the helium
flow which lasts for ~15s from the start of the pulse, a time considerably longer
than the duration of the initial mass flow transients of all other cases. During this
time the simulated Gin is in good agreement with the experiment, and during the
complete 60s heat slug evolution the simulation is capable of predicting the trend of
the experimental Gin. The agreement of Tmax is acceptable at all TA locations only
in case of low input, as for the inductive heater cases. At high energy this
agreement is good only at TA3, as imposed by the heater calibration, but quickly
deteriorates in the downstream direction away from the heater.
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Fig. 2.4.8 Results of inductive run 005. Comparison between the time history of
experimental (solid lines) and GANDALF (dashed lines) jacket
temperature at sensor TA3- TA8 (top 6 subplots) and inlet mass Jlow
(lowest subplot)
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In both inductively and resistively heated runs the 1-fluid results systematically
overestimate the experimental Tjk at the downstream sensors TA6-TA8. This is
explicable since far from the heater the H helium is hotter than the B helium, as
shown by the 2-fluid model. The 1-fluid model, assuming an average temperature
between B and H leads in this case to an overestimate of the temperature of the B
helium, and therefore of the temperature of the jacket which is in contact with it.
Although adequate to predict the hydraulic response, the 1-fluid model exhibits and
intrinsic limitation to accurately simulate the thermal evolution during a heat slug.

Run#E-02-05-012
14

co 10

<§> 8

A

\

— Exp
- - Code

20 40
Time (s)

60

20 40 60
Time (s)

20 40
Time (s)

60

20 40
Time (s)

60

20 40
Time (s)

60

30
Time (s)

Fig. 2.4.9 Results of resistive run 012. Comparison between the time history of
experimental (solid lines) and GANDALF (dashed lines) jacket
temperature at sensor TA3- TA8 (top 6 subplots) and inlet mass flow
(lowest subplot)
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2.4.8 Short Sample test campaigns at SULTAN

Within the frame of the ITER full size conductor test programme, several conductor
and joint samples have successfully been tested in SULTAN during 1997 and 1998:

• Japanese BUTT-Joint sample
• Japanese LAP-Joint 1 sample
• Japanese LAP-Joint 2 sample
• EU LAP-Joint 1 sample
• LMI-Sample strain measurements

Cu sleeve (Phosphours
deoxidized copper)

Solder
Sadie plate {Cu)

SS sheet Cu foil SS sheet

Fig. 2.4.10 Schematic view of a lap-type joint (Japanese NbsAl sample)

Joint

Joint Box

Joint Sleeve

Fig. 2.4.11 Schematic view of a butt-type joint (Japanese Nb3Sn sample)

In Figures 2.4.10 and 2.4.11, schematic views of the construction principle for the
two different joint types are shown for clarification. In the case of the butt joint
configuration, the contact region between conductor and hair pin shaped joint is
defined by the cross section areas of the two parts in close contact. The interface
region is assembled and compacted in a copper joint sleeve. Finally hair-pin and
joint regions are clamped in a stainless steel joint box. In case of lap type joint, the
joint part is built by a saddle shaped copper part lying in between the two parallel
oriented conductor legs. Again the joint region is compacted and enclosed in a
stainless steel box.
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2.4.8.1 Japanese Butt-Joint Sample for CS Model Coils

The Butt joint type NbaSn sample was developed for connecting the layers of the
CSMC outer module. The DC joint resistance at an operation temperature of 4.5SK
was measured to be 3.8nn and 6.3nQ at SULTAN fields of OT and 5T respectively.
This value is about two times higher than the domestic sample tested at JAERI in
1996. The joint quench current in the temperature and field range between 4.5SK -
10-K and 2-10T is about 20-30% compared with the expected strand critical
current Ic values, increasing with field. However the measured quench current of
90kA @(2.6T, 5BK) and 70kA @(5T, 6SK) are higher than demanded for the CSMC
operating point. Critical current measurements of the conductor part were difficult
due to premature quench of the joint part. A strong Ic degradation compared to
strand data occurred from about 50% at low field to nearly 10% at 10T, 1 leK.

2.4.8.2 Japanese Lap-Joint Sample for CS Insert

The Japanese NbsSn Lap joint sample was developed for the terminal joints of the
CS insert coil. The sample showed an unexpected resistance increase in the joint
region. Disassembling and investigation after the SULTAN tests showed black
particles of a few hundred urn consisting of Carbon and Chromium. The
contamination was caused by paraffin and solder contamination. As an effect of the
increased sample resistance, the maximum current attainable at the SULTAN
facility was limited to about 25kA. The joint resistance has been measured at
external field of 0 and 4.5T. At 20kA a resistance of 100-200nQ was observed. The
field dependent resistance increase was about 40% compared with 0T. The current
behaviour indicates an Ic < 20kA @(11T, 9fiK). AC measurements by a calorimetric
method have been performed. At a pulsed field of 5T a downstream temperature
rise of less than 10msK was measured, leading to a conductor coupling time
constant of less than 0.1s.

2.4.8.3 Japanese Lap-Joint Sample for CS Terminal

The NbaAl conductor was developed for use in the D-shaped ITER TF coil. The main
goal of the experiments was to demonstrate the applicability of the "wind and react"
technique for such a conductor. Conductor critical current was measured in the
field range between 7-10T, at coolant temperatures from 62K up to 92K. The overall
Ic showed an unexpected high degradation of more than 50% compared with single
strand data. Fitting of the experimental results according to Summers Ic(B,T,e)
scaling law indicated an intrinsic strain of 1%. One possible explanation is
abnormal thermal strain during heat reaction. The field dependent joint resistance
at 4.5SK was measured to range from 3.2nQ at 0T to 6nli at 10T.

2.4.8.4 European SS-FSJS Lap-Joint Sample

The European NbsSn Lap-Joint was developed for use in the TFMC inner joints. The
joint resistance was measured between 0T and 6.7T. A linear magneto-resistance of
about 0.13nQ/Tesla has been observed whereas the zero field value was about
0.8nfi. The joint resistance at a total field of 7.8T is 1.7nQ, stable up to a helium
inlet temperature of about 7.5aK. At 8.4aK the joint resistance increased by 7% and
stable current transfer was still possible. Critical current measurements have been
performed at SULTAN fields between 7-1 IT. The results are in good agreement with
the Summers scaling law applied to strand data, taking into account the sample
self field effect and a strain of -0.65%. Beside critical current measurements, AC
loss measurements have been performed and data evaluation is still in progress. In
order to simulate the TFMC inner joint thermohydraulic configuration, joint
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measurements have been repeated with reversed helium flow. The experiments
have been completed by some heat slug experiments, performed to provide a
database for simulations to be carried out with GANDALF and MITHRANDIR codes.

2.4.8.5 LMI Strain Measurements

An ITER Sub-Task is devoted to the measurement of strain effects in ITER full-size
conductors. The purpose of the work done is to investigate the IC(B,T) properties of
full-size conductors as a function of applied longitudinal strain. The LMI NbsSn
prototype conductor developed under the NET conductor programme for use in the
central solenoid of NET/ITER was used. The conductor was reacted after jacketing
with stainless steel. Each leg has been strained twice and its Ic was measured in a
background field of 9, 10 and 11T. In the first case the elongation applied to the
stainless steel jacket was 8.8mm and 4.4mm for Leg(+) and Leg(-) respectively. In
the second straining step, the elongation of 8.8mm was removed for Leg(+) whereas
Leg(-) was elongated by an additional 4.4mm. The results indicate a current
degradation instead of the expected improvement in current carrying capacity. A
plausible interpretation is an irreversible degradation of the unloaded sample for
which the cause is still unclear, but might be a result of the sample adaptation to
the SULTAN facility. In the case of the LMI probe, the elongation-recompression
cycle is obviously irreversible.

2.4.9 SeCRETS

The large cable conductors for the ITER magnets consist of a bundle of
superconducting strands, each including a large fraction of copper in the cross
section for stability, to allow safe recovery from transient disturbances. The
manufacturing process, rather than the raw material cost, dictates the price per
kilogramme of the Nb3Sn conductor, which is independent of the copper fraction in
the cross section.

A large cost benefit for fusion magnets could be achieved by segregating the copper
stabiliser from the current carrying cross section, reducing the copper fraction in
the superconducting strands and adding pure copper wires in the cabled bundle.
However, some there is some doubt about the effectiveness of the segregated copper
as a stabiliser, due to the incertitude about the current transfer process at the
contact surface between superconducting and copper wires.

A large-scale experiment in the SULTAN test facility is being carried out to resolve
the issue of the role of the segregated copper for transient stability. Two Nb3Sn
cable-in-conduit conductors have been manufactured, with identical copper and
superconductor cross section but with different location of the copper stabiliser,
either included in the Nb3Sn strands, with a large copper fraction, or segregated as
pure copper wires. The two conductors are series connected and wound into a non-
inductive winding to be inserted in the high field bore of the SULTAN coils. At
operating conditions (field, current and temperature) comparable to ITER, a
transverse field disturbance, comparable to that due to a plasma disruption, is
applied by a set of pulsed coils and the stability behaviour is assessed in a direct
comparison.

The experimental work started in May 1998 with the acronym Se.C.R.E.T.S.
(Segregated Copper Ratio Experiment on Transient Stability). In the mean time, the
two cable-in-conduit conductors were procured from a Russian supplier in
December 1998. Conductor characterisation tests will be carried out at Karlsruhe
and Twente in 1999.
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According to the stability performance results on the conductor with segregated
copper wires, the design of the ITER conductor will be adjusted, possibly allowing a
substantial weight (and cost) reduction of the NbsSn strand, with an impact of up
to 30% of the overall conductor price.

2.4.10 Development of a high Current Lead using High Temperature
Superconductor

In the frame of the European Fusion Technology Programme, an international co-
operation started between CRPP-FT and the Forschungszentrum Karlsruhe (FzK)
Germany in the middle of 1996. The major goal of the task is the design and
construction of a 60kA binary current lead using High Tc Superconductor for
further use in the ITER Toroidal Field Coils. The project is divided into three sub-
tasks. The first one comprised testing of several different HTSC modules, built in
lkA test current leads, in a CRPP-FT test cryostat. The tests cover steady state
conditions as well as transient behaviour. In that way melt cast processed IM2212
tubes from Hoechst, Ag/Au sheathed Bi2223 tapes from ASC and an Ag/Au
sheathed Bi2223 Tape configuration from FzK have been tested. Unfortunately the
FZK module showed a rather strong critical current degradation due to large stress
sensitivity. Meanwhile a new type of tapes showing very promising results has been
developed at FZK. Table 2.4.1 gives a summary of the main experimental results for
the three different types of modules.

Module
W77 K)
ContactRes.7OK/4.5K
Ttopinscdop)

Mass flow rate of 60K
cooling Helium at Iop

Current depending
Heat load at 4.5K

Conduction Heat load
RTCP
At(O-lOOmV)
At(10-90mV)

B12212 Hoechst
> 2kA
140nQ/10nfl
67.7K at lkA

0.08g/s @ lkA
0.101g/s@ 1.5kA
0.156g/s@2kA
O. l l lW® lkA
0.124W® 1.5kA
0.141W@2kA
0.101W
0.25% @ lkA
656 s @ lkA
2 s

Bi2223 ASC
1.025kA
487nQ/43nQ
67.2K at lkA

0.08g/s @ lkA
O.lg/s@ 1.2kA

0.408W @ lkA
0.427W® 1.2 kA

0.365W
0.31% @ lkA
600s @ lkA
19s

B12223 FzK

0.285kA (degraded)
118nfl/16.8nQ
70.3K at 500A

0.05g/s @ 0.4kA
0.053g/s@0.51kA

0.372W @ 0.4kA
0.373W@0.51kA

0.37W
0.43% @ 0.5lkA
1648s @ 0.5lkA
400s

Table 2.4.1 Steady state results for the Hoechst, ASC and FZK type HTSC current
lead modules, including the reduction of Room Temperature Power
Consumption (RTCP) with respect to a conventional all metal current
lead.

Comparing the different configurations shows that there is no substantial difference
in the scaled 60sK Helium mass flow rate needed to adjust the warm end
temperature of the superconducting module. As a consequence of the strongly
reduced heat conduction, the Hoechst tube material exhibits the lowest cold end
heat input. The contact resistance to cross sectional ratio is comparable, as well as
the RTCP factors in the Hoechst and ASC case. Comparing the transient behaviour
shows the major difference between the bulk and tape modules. Most important is
the time the HTSC needs to develop a voltage drop between 10 mV and 90 mV
during a quench. Here the reaction time is strongly reduced for the tube case
compared to the two tape types. For high current applications, the tube case
requires an electrical bypass with special electrical properties. Meanwhile stainless
steal supported Bi22i2 bulk tubes from Hoechst have been made available.
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Due to the larger safety margin, the reinforced Bi2223 tape material was chosen for
the second step of the development task. Here the goal is the design and test of a
lOkA binary current lead. The first lOkA module was ordered from ASC and the
second one to be investigated is from FzK. These two lOkA modules are the basis
for step three where a 20kA current lead, consisting of two lOkA modules will be
built and tested experimentally.

For protection reasons, the whole assembly is surrounded by an additional
stainless steel tube. The support also acts as a thermal bridge in case of a quench.
The total length is about 60cm and provided with several temperature sensors
positioned along one of the stacks to investigate the steady state temperature
profile, as well as the transient temperature behaviour. In order to monitor the
current distribution in case of a quench, as well as the steady state transition
resistance several pairs of voltage taps and Hall probes are attached. A module was
successfully manufactured by ASC and delivered at the end of 1998.

During 1998 a new test facility, suitable for currents up to 12kA, was constructed.
It consists of a cryostat with a 70sK Helium shield and a test dewar with a
controlled liquid Helium level. The test current lead consists of a copper heat
exchanger operating between 300eK and 67eK. The entry temperature of the
helium, used to cool the heat exchanger, can be varied in the range between 77 and
4.5eK. The cold ends of the two leads are connected by a NbTi cable immersed in
liquid helium. Figure 2.4.12 shows a photograph of the dismantled cryostat
assembly. In Fig.2.4.13 the cryostat tank and parts of the data acquisition system
are shown. Cooling down of" the cryostat was successful and the ASC lead
experiment is ready.

2.4.11 Suleika

2.4.11.1 Introduction

In the existing power grid system, electrical power is mainly distributed by overhead
transmission lines. However, due to the increasing importance of environmental
protection the construction of new lines is becoming increasingly difficult. In most
developed countries environmental regulations enforce the use of underground
transmission cables in an urban environment. The main sources of losses in
conventional cables are Joule heating and the dielectric losses in the electrical
insulation. Generally, the transmission capacity of conventional power cables is
limited by the maximum tolerable temperature of the electrical insulation. The use
of superconducting cables would overcome this thermal limitation of the
transmitted power. A further advantage of superconducting power cables would be
reduced transmission losses. Power transmission lines are therefore expected to be
one of the most promising applications of high-Tc superconductors. A relevant
characteristic of bismuth-based high-Tc superconductors is a pronounced reduction
of the critical current in the presence of magnetic fields. Nevertheless, operation at
77eK seems to be feasible due to the low magnetic fields experienced by cable
conductors.

The properties of long, industrially fabricated Ag/Bi2223 tapes are now close to the
requirements for the cable application. Very recently critical current densities in
excess of 500A/mm2 have been reached at 77aK and zero applied field for rolled
Ag/Bi2223 tapes. Furthermore, considerably improved mechanical properties
required for an industrial cable fabrication have been achieved using high-strength
matrix materials.

* Work performed outside the frame of the Association Euratom-Confederation Suisse
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2.4.11.2 Design studies

Design studies have been performed for cables with room temperature dielectric. In
such a cable each phase conductor is enclosed by a separate cryostat at high-
voltage. Outside the cryostat there is an electrical insulation at room temperature.
In other words the outer part of the cable is fully conventional. The AC losses have
been estimated considering the cable as a superconducting hollow cylinder. The AC
losses and the heat input through the thermal insulation have to be removed by the
refrigerator. For the efficiency of large refrigerators 20% of the Carnot efficiency has
been assumed in the design studies.

The results of the design studies indicate that a line voltage of 1 lOkV is reasonable
for a 500MVA class superconducting cable. For a fixed outer cable diameter and
sufficiently large transmitted power, the minimum losses result for the largest
tolerable inner radius of the superconducting phase conductor. Typically, the losses
decrease with increasing outer cable diameter because enhancing the inner
diameter of the phase conductor leads to reduced magnetic fields and AC losses.
The design studies indicate that for a EM2223 superconducting cable in spite of a
critical temperature of approximately 110sK the minimum transmission losses are
reached at an operating temperature around 55SK. At this temperature the critical
current is at least twice as high than that at 772K and a reduced operating
temperature would lead to important savings in the conductor cost. The results of
the design studies have been used to elaborate a low-loss design for a 110MVA
superconducting single-phase cable operating at 60sK.

In a separate study, the trade-off between the superconductor and refrigeration cost
of a full size 6km power cable has been investigated. An optimum operating
temperature of the cable in the range 30-60sK was found, suggesting that neon gas
cooling is economically attractive for power transmission cables. In order to assess
the operating cost, different refrigeration systems were analysed from the point of
view of refrigeration loss.

2.4.11.3 Experimental program

An experimental program was started by investigating the feasibility of
manufacturing HTS cables using Bi2223 tape superconductors. Questions like the
handling of the HTS tapes, the cabling and current junction techniques have been
addressed. To evaluate the design and to gain manufacturing experience, a 1m long
pre-prototype cable has been developed and tested in liquid nitrogen under DC and
AC conditions.

The cable consists of two oppositely wound helical layers on a 53mm diameter
former with glass fibre tape separating the layers. Bi2223 commercial tapes with a
high strength silver alloy matrix were used. Preliminary tests performed on the
tapes indicated that they are able to withstand the anticipated cabling forces
without degradation. To allow measurements of the current flowing in the
individual layers, the layers were connected to separate current junctions at one
end of the cable. The DC tests revealed that the current is not equally shared
between the two layers, mainly due to differences in junction resistance. As a
consequence of the uneven current distribution only the critical current of the outer
layer carrying the higher current could be determined. While this layer reached its
critical current of 1000A at 77eK using a 0.5jj.V/cm criteria, the whole cable carried
a current of 1800A, confirming that the cable manufacturing doesn't significantly
affect the critical current of the cable. Figure 2.4.15 shows the test set-up for
measuring the cable characteristics in a liquid nitrogen bath.
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Next, the self-field AC losses of the cable at 50Hz have been determined using a
double lock-in amplifier to measure the voltage component in phase with the
transport current. The reference phase of the transport current was derived from
the primary of the current transformer used to energise the cable. The cable losses
were determined by measuring the voltage over the current terminations and
subtracting the Ohmic losses produced by the joints. The voltages of the individual
layers were measured between ring contacts wound around the circumference of
each cable layer and the total loss was obtained by summing the individual
contributions. At high currents, the losses determined in both ways were found to
show the P oc In power law dependence with n~3. Typically, AC loss values of
0. lW/m have been measured at 77SK and an operating current of 1000Arms.
Comparison of the data with theoretical models showed a fair agreement.

Based on the experience gained with the pre-prototype, a 5m long single-phase
prototype cable has been manufactured and will be tested at variable temperature
well below 77aK. A test set-up devoted to evaluation of the cable performances
under DC and AC conditions has been designed and built. An 8kA DC power supply
and two current transformers generating up to 2.3kArms each, will be used to
energise the cable. To obtain operating temperatures in the range of 45-602K, a
neon refrigerator system has been designed and constructed. The refrigerator
consists of two Ne-Ne counter-flow heat-exchangers and a Ne-LN2 heat exchanger
as pre-cooler. A Joule-Thomson throttle valve reduces the pressure of the pre-
cooled neon from 200bar to the operating pressure of the cable rated at 15bar. In
this way, gas temperatures of about 45SK can be achieved. Lower temperatures are
possible at a lower rated operating pressure whereas higher temperatures can be
obtained by activating a heater. In order to improve the refrigeration power and to
match the cable pressure to the suction pressure of the neon compressor, a second
valve was used on the low pressure side of the refrigerator.

Fig. 2.4.12 Picture of the lOkA HTSC module manufactured by American
Superconductor Corporation
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Fig. 2.4.13 View of the lOkA cryostat components normally located in vacuum
tank

Fig. 2.4.14 View of the lOkA vacuum tank including parts of data acquisition
system
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Fig. 2.4.15 Test set-up for measuring the cable characteristics in a liquid nitrogen
bath

2.5 Gyrotron development

2.5.1 Overview

For fusion plasmas, and in particular for ITER, collective Thomson scattering (CTS)
is being considered as a diagnostic for measuring:

• confined fast ion distributions (fusion a-particles),
• the fuel ratio in the plasma centre and
• poloidal plasma rotation.

In CTS it is the collective fluctuations of the electrons that are being probed. These
fluctuations are principally driven by the ion dynamics, which is why CTS, though
scattering off the electrons, provides information about the ions. The collective
fluctuations dominate the uncorrelated electron fluctuations, which carry no ion
information, at scale lengths larger than the screening Debye length A,D- Thus for
the collective fluctuations to dominate, we require that the wave vector k of the
resolved fluctuations satisfies the inequality kA-D < 1. For a given plasma and thus
A-D this requires either a large wavelength for the incident radiation or a small
scattering angle. The latter approach has practical limits, since the scattered
radiation must be separated from the input beam.

Another requirement for a successful CTS measurement is to avoid spectral regions
of strong absorption in the plasma and intense plasma background radiation. The
former makes the inner part of the plasma inaccessible and the latter reduces the
signal-to-noise ratio. Both can render a measurement impossible. Plasma electron
cyclotron absorption (ECA) and emission (ECE) are the main causes of absorption
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and emission in the wavelength range considered. The curves are very sensitive to
the electron temperature profile. Three spectral regions can be considered for CTS,
below or above the ECE emission spectrum, or in the region of the minimum
between the fundamental and the second harmonic of the electron cyclotron
frequency. Operation in a narrow frequency and launch angle window below ECE
emission is possible and has been studied extensively. Refraction is a major
problem in this region, whereas it is the ECE background in the intermediate (170-
250GHz) range. In the THz region the required high power radiation sources have to
be developed first and in the very high frequency region (CO2 laser) detectors and
the exceedingly small scattering angle pose problems.

This all indicates that a range of options does exist and all options have their
advantages and disadvantages. The purpose of the following two projects is to
develop a high power, high frequency radiation source for CTS plasma diagnostics.

2.5.2 High frequency sources

The gyrotron is a high power microwave source based on the maser instability, the
resonant interaction between a weakly relativistic electron beam gyrating in an
external magnetic field and the eigenmode of an electromagnetic cavity. The unique
features of gyrotrons are:

• high interaction efficiency (-35% overall efficiency, -50% with an energy
recovery system)

• single mode operation
• availability of sources ranging from centimetric to submillimetric wavelengths
• high power (from a few Watts up to 1MW depending on pulse length) and high

energy per pulse.

The gyrotron is considered to be an excellent candidate for a wide spectrum of
fusion applications ranging from plasma heating, profile control, current drive, and
diagnostics for fusion plasmas but also for industrial microwave sintering or to
electron paramagnetic resonance studies.

The emission frequency of a gyrotron is proportional to the magnetic field strength
in the interaction region and hence, in principle, all that is required to achieve a
high emission frequency is to provide a strong enough magnetic field. Unfortunately
technical limits are approached rather soon when considering frequencies of several
lOOGHz, in particular if high power is desired as well. Magnets producing several
Tesla are available with small bore diameters, but this is incompatible with high
power operation because of the thermal wall loading of the resonant gyrotron cavity
inside the magnetic bore.

Existing high power gyrotrons could be used in two different ways to produce high
powers at high frequencies:

(1) The gyrotron itself can be operated at a higher harmonic of its fundamental
frequency. In this way the magnets have to be able to provide only the field
strength corresponding to the fundamental frequency. The efficiency will be
somewhat reduced, but can reach values almost comparable with those at the
fundamental frequency, in particular if simultaneous operation at the
fundamental can be suppressed.

(2) The radiation of a gyrotron can be frequency upshifted externally by means of
suitable nonlinear materials. A large range of such materials exists and has
been investigated. The main problem is the usually small conversion efficiency
which can possibly be overcome by carefully optimised experimental
arrangements, for example a multi-pass system.
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In contrast to the so-called conventional gyrotron in which the electron beam and
the resonant cavity are coaxial, the symmetry axis of the resonator in a quasi-
optical gyrotron is perpendicular to the magnetic axis. This offers great flexibility as
far as resonator design is concerned. In particular, it allows for Fabry-Perot type
resonators consisting of two spherically curved mirrors, or of one such mirror and a
diffraction grating.

The use of a diffraction grating solves the problem of coupling the high power
radiation out of the resonator. The resonator is aligned to coincide with the -1 order
of the grating, whereas the output coupling takes place along the order zero. This
implies that the coarse shape (neglecting the grooves) of the grating takes the form
of an off-axis imaging mirror which re-focuses the output beam in order to pass it
through the output window with fiat phase fronts. The groove separation and depth
have to be designed in order to match the mode structure in the equivalent Fabry-
Perot type resonator and also to obtain equivalent reflectivity and transmittivity of
the grating. In particular, the ratio of wavelength to grating period can be chosen
such that only the diffraction orders 0 and -1 exist, ensuring that no power is
diffracted elsewhere. If this condition is fulfilled for the third harmonic of the
cyclotron frequency, this is not the case for the fundamental and the second
harmonic and oscillations at those frequencies cannot be destabilised in order to
grow. A photograph of a grating of this type is shown in Fig. 2.5.1.

A resonator for exclusive third harmonic operation has been designed and is ready
for testing. Figure 2.5.2 illustrates the insitu cold testing set-up for the resonator
structure. The principle had to be demonstrated at a lower frequency with another
grating adapted to this particular frequency, due to delivery delays.

Existing codes at the CRPP have been used for a design study of a quasi-optical
gyrotron operating at the third harmonic frequency of 280GHz. The design is based
on an existing gyrotron and is planned for a proof of principle demonstration.
Simulations of the electron beam trajectories have been performed with the
DAPHNE code and the beam-radiation interaction efficiency was obtained from a
one-dimensional gyrotron equilibrium code. The expected efficiency is about 8%
and in order to achieve an output power level of 200kW a beam current of 30A is
required.

According to these simulations a gyrotron operating at the third harmonic
frequency of 280GHz based on a conventional quasi-optical gyrotron should
produce significant output power («200kW). If this can be confirmed by the
experiments in preparation, scaling to still higher frequencies will be investigated.

The conversion of a sizeable fraction of an electromagnetic wave to a wave at a
harmonic frequency by nonlinear materials is now well known. This technique has
been applied with great success in the visible part of the spectrum, where very
impressive conversion efficiencies of more than half of the initial power have been
achieved. A range of experiments has also been reported in the mm and FIR
regions. Theoretical and experimental investigations have shown that different
semiconductor materials exhibit significant gain at higher harmonics in the
frequency range of interest. However, the highest efficiency achieved so far was only
0.1% in the normal incidence experiments on n-type silicon plates. The limit was a
surface breakdown effect which precluded pumping of the material with higher
powers, and a saturation effect observed below the breakdown threshold.
Considerably higher nonlinear susceptibilities need to be revealed if the problem is
to be solved by judicious choice of material alone.

Numerical simulations with a Monte Carlo technique have been performed at 3
different frequencies, 9.43, 118 and 333GHz, Fig. 2.5.3. 333GHz has been chosen
because its third harmonic is just the magic ITHz frequency we are trying to reach.
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118GHz is the frequency of the X3 gyrotrons for ECRH on TCV. One of these
gyrotrons will be available for almost one year for third harmonic generation
experiments, before being used for plasma heating. These experiments are currently
under preparation. The simulations at 9.43GHz allowed a direct comparison of
predictions with measurements using a magnetron as the source, conducted at the
Institute of Semiconductor Physics in Vilnius, Lithuania.

The main findings were the following:

• In all three materials an efficiency maximum is observed at power levels
significantly below the breakdown threshold. Hence it will be possible to
operate at this efficiency maximum point.

• Cooling of the sample to liquid nitrogen temperature can increase the
conversion efficiency by orders of magnitude

• Experiments at 9.43GHz have qualitatively confirmed the main results of
simulations

To conclude, a THz radiation source in the power range of 10-100kW will be
required for collective Thomson scattering in fusion plasma devices. Such sources
do not currently exist and with the only conceivable source, the free-electron laser,
neither the required pulse length nor the narrow spectral width can be achieved.
With gyrotrons, on the other hand, these parameters can be reached, but gyrotrons
do not operate at THz frequencies. At the CRPP two methods are under
investigation to convert gyrotron radiation to the required high frequencies. The
desired results have not yet been achieved with either of these methods but current
experiments seek to provide a proof of principle which could be extrapolated.

2.5.3 Development of the 140GHz gyrotron for the Wendelstein 7-X
stellerator

The Association Euratom-IPP Garching will construct and operate a new large
experimental facility for magnetic confinement research, the W7-X stellarator. This
stellarator aims, among other objectives, at the demonstration of continuous
plasma operation with fusion relevant parameters. A powerful steady state heating
system is therefore a key component of the device. ECRH heating with a total power
of 10MW in continuous wave (CW) operation at a frequency of 140GHz is foreseen
as the main heating system. This RF power will be generated by 10 gyrotrons
delivering 1MW each.

In the present state of the art of gyrotron research, 1MW RF power in CW operation
at this frequency is very challenging, with the CW aspect being the most difficult
one. The development of a prototype gyrotron fulfilling the targets has been
undertaken in a joint collaboration between CRPP, Forschungszentrum Karlsruhe
(FZK) in collaboration with IPP Garching and an industrial partner, Thomson Tubes
Electroniques. The first prototype design is nearly finished and the first
experimental tests are planned to start at FZK in summer 1999.

For the first prototype, the electron magnetron injection gun of the 140GHz
gyrotron is of the diode type and has been designed using the electron beam
trajectory code developed at the CRPP, DAPHNE, to produce a beam with a velocity
ratio of a=vj./v||=1.5. The dispersion of the beam at the nominal operating
conditions (cathode voltage VK=80kV and beam current Ib=40A) is Aa/a=1.2% - an
extremely low value for electron guns of this type.

The cavity mode is a compromise between many design constraints including limit
on peak ohmic wall loading, voltage depression, cathode current, cathode current
density, cathode radius, and cavity space charge limiting current. The TE28.8 mode
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is chosen as a mode which fulfils all the design constraints and also one which has
relatively low competition with neighbouring modes. The microwave cavity is
designed to provide high interaction efficiency for energy transfer between the
electron beam and the microwave field. The cavity is designed to provide an output
of PRF=1.2 MW with an interaction efficiency of over TIRF~35%. In Table 2.5.1, the
actual design parameters are listed.

CW operation requires that all elements be designed to withstand the
thermomechanical constraints generated by the RF power losses inside the
gyrotron, especially in the cavity and the RF window. At this power level, only a
CVD diamond window is compatible with the required parameters and will be used
on the gyrotron. The extremely good thermal and dielectric properties of such a
window allow a fairly simple water cooling system.

For increasing the overall system efficiency and at the same time decrease the
thermal load on the collector inner wall, a depressed collector system has been
designed. The depressed collector is basically a decelerating system applied on the
spent electron beam. By applying a constant decelerating voltage the average beam
energy is decreased by the corresponding amount. The maximum decelerating
voltage is primarily determined by the minimum electron energy in the spent beam
and by space charge effects. With a maximum decelerating voltage of 30kV, the
overall system efficiency can be increased to 50%. An important effort has been
made in the design of an AC magnetic system allowing the distribution of the spent
beam power on the collector inner surface by sweeping. The collector is a cylindrical
OFHC copper tube and for the first prototype the AC beam sweeping is made with
AC current solenoids and generating an azimuthally symmetric field parallel to the
collector axis. Preliminary numerical results on a non-azimuthally-symmetric AC
system (rotating AC magnetic field transverse to the collector axis) are promising
and the implementation of such a system on the gyrotron collector is being
investigated.

Parameter
Frequency
Output power in Gaussian Mode
Losses at the converter output (non-Gaussian content)
Window system losses (CVD water cooled window)
Ohmic losses (cavity+launcher)

Cavity output power without losses
Pulse length
Total system efficiency
Cavity mode
Cathode voltage (diode gun)
Beam current
Maximum wall loading
Stable against 15 % RF power reflections for:

Frequency
RF Power variation AP/P

Stable against variations in Vk of 1 kV for:
RF power variation
Monomode operation possible

Design
140GHz
1 MW
1.5%
1.5%
8.0%
<11%
1.2MW

CW (1000s)
50%

TE28,8
80kV
40A

2.0kW/cm2

< 100MHz
< 10%

< 10%
yes

Table 2.5.1 Design parameters of the 140GHz gyrotron
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Fig. 2.5.1 Photo showing the curved diffraction grating with sinusoidal grooves.

Spcrical mirror Grating

Output window

Waveguide

Fig. 2.5.2 Top view of the resonant cavity of the quasi-optical gyrotron. The
elements used for the cold-testing as well as the position of the
electron beam (not present during the cold-tests) are shown. In this
arrangement, the magnetic field and the electron beam path are
perpendicular to the page.
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Fig. 2.5.3 Calculated conversion efficiency I3/I1 for three materials, three
frequencies and two temperatures. All curves are normalized to the
efficiency maximumfor silicon at room temperature.

2.6 Industrial plasmas*

2.6.1 Overview

2.6.2 Diamond and Boron Nitride coatings

Cubic boron nitride is an important material with outstanding properties
comparable to diamond. Cubic boron nitride films would be of great interest for
coatings of cutting and forming tools, in particular for the conditions where
diamond is not at all applicable such as for coating ferrous materials.

The main objective of the project is to develop an industrial process for the
deposition of cubic boron nitride and to increase the basic understanding of plasma
assisted boron nitride deposition. For this purpose the high current density arc
deposition reactor, successfully developed in collaboration with an industrial
partner, was used.

The studies of the deposition of boron nitride were carried out with different gas
precursors, such as nitrogen, ammonia and diborane. Moreover, the substrates
could be biased up to -400 V, in order to obtain high ion energy bombardment. The
films produced were mainly sp bonded (hexagonal or amorphous phase), whereas

o

the desired cubic phase is sp bonded.

The plasma used for boron nitride deposition was studied by infrared absorption
spectroscopy in a laboratory reactor using a commercial Fourier Transform Infrared

The work described under Section 2.6 is not performed within the frame of the
Association Euratom-Confederation Suisse
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(FTIR) spectrometer. This study has underlined the interest of this diagnostic for
characterising the chemical reactions that take place in this kind of plasma. Mixing
diborane with ammonia leads to the spontaneous creation of diammoniate in the
gas phase, whereas in a plasma only gaseous aminoborane is observed. When
replacing ammonia with nitrogen, no B-N bonds could be detected, even in the
presence of plasma. This diagnostic could lead to a better understanding of the
importance of chemical reactions, in particular of borazine-boramine chemistry in
these particular plasmas and on the stabilisation of the hard cubic phase of boron
nitride.

Plasma assisted deposition of hydrogenated silicon is widely use in microelectronics
technology (solar cells, flat panel display,...). Silicon can be deposited by plasmas in
two different phases: amorphous or microcrystalline. Synthesis of microcrystalline
silicon is more complex and the deposition rate is generally too low for large scale
industrial applications. During our research, we have developed a process in the
high current density arc plasma reactor allowing the deposition of p.c-Si:H with
almost no amorphous phase, at very high deposition rates. Presently a patent is
pending on this new and interesting process.

2.6.3 Decorative coatings

Plasma treatment is widely used to modify materials such as metals and polymers
to obtain functional surface modifications. However, the plasma treatment of bulk
ceramic materials is a novel process. Recently ceramic materials have found, for
various reasons, interesting applications in the watch industry. For this particular
application, the decorative aspect is of prime importance. Various ways are
presently under investigation to obtain ceramics with different colours. Nitriding
and carbonating of ceramics by plasma is a novel and promising method, which
might find immediate application in the watch industry. From the scientific point of
view the plasma treatment leads to gradient layers which are still not very well
understood.

The main aim of the present project is the development of new plasma surface
treatments for ceramic bulk materials. For this reason most of the effort was
devoted to the process development and its optimisation. The investigations are
made in a plasma reactor, comparable to the arc reactor. By means of a
hydrogen/hydrocarbon plasma and a nitrogen plasma, carbide and nitride gradient
layers may be obtained in bulk ceramics. The carbide layers are of metallic
appearance, where as the nitride layers show a golden colouring. For the specific
application in the watch industry the well defined functionality of the material were
obtained, namely wear, corrosion resistance and colouring effects. However it was
found that the functional material properties depend strongly on the plasma and
process parameters. In a first phase carbide and nitride gradient layers conditions
of plasma composition, substrate temperature, have been produced and
characterised under different process. The chemical composition, structure and
optical properties have been investigated by means of XPS, X-ray diffraction,
GDOES, and by optical methods such as spectral ellipsometry. This part of the
project also served to gain first experience in the difficult task of characterising the
gradient layers.
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2.6.4 Plasma spraying

2.6.4.1 Motivation

Plasma spraying is recognised as the most versatile amongst all different thermal
spraying processes, in which metallic or non-metallic materials are deposited in a
molten or semi-molten state on a substrate. Usually, the source material is a
powder which is injected into a thermal plasma jet produced by a DC arc torch or a
plasma gun. The powder particles are heated up, melted and accelerated towards
the substrate, where they impact to form the final deposit.

As the plasma jet exits the nozzle of the torch into the stagnant environment, a
shear layer will form at the fringe of the jet. The surrounding atmosphere will be
dragged in because of the large velocity difference (more than 1000 m/s). This leads
to a strongly turbulent flow where cold surrounding gas is engulfed into the hot
plasma jet. The consequences are not only the cooling down of the jet, but also
large instabilities which add to arc instabilities. The heat transfer to the sprayed
particles is strongly affected by this turbulence and the penetration of oxygen from
the surrounding air into the jet may lead to undesirable oxidation of the deposited
layer.

In addition, arc instabilities lead to limits of the reliability and reproducibility of the
present techniques. These limits mainly come from the instabilities and fast
movement of the arc itself and strong electrode erosion. The arc inside the torch
nozzle experiences instabilities which give rise to so-called "surging" and "whipping"
motions of the plasma jet at the exit of the nozzle. In addition, the arc tends to
restrike upstream when it is lengthened due to the flow drag.

2.6.4.2 Experiments

During the last year a collaboration has been set up between CRPP and a world-
leading industry in plasma spraying. This partnership aims to improve the plasma
spraying technologies by means of experimental investigations of the process
physics and numerical simulation of the torch plasma.

A Sulzer-Metco F4 plasma torch operating at atmosphere pressure, without powder
injection, using a fully automated control system has been installed at the CRPP.
Several plasma diagnostic methods have been adapted and installed for the
atmospheric plasma of the plasma torch. In particular, measurements are made of
the temporal evolution and of the power spectra of the fluctuations in the torch
voltage and current, the acoustic pressure and light emission of the plasma jet,
which indicate the instability of the arc. A time of flight technique has been set up,
which allows an estimation of the plasma jet velocity in the hottest regions of the
plasma plume.

The voltage signal shows a sawtooth pattern, which is typical of the restrike mode
of the arc inside the torch. The faster oscillations of smaller amplitude which are
superimposed might be attributed to orbital motion of the anode arc root induced
by the swirling gas flow.
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Fig. 2.6.1 Power spectra of the torch voltage, current, the jet acoustic pressure
and light emission on axis at 5 mm from the nozzle exit for two
plasma conditions : 2/50 SLM (Standard Litre per Minute) fy/Ar
(plain) and 50 SLM pure AT (bold) at 500 A.

Figure 2.6.1 shows the power spectra of the voltage, light emission, acoustic
pressure and current for pure Ar and Ar/H2 plasmas. It shows prominent peaks at
300 Hz and harmonics which come from imperfect rectification of the torch DC
power supply. The peaks at higher frequencies are attributed to the arc motion and
restrike inside the torch, which is a quasi periodic phenomenon. These peaks
change in amplitude and frequency with torch ageing due to electrode wear.
Furthermore statistical analysis of the voltage and light signals has shown that the
deepest voltage drops on the raw signal are correlated with the strongest emission
reductions. This shows that the arc restrike is probably responsible for the strong
temperature transients observed in these plasma torches.

The time of flight (TOF) technique is based on the assumption that local optical
emission fluctuations of the plasma jet originate from successive plasma volumes of
different temperatures.

Figure 2.6.2 shows a radial velocity profile obtained between 1 and 3.4mm from the
nozzle exit for two plasma conditions. The light fluctuation signals considered here
have been bandpass-filtered between 3 and 12 kHz, where the most significant
contributions to the power spectrum come from the arc instabilities. One can see
that a small amount of H2 (4%) added to the plasma gas nearly doubles the axis
velocity.
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Fig. 2.6.2 Plasma jet velocity profiles for two plasma conditions, estimated from
the time of flight of light fluctuations. Plasma conditions : 2/50 SLM
H2/Ar (o) and 50 SLM pure Ar (•) at 500A.

A commercial enthalpy probe system based on a two-step energy balance of a
cooled probe immersed in the torch plume allows a local measurement of the
plasma jet temperature, velocity and gas composition in temperature regions
between 1000 to 8000°K, where emission spectroscopy is insufficient. These
measured quantities are of key interest for the application (heat load and oxidation
of the sprayed powders) as well as for input to validate the numerical models.

Optical emission spectroscopy is also used to estimate the plasma temperature in
the hottest regions of the plume (above 9000°K) where local thermodynamic
equilibrium can be assumed. Preliminary measurements of the plasma jet
parameters with the enthalpy probe system have been carried out for a pure argon
plasma at 500A (Fig. 2.6.3). Temperature profiles close to the nozzle exit have been
obtained by optical emission spectroscopy (Ar line/continuum ratio and absolute
emission coefficient) in the same conditions.



- 66 -

VELOCITY MAPPING

1000-,-

axial distance (mm) 60 -10

TEMPERATURE MAPPING

40

axial distance (mm) 60 -10
-5 radius (mm)

Fig. 2.6.3 Mapping of the plasma jet velocity and temperature using the
enthalpy probe system (pure Ar plasma @ 50 SLM, 500A)

2.6.4.3 Plasma torch modelling

Since the geometry of the torch is intrinsically three-dimensional, the final aim of
the numerical modelling will be to obtain a 3-D, time-dependent simulation of the
plasma torch which could give insight into the arc movement, re-strike and
stability. It was decided to start with a 2-D stationary arc model based on the
SIMPLER algorithm, well known in computational fluid dynamics. This is a strong
approximation in several aspects but is indispensable as a learning tool and for
guiding the development and exploitation of the 3-D model. The 2-D numerical
simulation is currently producing the first physically relevant results for a simple
cylindrical anode at low current and low mass flow.

On the other hand, numerical models of plasma torches and jets require
experimental parameters such the enthalpy probe measurements either as an input
to impose boundary conditions or for code validation.

2.6.5 Amorphous and microcrystalline silicon deposition

The aim of the project is to test the feasibility and usefulness of Very High
Frequency (VHF) plasma operation in large-area reactors suitable for volume
production of solar cell panels, particularly with respect to micro-crystalline silicon
deposition for the new generation of micromorph solar cells.

Micro-crystalline silicon has been shown to be a useful material for solar energy in
the novel 'micromorph' cells developed at the IMT in Neuchatel. The CRPP aims to
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contribute to the optimisation of micro-crystalline deposition rates which are
generally much lower than for amorphous silicon.

The work was extended to micro-crystalline silicon deposition by the layer-by-layer
technique, where brief periods (12 seconds) of amorphous silicon deposition were
alternated with longer periods (160 seconds) of exposure to pure hydrogen plasma.
The idea was to transform amorphous layers into micro-crystalline silicon by the
hydrogen plasma. Interferometer measurements clearly show the alternate periods
of deposition and etching. The remarkable result found is that the initial etching is
at least twice as rapid as the later stages. We interpret this as follows. Initially, only
amorphous silicon is deposited, which can be rapidly etched and eventually
becomes converted to a micro-crystalline-containing film. This micro-crystalline
base acts as a substrate for the next deposition period which subsequently
facilitates a higher degree of micro-crystalline growth by a sort of 'epitaxial' effect.
Since micro-crystalline silicon is slower to etch than amorphous silicon, the
decrease in etch rate with time is explained.

This result suggests that the growth rate of micro-crystalline silicon could be
accelerated as the deposition proceeds. At present, each micro-crystalline silicon
deposition experiment is carried out with fixed plasma parameters from start to
finish in order to guarantee that the layer properties are more or less homogeneous,
which is necessary to allow analysis by ex situ measurements. However, the initial
slow deposition is obligatory only to ensure the development of a 'seed' micro-
crystalline layer. Once this is deposited, the plasma parameters could be adjusted
with more power, pressure and/or silane fraction, to accelerate growth since the
'epitaxial' growth of micro-crystalline silicon on a micro-crystalline silicon substrate
is faster. We have already performed accelerating growth experiments, but it was
soon realised that in situ diagnostics for micro-crystallinity are essential to check
that there is no transition to the amorphous phase by overdoing the acceleration.
These considerations, along with a limit on the number of depositions per day, have
the current search for in situ measurement of micro-crystallinity. Such diagnostics
may well prove to be unwieldy, complex and expensive, but once the search for the
optimal time evolution of the plasma parameters is complete, they can be replaced
by occasional spot checks using ex situ analysis of the final film, which is
traditional in industrial production.

Several amorphous silicon deposition tests were carried out for the Alusuisse
Technology Centre on large area aluminium sheets with special coatings covering
the conducting aluminium. These tests are important for solar cells in aluminium
building facade elements.

The success of the equations developed for amorphous silicon depletion and
deposition uniformity have stimulated a similar approach for micro-crystalline
silicon, although the situation is naturally more complex due to the juxtaposition of
two phases, amorphous and micro-crystalline. Incorporation of an etch mechanism
competing with deposition must lead to a unified model capable of describing
amorphous and micro-crystalline silicon production. Our ever-increasing range of
plasma diagnostics provides more and more data with which unknowns can be
estimated by well-conceived experiments. The dominant mechanisms were
identified by comparison with experiments and published results to give a set of
non-linear expressions. A strong clue for modelling is the observed requirement of
near-total silane depletion for micro-crystalline silicon production. The results
compare well with plasma diagnostic measurements, and the model will be used to
interpret the micro-crystalline experiments. It is intended to optimise deposition
rates by simultaneously changing more than one control variable during parameter
scans to ensure that the deposition rate is not unnecessarily reduced by for
example neglecting to compensate for over-depletion of the silane gas by using
insufficient flow during a power scan.
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2.6.6 Diagnostics: Development and Implementation

The following diagnostics were chosen principally for plasma-surface
measurements, particularly with regard to micro- and nano-crystalline silicon
deposition.

i) Fourier Transform Infrared Absorption Spectroscopy has already been applied
to measure the silane fractional depletion in the plasma during the deposition
process, as a function of the excitation frequency. This powerful technique is highly
specific, sensitive, non-perturbing, and has become a universally-used diagnostic
for reactive plasmas in research groups and industry. A campaign of micro-
crystalline silicon deposition experiments has clearly shown that an in situ
diagnostic of the microcrystallinity is crucial to the search for optimal plasma
parameters. Without this diagnostic, many deposits would have to be made in static
plasma conditions to guarantee a homogeneous material quality for ex situ analysis
- this poses two restrictions: i) growth rate acceleration by changing the plasma
parameters after the initial, slow deposition of the microcrystalline seed layer
cannot be tested and ii) for the industrial reactor, the long heating and cooling
cycles require a whole day for one deposition condition. Our proposed in situ
technique is Infrared Reflection Absorption Spectroscopy (IRAS) in which the
original single-pass line-of-sight arrangement is inclined to reflect the IR beam onto
the silicon deposit during plasma deposition. The principle is that the superimposed
absorption peaks corresponding to the path in the gas and in the solid deposit can
simultaneously give information on the gas depletion fraction and the degree of
crystallinity.

ii) Cavity Ringdown Absorption Spectroscopy has been employed on the Balzers-
KAI1 reactor in collaboration with the University of Grenoble. This relatively recent
technique, applied for the first time in an industrial-scale reactor, consists of a
cavity formed by two high-reflectivity mirrors (better than 99.99%) in vacuum (Fig.
2.6.4). A pulsed dye laser beam is coupled into the back face of the entrance mirror
and the light energy is reflected back-and-forth several thousand times, giving an
effective optical path length of a few kilometres in the plasma. The exponential
decay time, measured by a photomultiplier at the exit mirror, is simply related to
the absorption coefficient at the laser wavelength of any plasma species, such as
negative ions, radicals and powder particles. Using this new diagnostic technique it
was found that the density of silylene radicals was below the limit of detection
(<10 m~ ). This was confirmed by modelling and the radicals react too rapidly with
silane to exist in measurable quantities. In addition it was shown that cavity
ringdown absorption spectroscopy is highly sensitive to nanometric particles formed
in the plasma (Fig. 2.6.5). The oscillatory time evolution of these proto-powders
cannot be investigated by any other technique; cavity ringdown therefore fills the
diagnostic gap between the sub-nanometer clusters of mass spectrometry and the
micron particles of Rayleigh-Mie scattering. We have also performed ground-
breaking measurements of negative ion densities and modelling of non-linear
absorption effects.
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Fig. 2.6.4 Cavity ringdown installation in the KAI large area reactor.

The cavity ringdown technique was applied to the industrialscale RF reactor for
measuring the density and spatial profile of negative ions (Fig. 2.6.6) in pure oxygen
and hydrogen RF plasmas, and for the detection of nanometric particles in argon-
silane plasma. An observed plasma-induced spurious drift of the ringdown time was
also investigated and related to water desorption from the reactor walls and
electrodes which is re-adsorbed on the mirror surfaces.
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Fig. 2.6.5 Slow oscillations in the absorption due to nanometre-sized particles
in silane
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2.6.6 Comparison of measured and calculated O~ density profiles (0.1 Torr,
100 seem). The horizontal error bars are given by the laser beam
diameter, the vertical error bars by the shot to shot variation in the
measurements.

Hi) Microwave Diagnostics for Plasma Density Measurements. Microwave
interferometry in the range 7 to 12 GHz (X-Band) is now a routine measurement for
electron density. This diagnostic has been used to measure the electron density
dependence on the excitation frequency. The method has the potential to become an
industrial diagnostic, especially if peak detector software is implemented to give the
absolute electron density. Before this, however, it had to be adapted for micro-
crystalline silicon deposition conditions. The microwave launcher and detector must
withstand 250°C without degassing or electrical failure and must resist deposition
and etching attack. Commercial waveguide adapters were tested and failed in all
these respects. A custom-built design using crimped cable connections to avoid
soldering, ceramic isolators and an aluminium housing functions perfectly.

iv) Ellipsometry consists of measuring the charge in polarisation upon reflection
from a surface, from which the dielectric constant can be deduced along with other
properties such as roughness and crystallinity according to the model used. In fact,
the interpretation has proven more difficult than anticipated. The measured
dielectric function is extraordinarily difficult to fit to published values for various
forms of silicon, namely micro-crystalline, large and small grained poly-crystalline,
amorphous, porous, crystalline, or any mixture of these. Reasonable fits were
obtained by assuming up to four superposed layers each with a different
composition, creating at least 10 free variables to achieve a fit. However, it is not
evident that our micro-crystalline silicon, grown with fixed conditions during the
plasma, should possess such a range of composition. It appears that the roughness
of the micro-crystalline silicon overlayer is strongly affecting measurements of the
film bulk. Colleagues at IMT, Neuchatel will characterise the roughness by
Transmission electron Microscopy (TEM) and Atomic Force Microscopy (AFM),
which will then be used to eliminate these uncertainties in the ellipsometric model.

2.6.7 SiO2 deposition

Plasma assisted processes for deposition of silicon dioxide are widely used in
industry. Our work on the deposition of silicon dioxide was carried out in
collaboration with an industrial partner at their site and at CRPP.
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Despite the fact that powder formation is observed, only rare reports exist on
powder production in RF plasma with HMDSO (hexamethyldisiloxane) as precursor,
as often used in industrial processing of SiOx thin film deposition. However, powder
formation has been extensively studied in various silane and silane-diluted
plasmas. The present investigations aim to increase the understanding of the
chemistry and nanoparticle formation in oxygen-diluted HMDSO RF plasmas.
Practical and robust plasma diagnostic methods are essential to understand the
plasma physics and chemistry and to optimise the performance of the deposition
and its functional quality. In situ Fourier transform infrared spectroscopy (FTIR) is
a promising diagnostic method for basic research and, importantly, also for
applications in industry.

Figure 2.6.7 shows the absorbance spectra of plasma coated components in a
HMDSO plasma diluted with helium and oxygen. In this figure the spectrum is
corrected for the HMDSO gas depletion (67% in this particular case). The HMDSO
molecule absorption lines are completely eliminated and the remaining Si-(CH3)n
and CH3 absorption suggest the presence of carbon compounds within the SiOx
particles. The presence of nanometer size particles is indicated by the broad
absorption peak around 1000 cm" . The other absorption lines indicate the
production of CO and CO2 and of a aldehyde type molecules in the HMDSO plasma.
These measurements show that during deposition of SiOx with HMDSO, a fraction
of the excess carbon is transported out of the reactor by infrared active species as
CO, CO2 and by aldehyde formation. Creation of these molecules in the plasma is
via carbon-oxygen reactions, as additional investigations showed, which supposes a
fairly high fragmentation of the HMDSO molecule or from plasma-surface reactions
such as oxygen etching of carbon in the deposited film.
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Fig. 2.6.7 Absorbance spectrum of a diluted HMDSO plasma corrected for 67%
depletion of the HMDSO vapour.

Particle contamination of reactive plasmas is a very important issue and
widespread research is underway to understand the powder formation. The infrared
absorption technique can also contribute to the comprehension of this interesting
phenomenon. In the absorbance spectra shown in Fig. 2.6.7 the large deviation
from the base line is due to elastic scattering on the nanometer sized particles
suspended in the plasma. The measured absorbance is the sum of two
contributions. The absorption part due to the Si-O-Si vibrations at 1000 cm"1 and
the light scattering part from the particles. The scattering and absorption cross
section can be calculated from Mie theory using optical constants for appropriate
materials. Light scattering shows with the particle radius dependence R"6, whereas
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the absorption follows only a R"3 dependence. These different dependencies on the
particle size allows the determination of the particle size and particle number
density (Fig. 2.6.8).
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Fig. 2.6.8 Determination of the particle size and particle number density from
the absorbance spectra.

It turns out that the width of the Si-O absorption at 1000 cm'1 gives interesting
information on the status of the agglomeration of the particles in the plasma. In a
modulated HMDSO discharge (80ms plasma on, 1600ms plasma off time) small,
unagglomerated particles have been obtained (Fig. 2.6.9). The in situ infrared
absorption spectra in these conditions show two well separated peaks due to the
longitudinal (LO) and transverse (TO) mode (Fig. 2.6.9a). Large agglomerations
typically obtained in a continuously running discharge tend to broaden these peaks
finally leading to the LO mode being completely overlapped by the TO mode.
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Fig. 2.6.9 Comparison of absorbance spectra of a RF power modulated plasma
and of a continuous plasmas and TEM pictures of particles produced
in the corresponding discharges
a) Modulated plasma (80ms plasma on, 1600ms plasma off)
b) Continuous RF power discharge
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2.6.8 Plasma chemistry and powder formation in hydrocarbon plasmas

Plasmas with hydrocarbons as sources gases are an important category of reactive
plasmas since various applications such as hard coatings (diamond, diamond like
films) and various polymer deposition schemes depend on them. In recent years,
considerable effort has been made to understand these processes. However, up till
now little attention has been paid to the origin of powder formation within these
reactive plasmas, even though powder formation in hydrocarbon plasmas was
reported quite a while ago.

Ionisation mass spectrometry cannot distinguish between isomers and the
ionisation process leads to a cracking pattern, which very often prohibits a unique
interpretation of the mass spectrum. Therefore observation of heavy neutral
compounds formed in these reactive plasmas is difficult. On the other hand IR
absorption spectroscopy is a very versatile plasma diagnostic giving complementary
information about the IR-active bonding types present in the gas and solid phases
within the reactive plasma.

Simultaneous application of the two methods allows far better identification of the
most abundant neutral plasma components and the determination of their
chemical structure. In our present work mass spectrometry and IR absorption
spectroscopy have been simultaneously applied to investigate the plasma
composition of powder forming RF plasmas with different hydrocarbon monomers.
Methane, acetylene and ethylene were selected as hydrocarbon gases containing
single, double and triple bonds respectively.

The combination of neutral mass spectrometry and FTIR absorption spectroscopy
clearly leads to the conclusion that the production of acetylene is one of the most
important processes in all three plasmas investigated. In all experiments, we
observe the creation of abundant molecular hydrogen (H2) and of acetylenic
compounds, which appear to be a very likely product for polymerisation reactions
in the plasma. In the cases of methane and ethylene, the production of acetylene
under our discharge conditions is most probably not sufficient to influence the
chemistry of the anion and cation formation strongly. In the acetylene plasmas the
triple CsC bonding remains mainly intact, imposing the characteristic even carbon
number spectra of the ionic components, whereas double bonds from ethylene are
cracked within the plasma and play an insignificant role in the plasma chemistry.

The main bonding type of the solid particles within the different plasmas is sp3.
Only limited evidence could be found for the presence of sp bonding in the powder
for the case of acetylene plasma. Powder formation in the acetylene plasma
containing sp bonding is found to be strong whereas single and double bonds tend
less towards powder formation in accordance with previous reports in the
literature. This may be partially explained by the production of hydrogen, observed
in each case, which may prevent or delay the formation of powder. The limited
production rate of acetylene might be a second reason for restricted powder
formation.

In the anion spectra of all three gases, the absence of any CHX" groups is worth
mentioning and might indicate that C2HX~ rather than CHX" anions are produced by
electron attachment. The observed formation of larger anion clusters might proceed
by recombining C2IV anions with CH4 or C2HX. The different tendency to powder
formation of the gases investigated might therefore be related to the different
reaction rates for the production of neutral C2HX (in particular C2H2) and their
corresponding attachment rates. It could be concluded that the formation of
acetylene and subsequent electron attachment to this molecule leads to larger
anions, which in analogy with the silane plasma could end in powder formation.
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The production of acetylene within the plasma is therefore as important for powder
formation as it is supposed to be in the thin hard carbon film deposition.

Mass spectrometry clearly showed that the chemistry of ionic components and in
particular their hydrogenation is related to the hydrogenation of the initial
monomer. However the chemical composition of the powder produced in the plasma
shows about the same bonding for all three hydrocarbon gases used in these
investigations. The main components in these powders are sp3 bonded
hydrocarbons.

In addition, we showed that IR absorption spectroscopy combined with mass
spectroscopy is necessary to observe the details of the ongoing plasma chemistry in
pure hydrocarbon plasmas.

2.6.9 Work under mandate

The CRPP worked also on various mandates from industry. One concerns the
optimisation of an RF magnetron device used for the production of optical and
magnetic discs. These investigations include basic studies to understand the
processes governing the RF and DC magnetrons in more detail, which are a
versatile and universal tool in plasma processing with various potential
applications.
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TECHNICAL ACHIEVEMENTS AT THE CRPP

3.1 Introduction
The wide range of research activities at the CRPP requires a huge technical
investment in order to achieve our research goals. The TCV tokamak, the gyrotron
development project and industrial plasma research are the prime clients, but even
the theory group requires some technical support. Roughly 60% of the CRPP
personnel are employed in such technical support activities and a significant
fraction of the 40% of research personnel is also dedicated to development of new
equipment. This section presents an overview of the technical achievements during
the past year, underlining this most important activity at the CRPP.

3.2 The TCV Tokamak

3.2.1 Overview

Several major technical upgrades and achievements have been implemented in
1998. All six gyrotrons of the X2 ECW cluster (and a spare unit) have been
delivered and operation of the first X3 gyrotron has been demonstrated. In order to
accommodate the additional power requirements, the TCV motor generator has
been equipped with a new flywheel which increases the extractable energy to 341
MJ. Most of the vessel inner wall carbon tile protection has been upgraded by a
design with improved power handling characteristics which is compatible with the
increase in additional heating being installed on TCV. Unfortunately, some of the
new tiles, which were supposed to have been vacuum baked to 220°C for
purification, were contaminated with oil prior to delivery to CRPP. Following
installation, this oil contaminated the entire TCV vessel during the pre-operation
bakeout at the end of the January 1998 shutdown. As a result, all auxiliary TCV
systems such as diagnostics and launchers, as well as the contaminated tiles, had
to be dismantled, cleaned and reinstalled. This procedure was successful but
resulted in five months of lost operation in 1998 although there is no detectable
trace of the contamination left.

3.2.2 In-vessel wall protection upgrade

During the 1997-1998 maintenance period, a number of modifications and
improvements were made to the graphite elements protecting the vacuum vessel
internal surface. The first generation tiles installed on the central column have been
replaced by a new design incorporating an optimised toroidal curvature permitting
adequate power handling for most plasma configurations in the presence of high
power ECH heating. This new design is a compromise between the conflicting
requirements of maximum power spreading, the need to provide adequate tile edge
shielding in the case of inevitable misalignments, the wide range of possible
magnetic field line impact angles in limited and diverted equilibria, a high degree of
geometrical compactness imposed by space restrictions and the necessity for
toroidal symmetry in order that all combinations of directions of the toroidal
magnetic field and the plasma current be possible. Full three dimensional finite
element simulations have been used to test the thermo-mechanical robustness of
the chosen tile contour to expected power fluxes computed using magnetic field
distributions for discharge shapes already produced in TCV. Whilst the new tiles
will tolerate the maximum expected power levels for 1 second duration at full power
ECH (3.0MW), in the absence of active tile cooling, certain diverted configurations
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will not be possible for long heating periods if extreme tile surface temperatures,
leading to graphite sublimation, are to be avoided. Also included in the new central
column tile design is a mounting system invisible to the plasma and a modified
mechanical form such that the almost the entire column can be tiled by identical
units. As before, all tiles are manufactured in high purity, isotropic, polycrystalline
graphite.

Fig. 3.2.1 Photograph of the new carbon tile layout, early 1998.

New protective elements have been installed on the low-field-side wall to allow
greater latitude in the creation of plasma shapes (for example discharges with high
negative triangularity) and to mask the remaining large areas of outboard vessel
surface still visible to the plasma. The introduction of these new tiles rendered the
toroidal belt limiter obsolete and it was removed, which also has the beneficial
consequence of liberating additional volume for plasma equilibria at the highest
elongations. To complement the remodelled central column, the upper and lower
inside corner tiles have been reshaped with a toroidal profile that improves power
handling in cases where the strike points of diverted discharges fall in these zones.
With the inclusion of the new outer wall tiles, the vacuum vessel is now equipped
with a total of 1692 individual protective graphite elements, increasing the
percentage of internal surface area coverage from -60% to -90% effectively
rendering TCV an "all-graphite" machine. The current status of first wall protection
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is illustrated in Fig. 3.2.1 taken in early 1998 following installation of the new
protection tiles.

3.2.3 Electron Cyclotron System

The first cluster of second harmonic (X2) gyrotrons at 82.7GHz (3 gyrotrons, 0.5MW
each) is fully installed and operational on TCV, bringing the total auxiliary power
available on TCV to 1.5MW. The cluster has been extensively used under a variety
of operating regimes: modulated power (between lOHz to 1.0kHz), stepped power,
and full power with pulse lengths >1.0s. In each of these regimes the beam has
been deposited within the plasma at either constant fixed location, swept across a
vertical chord (using the real-time poloidal movement of the launcher), swept along
a radial chord (adjusting the magnetic field during a discharge thus changing the
radial resonance location), or performing co- or counter-Electron Cyclotron Current
Drive (ECCD) by introducing a toroidal component to the beam launch.

During the above campaigns the matching optics unit (MOU), transmission line and
launchers associated with each gyrotron were utilised near their full operating
regime. The MOU and transmission lines had nearly flawless operation. Base
pressure in both systems is in the low 10'8 mbar range. Mechanical problems with
the launchers have been encountered limiting the total range of poloidal movement
to between «10° to 45° (nominal movement is between 7° and 55°). A modified
design of the launchers is to be incorporated into the 2nd cluster which improves
operation of the launchers within their full range of poloidal movement and allows
higher torus bakeout temperatures. All parts for the new launchers have been
machined and assembly is in progress. The second cluster launchers are scheduled
for installation in the torus in 1999.

The delivery of the 2nd cluster of gyrotrons was completed in 1998. The three tubes
were installed in their respective cryomagnets and each underwent a successful on-
site acceptance test. An additional seventh tube has been delivered and accepted, to
be used as a spare. The mounting of the transmission line for the second cluster
has been completed with the installation of the pumping stations in progress. Upon
completion of the pumping stations the gyrotron-MOU-transmission line assembly
will be tested by firing full power 2.0s pulses into the vacuum load, planned for
early 1999. Once the modified launchers are installed onto TCV the second cluster
will be ready for operating on TCV, providing the possibility of 3.0MW of auxiliary
power.

The third cluster of gyrotrons which comprises three 0.5MW third harmonic (X3)
gyrotrons at 118GHz is also progressing. During 1998 the first cryomagnet for the
X3 gyrotrons passed the factory acceptance test. The magnet was then delivered to
CRPP and passed the on-site acceptance test. The factory acceptance test for the
first X3 gyrotron was also performed and accepted. The gyrotron operated reliably
at full power and pulse lengths of 5.0s for an extended operating period (four 4hr
periods of 1% duty cycle). Upon completion of the factory acceptance test the tube
was delivered and installed at CRPP. All four ion pumps have been energised and
the cathode has been heated to its nominal temperature. The continuation of the
acceptance test will occur upon the arrival and installation of the modulator
scheduled in early 1999.

The transmission lines for all three X3 gyrotrons have arrived and mounting will
occur upon completion of the gyrotrons' acceptance tests. It is planned to use a
single launcher at the end of the three transmission lines. The launcher will consist
of a single mirror located on top of TCV. The mirror will be rotatable in a poloidal
plane (±5° during a shot) and capable of being displaced radially (±8.5cm between
shots). The flexibility of this launcher design will allow injecting the beam from
either the high or low field side and improve absorption with the optimum beam



78 -

trajectory. The design of the launcher is near completion and construction is to
begin in 1999.

3.2.4 TCV Power Supply System

The TCV power supply system operated with a high degree of reliability during the
entire 1998 campaign. The TCV rectifier systems for the supply of the TCV tokamak
coils operated without problems, only requiring routine maintenance and the fast
in-vessel vertical feedback stabilisation coils and fast power supply system have
been operated routinely since their installation in 1996.

With the installation of the plasma additional heating systems on TCV, the flux
variation necessary to maintain the plasma current decreases (due to the increased
conductivity) extending the maximum plasma current flat top duration to over two
seconds. The extra electrical power (20MVA) could have been provided by the
existing TCV plant motor-generator, but the increased plasma duration implies a
large increase in the energy delivered during a TCV shot (~100MJ). The kinetic
energy stored in the motor generator has thus been increased with the addition of a
new flywheel coupled to the motor generator.

The flywheel design was the result of complex calculations of the stresses and
critical speeds of the new shaft line taking into account the addition of the flywheel
itself, the coupling flange and the stresses on the new bearing. Finite elements and
fracture mechanics modeling tools were used extensively. Various models were
used to compute the additional losses and to choose the optimum flywheel housing
technology (vacuum level, gap width etc.). The possibility of a blackout (free-
wheeling shutdown without vacuum and cooling) and other system failures were
taken into consideration.

The flywheel consists of a single 20-ton forged piece of a high quality steel alloy
(26NiCrMoV145). To decrease the winding losses and the noise level, the flywheel is
located in a housing with a partial vacuum (200mbar). Direct water cooling is used
to evacuate the ventilation losses (25kW). Only a single bearing was added so that
the new shaft line is supported on three bearings as shown in Fig. 3.2.2.

The main parameters of the flywheel system are listed below:

Overall length / drum length / diameter
Stored / extractable energy

Flywheel / housing weight
Housing nominal vacuum
Ventilation / bearing losses

2680mm/ 1600mm/ 1400mm
341MJ @ 3600rpm/
120MJ @ 3600-2900rpm
20 tons/2.5 tons
200mbar
25kW/40kW

The updated parameters of the TCV motor-generator are now:

Machine type
Nominal electrical parameters
Speed (frequency) range
Stored / extractable energy

Total weight

Turbo, air cooled, 4 poles
220 MVA (lOkV - 12.5kA), 3.5s / 300s
3600 - 2900 rpm (120Hz - 96HZ)
681MJ @ 3600rpm /
220MJ @ 3600 - 2900 rpm
200 tons

The flywheel system was delivered early in 1998 and was ready for full scale tests in
July. Since the beginning of TCV operation, the motor-generator has totalled -4500
working hours, 2000 start-up phases and 12500 pulses. The additional flywheel
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has operated for -700 working hours, 200 start-up phases and 1200 pulses since
the middle of 1998.

Fig. 3.2.2 Motor-Generator and Flywheel Shaft Line

3.2.5 Gas injection control

Conventional piezoelectric valves, previously used on TCV for introducing the
working gas into the torus, have several drawbacks. These include the
irreproducibility of the gas flow rate for a given control voltage, a variable and
uncontrollable delay at opening, as well as large variations between the responses
of different valves. In order to improve the accuracy and reliability of gas injection
and hence plasma density control on TCV, a new system was installed during the
last vessel shut-down period. In the new system, each piezo valve is feedback
controlled using a small pressure sensor which provides a local measurement of the
gas flow. The electronic controllers, adapted to each valve, suppress the offset
needed for the valve opening and reduce the reaction delay to a few ms by
increasing the control voltage at the beginning of the gas injection. The three new
valves, which are now in use, have been absolutely calibrated in situ, permitting a
precise and reproducible control of the gas flow. This is especially important for
breakdown and during the initial phase of the tokamak discharge before the
activation of the plasma density feedback. Two of the systems, at the top and at the
bottom of the vacuum chamber, are used for deuterium (or hydrogen) puffing, the
third one being used for impurity (Ne, N2, He) injection experiments.
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3.2.6 Diagnostics

Magnetics: All 176 magnetic probes in the TCV vessel were replaced during the
1997 opening and are now fully operational. The previous probes suffered from
electrical insulation failures due to the small coaxial wire diameter (0.5mm), sharp
bends and wire crunching; none of these problems have reappeared with the larger
lmm diameter wire used in the new probes which also feature an improved winding
layout. The feedthroughs of the previous probes were a major source of small
vacuum leaks on TCV during baking. The new feedthrough design has entirely
solved this problem. The large pick-up signal due to the conductor separation in
the new feedthroughs, which was a major concern for the new design, has been
externally compensated. In addition to the original probes, two toroidal probe
arrays at different vertical positions have been installed which have proven very
useful for MHD mode analysis.

Thomson scattering: The Thomson scattering system on TCV allows simultaneous
measurements of electron temperature and density profiles along a vertical line at
the centre of the vessel. In 1998 the number of observation volumes was increased
from 25 to 35. More importantly, the diagnostic now comprises 3 laser units which
are arranged to traverse the TCV vessel essentially along the same vertical chord.
The beams are aligned a few millimetres behind each other so as to appear as a
single beam for the detection optics. By independently triggering the lasers, regular
sampling rates of 60Hz are obtained. The lasers can also be operated in a *burst-
mode' (groups of 3 pulses within about lms) in order to follow the evolution of
temperature and density during fast events such as sawtooth oscillations and
transients in the presence of additional heating.

Design work on a dedicated Thomson scattering system to measure temperature
and density in the divertor region has begun. For this system one of the existing
laser beams will be redirected, after passing through the plasma, in order to
perform a second passage through the plasma at a radial position shifted towards
the central column. For the plasma configuration of interest, this inner chord is
almost parallel to the flux surface connecting the X-point to the divertor strike
point, which makes this geometry ideal for measurements of parallel gradients of
the plasma parameters along the divertor leg.

FIR interferometry and polarimetry: The FIR interferometer routinely provides
radial profiles of the line integrated density. Detailed reconstruction of the density
profiles have been found to be in good agreement with profiles obtained from
Thomson scattering measurements. Modulation of the density profiles due to
localised ECH was observed and was followed over the plasma duration. The system
was upgraded with a fast data acquisition in order to follow faster phenomena like
MHD modes. The central safety factor of highly elongated TCV plasmas was
determined directly from the Faraday rotation profile which was measured by a Far
Infrared polarimeter incorporated in the interferometer system. The equilibrium
reconstruction code was able to reproduce the measured values by introducing a
more appropriate base function set. The use of the Faraday rotation measurements
as fitting constraints to the equilibrium code has not yet provided satisfactory
results because the noise level of the measurements increases well above the
acceptable level of 0.2 degrees during the plasma discharge. Reflections in the
optical path and inside the vacuum vessel are thought to be responsible and
modifications to the optical system are in preparation.

This work is carried out in collaboration with the University of Cork, Ireland.
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Fig. 3.2.3 1) The Faraday rotation profile for a highly elongated shot (14226 at
time 0.65 sec) : measurements (circles) and predicitions by a ray
tracing code. 2) Temporal development of qO determined directly from
the Faraday rotation profile (triangles), standard equilibrium
reconstruction (crosses) and equilibrium recontruction with a better
adapted set of base functions (squares).

X-ray tomography: The TCV X-ray tomography system comprises 10 cameras
equipped with a 20-element silicon diode array. The acquisition frequency,
previously limited to 10kHz, has been increased to 80kHz, allowing the
measurement of higher frequency MHD perturbations. This system is now
integrated into the control and acquisition with the data stored directly.

X-ray electron temperature profile: A triple 16-channel fan camera using dead-
layer free silicon diodes (AXUV diodes) and thin Be foil filters has been installed for
fast X-ray temperature profile measurements. The system is expected to provide an
alternative to the planned ECE system, particularly at densities above X2 cutoff
(ne>4*10e19m"3). The absence of the dead layer may allow valid X-ray temperature
measurements down to 200eV.

AXUV bolometry: AXUV diodes have a nearly flat spectral response from the UV to
soft X-ray energies and should be suitable for bolometry. The same AXUV diodes
and camera design as the X-ray temperature profile diagnostic were used to
manufacture two 16-channel protype bolometer cameras for comparison with the
traditional metal foil bolometers on TCV. Preliminary results have confirmed the
inherent advantages of AXUV diode bolometry, which are a high signal-to-noise
ratio, a high temporal and spatial resolution, a simple camera design and
electronics as well as being insensive to low energy neutrals and interference during
ECH.

Hard X-ray camera: A multichord hard X-ray camera, developed by the DRFC
(Cadarache, France) for the Tore Supra tokamak, was temporarily transferred to the
CRPP for use in the period January-April 1999. On TCV, this diagnostic is
configured with a spatial resolution of ~2 cm over 14 chords; for each chord,
measurements are effected over 8 energy channels in the range 10-100keV. The
main goal of this diagnostic is to provide information on the suprathermal electron
population which is expected to be created by electron-cyclotron current drive
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(ECCD). The high spatial and temporal resolution of this camera can be used to
measure location of the power deposition and observe the dynamics and transport
of fast electrons. In addition, the spectral distribution of X-ray photons provides an
indirect measurment of the suprathermal electron velocity distribution which may
be qualitatively compared with numerical predictions from a Fokker-Planck code
(CQL3D). Initial results confirm the existence of a suprathermal electron tail during
ECCD experiments on TCV. Using power modulation and subsequent statistical
averaging, a temporal resolution of 0.3ms has been obtained, yielding information
on the slowing-down relaxation of the suprathermal distribution.

Multiwire X-ray camera: Engineering design work is in progress for a multiwire
gas-filled chamber with 64 channels which will be implemented in 1999 in
collaboration with the RRC Institute, Moscow, for high time resolution, high spatial
resolution, high sensitivity measurements of soft the X-ray emission from the
plasma core. The device should be of particular value in studying power deposition
and heat transport under conditions of intense ECH.

ECE measurement of electron temperature: The radiometer for the high-field
side 24-channel electron cyclotron emission (ECE) system has been largely
completed by a commercial manufacturer. The system features 24 frequency
channels for electron temperature profile measurements over a radial extent of
30cm at the high field side of the discharge, using tile-embedded receiving antennae
at the inner wall. With an acquisition frequency of 80kHz the system will allow high
time resolution, high frequency measurements of power deposition, heat transport
and MHD activity in ECH heated plasmas. If necessary, the 24 channels can be
grouped to cover a region of about 15cm, either near the edge or near the plasma
centre. Band reject filters at the gyrotron frequency for receiver protection are
under development at the Institute of Radiophysics in Kharkov, Ukraine. We have
completed the design of the receiving antenna and transmission waveguides. There
will be a choice of two antennas at different heights for operational flexibility using
oversized transmission waveguides and tapers. System implementation is planned
for the 1999 shutdown period.

PHA X-Ray spectroscopy: In collaboration with the 1ST (Lisbon, Portugal), a thick
Ge solid state diode has been installed and operated on TCV. This system measures
the energy of one X-ray photon at a time. Using high performance analogue signal
processors and a dedicated electronics module, constructed at the 1ST, count rates
of up to 60kHz have been successfully obtained. This system is now integrated into
the TCV control and acquisition system and preliminary results give an electron
temperature in agreement with other TCV diagnostics. To date, the PHA system
does not indicate the presence of high Z materials such as Fe and Cr in the TCV
plasma.

Neutral Beam Diagnostic: Although TCV is already well equipped with electron
diagnostics and will be even more so with the new X-ray and ECE systems, the only
ion temperature diagnostics are a neutral particle analyser and a neutron counter.
Although ions contribute little to the stored energy of intensely heated low density
ECH (X2) plasmas, they are expected to be important both in measurements of the
stored energy and transport in future experiments using third harmonic ECH as
well as in Ohmic plasmas at higher densities. Acceptance tests for the 1A of
equivalent neutral current, 50keV hydrogen injector were conducted successfully in
October and November 1998 and the system will be delivered to TCV early in 1999.
At a later stage the injector may also be used for Motional Stark Effect (MSE)
Polarimetry and Beam Emission Spectroscopy (BES). Two multi-chord high
resolution Czerny- Turner visible spectrometers equipped with CCD array detectors
have been commissioned for the initial CXS experiments. The first spectrometer
system will have 16 separate viewing chords which will image the neutral beam
through a double mirror assembly mounted inside a TCV vacuum port. The CCD
camera software has been adapted to allow the acquisition of a spectrum from al 16
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chords with over lOOHz repetition rate. The spectrometers will be placed outside
the torus hall and will be linked to the viewport by optical fibres. The optical system
will be mounted on TCV during the next vacuum opening.

SPRED surveillance spectrometer: A broadband Vacuum Ultraviolet Spectrometer
with a flat image plane has been delivered following tests at the manufacturer's site.
This spectrometer has been adapted to fit under the TCV vacuum vessel to observe
the plasma along a vertical chord. The spectrometer is equipped with two
interchangeable ion etched gratings which disperse the incoming light from 140-
lOnm and 300-10nm onto a flat image plane where a channel plate detector
amplifies the signal and converts the signal to visible photons. Design and
construction of a 2048 channel electronic readout system are nearing completion at
the CRPP and it is hoped to install the complete spectrometer system during the
maintenance and installation shutdown during 1999. This spectrometer will then
be used to follow the evolution of impurity radiation for future TCV operation.

Visible Spectrometers: Four miniature Czerny-Turner visible spectrometers have
been integrated into the TCV control and acquisition systems. They are equipped
with 2048 channel CCD detectors which can deliver a complete scan every 4ms.
The spectrometers are configured to cover the spectral ranges 200-500nm 350-
lOOOnm 450-1 lOOnm and 600-735nm and are installed far from TCV with their
control and timing system. Plasma light is collected by small telescopes equipped
with quartz lenses and piped to the spectrometers using fibre optic light guides. At
present, these spectrometers observe the plasma along vertical chords through the
plasma bulk and will be used to follow the evolution of the visible light emission for
all discharges. It is planned to add further spectrometers to this system to monitor
the plasma emission in the divertor, plasma edge and floor interaction.

Edge Diagnostics: Based on experience gained with a prototype array of 12 domed,
graphite, single Langmuir probes embedded in divertor target tiles on the vessel
floor, an upgraded array of 26 probes was installed in late 1997. The new system is
mechanically more robust and precise in terms of the stability of the probe
projected surface area to vibrations during tokamak operation and gives twice the
spatial resolution of the old array (11 mm compared with 26 mm). Excellent results
were obtained in 1998, particularly with respect to the study of divertor detachment
in which the probes provide the most reliable sign that detachment has occurred. A
series of modifications aimed at improving the signal to noise ratio and image focus
of the scanning Infra-Re d camera have led to higher quality images of the divertor
floor during ELMing H-mode and detached divertor discharges. Camera calibration
has also been considerably improved through the installation of a new in-vessel
calibration source built into one of the floor target tiles. A new IR camera, this time
based on FPA technology, is on order for measurements of power deposition on the
central column tiles and will be combined with a new array of Langmuir probes to
be installed there in 1999. Within the framework of a collaborative agreement with
the University of California, San Diego (UCSD), a fast reciprocating probe on loan
from UCSD was installed at the TCV midplane late in 1998. The new probe will
permit the measurement of radial profiles of electron density and temperature in
the plasma edge, allowing comparisons to be made between the divertor and
scrape-off layer plasmas during high density detachment experiments. In
collaboration with UCSD, measurements of fluctuations in poloidal electric field,
electron temperature and particle flux are also planned.

Laser ablation of trace impurities: The CRPP has a collaboration with KFKI
Budapest on injection of trace impurities into TCV using laser ablation. KFKI has
delivered an injection chamber which was mounted onto TCV in October 1998. A
ruby laser, previously used on TCA, has been revived and installed. Transport of
injected impurities like aluminium will be studied using X-ray and spectroscopic
diagnostics. Experiments aimed at studying particle transport in various plasma
conditions should begin in 1999.
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3.2.7 Feedback Stabilisation of Elongated Plasmas in TCV, Using Active
Coils Inside and Outside the Vacuum Vessel

Elongated tokamak plasmas are inherently unstable and can only be stabilised by
the combined action of passive conductors and active feedback coils. Traditionally,
the active coils are located outside the vacuum vessel. This solution is sufficient if
the vessel is sufficiently resistive and for a moderately elongated plasma cross-
section. In TCV, which has a highly conducting vacuum vessel, active stabilisation
of highly elongated plasma shapes becomes difficult because the electrical power
that is required to drive the active coils can become excessively large combined with
the finite bandwidth of the power supplies. In these circumstances, the power
requirement of an internal coil should only be a fraction of the external system.
During the first three years (1993-1996), TCV was operated with external coils
driven by relatively slow, thyristor-controlled power supplies with a response time
of the order of 1 ms. The maximum instability growth rate that could be controlled
and hence, the maximum elongation that could be achieved, were limited. A fast
internal coil with a response time over ten times faster than the external coils, has
been commissioned and has allowed us to extend the stable operating domain of
TCV towards higher elongations and higher plasma currents. It has been possible
to create plasmas with elongations up to 2.58 which is, to date, the record
elongation produced in a tokamak with a single magnetic axis and conventional
aspect ratio.

3.2.8 Digital plasma control system

The Digital Plasma Control System is centred around a 2500MHz parallel Single
Instruction Multiple Data computer embedded in a VME environment and
interfaced through an in-crate SUN CPU. The commissioning of this system was
completed in 1998 and the first test of a higher order controller was performed in
1998.

3.2.9 Data Acquisition and Archiving

Data acquisition mainly uses CAMAC modules (230 modules in total), plus two
VME crates. The latter include a Sun CPU and a hard disk. The CAMAC crates are
organised in three groups: two Serial Highways (loops), each controlled by a Jorway
SH driver, connected by SCSI to the main computer, and an Ethernet network.

TCV currently generates more than 90MByte of data per shot, which are
compressed on-line (roughly by a factor of three) before being written to disk. Since
1992, there have been more than ten thousand TCV shots. All the corresponding
data, about 120 GB, are available on-line. The data from each shot are organised in
a tree- like structure, managed by the MDS+ software in collaboration with MIT,
which includes a description of each acquisition device, its initialisation
parameters, together with the acquired data. Tree nodes also contain expressions,
which combine and/or process raw data into more refined results as well as data
written directly by users (usually the final product of their analysis).

Access to the data has been recently enhanced by an extension to the MDS+
software by a Client-Server system using standard internet protocols (TCPIP). This
allows any computer, interfaced to the Internet and with granted access privileges,
to efficiently obtain TCV data. Extension of this protocol on TCV allows users to
interact with the TCV control and acquisition system directly from a wide variety of
operating systems.
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In particular, data acquired on VME based SUN systems and spectroscopic data
acquired on a PC computer can be directly stored into the TCV data tree without
passing through intermediate file on a TCV computer. This flexibility has made the
client-server MDS+ interface the communication protocol of choice when interfacing
new equipment to TCV.

3.3 Fusion Technology

3.3.1 The PIREX facility

Beam was available for the PIREX facility from 19.06.98, after an extended winter
shut-down of the accelerator. During the shutdown, additional shielding was
installed in the NA line, where PIREX is positioned, so that higher beam currents
could be extracted from the beam splitter without increasing the radioactivity of the
elements in the beam line. Since June '98, the PIREX beam line uses 18-20 (iA
current, with which about 1 dpa can be introduced in ferritic-martensitic steels in
three weeks (weekends) irradiation time.

Specimen No.

I21T13
I21T14
I21T15
I25F1
I25F7
I25F8
I25F2
I25F9
I25F11
25FI10
25FI12
25FI3
I23T27
I23T28
I23T29
I23T30
I23T31
I23T32
I24T07
I24T08
I24T09
I25T04
I25T05
I25T06
I24T10
I24T11
I24T12
I24T13
I24T14
I24T15
11615
11617

11618

Material

OPTIMAXA

T1-6A1-4V

Ti-6A1-4V

Ti-6A1-4V

pure Fe

pure Fe
Fe 3Si single
crystal

Fe-12Cr-C

Fe-3Si single
crystal

Fe-12Cr-C
Fe-12Cr

Fe-12Cr-C
Fe-12Cr
F82H
F82H

F82H

Sp. Type

Tensile

Fatigue

Fatigue

Fatigue

Tensile

Tensile

Tensile

Tensile

Tensile

Tensile

In-beam fatigue
In-beam fatigue
In-beam fatigue with hold
time

Tirr [°C]

250

350

350

350

250

250

50

50

250

50

300
300

300

Dose
Idpa]

1

0.3

0.3

0.3

0.1

0.35

0.3

0.3

0.3

0.26

0.3
0.55

0.6

Table 3.3.1.1 Irradiation tests performed in PIREX during 1998
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During the shutdown period, the PIREX helium loop was also used, without
irradiation, to test the possible effects of impurities in the He on the properties after
exposure at 250° and 450°C. The irradiation tests performed in 1998 are detailed in
Table 3.3.1.1.

3.3.2 SULTAN facility maintenance and upgrade

In order to adapt the SULTAN test facility for the ITER full-size conductor and joint
testing programme requirements, several activities were started at CRPP-FT in
1997. The most important projects are detailed below:

Fabrication / Installation of lOOkA Transformer
Extender Unit
Facility Cabling System
Pulsed Field Coils and Pulse Power Supplies
SULTAN Remote Control System

lOOkA transformer: In order to meet specifications of ITER full-size conductors, a
new superconducting transformer, suitable for providing current up to 100 kA has
been built, in collaboration with industry. The transformer consists of two
inductively coupled superconducting coils, a high turn indirectly cooled primary
one, consisting of multifilamentary NbTi and a low turn forced flow Helium cooled
NbTi cable in conduit conductor secondary coil. The primary coil operating at 4.5°K
is energised by a bipolar ±300A power supply. The secondary coil is terminated by
clamped joints, in order to connect it to the superconducting samples to be
measured. The design current of the secondary coil is lOOkA at 4.5K and at the
SULTAN field of 4.6T. The secondary current is measured by a pre-calibrated
Rogowski coil. Furthermore secondary also is instrumented with a Hall probe to
reform measurements at constant secondary current. Commissioning tests have
been carried out using the LMI test conductor already measured at SULTAN.
Currents slightly above lOOkA could be reached. As an example a typical
transformer operation scenario is presented in Fig.3.3.1. The pictures were taken
during a LMI strain test campaign, and show the primary and secondary current
together with the electrical field across the sample at a SULTAN background field of
9T and a sample temperature of about 4.5 K. Following the operation scheme the
primary current is ramped to about -200A. During this operation the secondary
heater is activated bringing parts of the secondary conductor into normal
conducting state. Afterwards the heater is switched off and the secondary is cooled
back to 4.5°K, the primary is ramped to about +170A inducing a current close to
lOOkA in the secondary circuit. Reliable operation was demonstrated during the
different short sample tests of the ITER program.

Extender unit: The joint and conductor measurements on the ITER Joint-Samples
require different sample positions with respect to the SULTAN high field region. To
perform joint measurements, the whole transformer assembly has to be lifted about
67cm with respect to the insertion position used for conductor measurements. In
the first step the transformer sample unit, still inserted in SULTAN facility, will be
flushed with warm helium gas for about 24 hours. Thereafter the whole assembly is
lifted out of the SULTAN tank inside a moveable Helium lock by a crane. Final
warming up to room temperature in a helium atmosphere occurs in a special
movable telescopic cowl on top of the SULTAN facility for about 12 hours. Then the
cowl is lifted and a stainless steel tube is mounted between transformer and the
SULTAN tank. After an additional helium flushing process, the transformer can be
reinstalled into the facility. The whole cycle takes only about three days,
guaranteeing a high measurement availability.

SULTAN facility signal system: In order to meet the sample instrumentation
specifications, quoted in the ITER Full-Scale Conductor Test Program, the SULTAN
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facility cabling has been adapted and standardised signal transducers have been
installed. The SULTAN facility now provides 10 transformers for a sensor load range
of 0-2.5kQ or 0-25k£L These devices to be used for temperature sensors are
damped at about 4Hz. Furthermore 10 Hall sensor transducers with an output
range from 0-1OV and 4Hz damping are provided. In order to magnify voltage or
pickup coil signals 68 preamplifiers with variable gains between 30 and 10000 and
a cut-off frequency from 3-30Hz are also available.

Pulsed field coils and pulse power supplies: The race track shaped pulsed field
coils produce a field perpendicular to the SULTAN background field and are
orientated symmetrically to the magnetic centre of SULTAN inside the bore of the
12T coils. In order to be safely operated for the much higher energy input,
generated by the newly available pulsed power supplies, Helium cooling was
installed in 1998. At maximum heat input the resulting normal repetition rate is
about one shot per hour. Presently a temperature dependent coil protection system
is used. An additional energy input dependent protection system is under
development. Three different pulsed power supplies were developed:

• Pulse Battery: This device generates a half or full cycle sinusoidal pulse of
50ms or 100ms duration. The maximum field value is 2T with a corresponding
ramp rate of 40T/s. The repetition rate is about 6 shots/h.

• Pulse Power Supply: A 625kW current source generates a uni-polar current
pulse of trapezoidal shape. The operational conditions of the pulse are: a
maximum field change of about 0.5T, a linear field ramp rate between
0.25-lT/s and a maximum flat-top current of 1200A. The maximum flat-top
time, depending on pulse conditions, is limited to 2.5s, whereas the total pulse
length is limited to 3.7s.

• AC Pulse Power Supply: In 1998 a 100 kW four quadrant pulse generator was
installed to provide an input voltage to a current transformer and is capable of
reproducing any periodic signal, such as sinusoidal or trapezoidal waves, with
frequencies up to about lOHz. The maximum output current, depending on
the load, is in the range ±500A. The input voltage signal is generated by a
±20V signal generator, programmed by the SULTAN remote control system
and triggered externally. The time between subsequent pulses is determinded
by the coil protection system and can be up to 2 hours.

SULTAN heaters: The heater system installed at the end of 1997 consists of four
100V/2A and one 75V/2.5A powers supplies, each of them remote controlled. They
are used as the resistive heaters of the short sample probes, in order to increase the
helium inlet temperature, whereas the last one is needed to quench the secondary
coil of the lOOkA transformer.

SULTAN remote control system: The purpose of the SULTAN remote control
system installed in 1998 is twofold. First to simplify operation in order to increase
facility performance and second to increase facility safety by minimising operator
error. The implementation of the system is divided into two parts, of which the first
was successfully completed by the middle of 1998. It comprises the following items:

- Remote control of sample/transformer heaters
- Remote control of transformer
- Remote control of the pulsed power supplies

Remote control of the SULTAN magnet system power supplies

The PC based control system for the first three items is located in the SULTAN
control room. The PC running under Windows NT4 is equipped with two fast four
port RS 485 interface cards for communication. The control software is BridgeVIEW
based, a newly available industrial automation software package for man-machine
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interface, supervisory control and data acquisition. It provides a main frame
showing the different sub-tasks the operator can choose. The different tasks run
independently in parallel. The remote control of the three SULTAN magnet system
power supplies is based on ajstand alone PC.

| 2 5 0
13200
3150
£400
a 50
.§ 0
£-50
5-100
§150

|l00

| 80

H 40(-
§20

10-

5

0

-5

. . 1 . 1 I 1 . 1 • /{l

' Quenched Secondary

-

A
A

Fig. 3.3.1

0 100 200 300 400 $00 900 1000 1100

Time (s)

Time dependence of primary current, secondary current and electric
field along a certain sample voltage tab pair for a typical Transformer
operation scheme during an Ic measurement

3.4 Gyrotron development

The fully solid state gun-anode modulator design is based on the principle of the
"stand alone source" with the output voltage not derived from the main cathode
high voltage. It uses low voltage solid state input stages connected to step-up
transformers and followed by transistor output stages. The system has been
specified to modulate the output voltage up to 10kHz and to shut-down in less than
20ns.

The three superconducting magnets needed for the gyrotron operation successfully
passed their on site acceptance tests starting November 1998 and are fully
operational.

The gyrotron cooling system for the three gyrotrons of cluster C and the power
supplies for the cathode heating of each gyrotron were completed by the end of
November 1998.

For the first gyrotron of cluster C, the safety and control electronics have
manufactured and integrated in the global control of the ECRH system. The
remaining two systems are presently being installed and tested.
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3.5 Industrial plasmas*

3.5.1 Motivation: Importance of uniformity in large area reactors for VHF
operation

The production of a single, large area solar cell module is significantly cheaper than
producing individual cells and then connecting them together in a series string. In
fact, a large area module composed of long, narrow cells has a much lower series
resistance (less Ohmic loss, therefore higher efficiency) than an equivalent-area one
with many square cells. In practice, the limiting factor is that with the long narrow
cells, there is no liberty to select cells with closely matching characteristics. The
deposition process must therefore produce a very high degree of uniformity over the
whole module area, otherwise areas of poor characteristics will reduce the
performance of the module. Much of the effort in developing modules for
commercial production has been associated with attaining the degree of uniformity
needed to achieve good module efficiency. We have addressed the two most critical
parameters influencing uniformity, namely, voltage and gas supply uniformity:

Voltage Uniformity: Our analytic model accurately reproduces the measurements
and numerical results by means of an expansion in Green Ts functions. The
principal non-uniformity is due to a singularity in the vicinity of the RF connection
and at the ground connection. Due to the skin effect, the solid RF electrode plate is
effectively a double-skinned electrode in which continuity of the RF current across
the top and bottom surfaces is via the edges of the RF electrode. Therefore, the RF
contact singularity can be separated from the plasma zone by displacing the RF
connection to the centre of the back face of the RF electrode. An RF passage and
central back-face connector has been designed and installed at the CRPP and it is
now routinely used to produce films at 70MHz with a homogeneity well within the
tolerance limits required for integral 35cm x 45cm solar cell substrates. Two
observations are worthy of note: Firstly, the importance of good electrical contact
should not be overlooked. If a metal substrate makes only a partial electrical
contact to the metallic electrode, there will be a poorly-defined, extended RF current
path which would have the same effect as a large, irregular electrode surface. This
could be the cause of degraded large area uniformity in some depositions. Secondly,
if a glass substrate is not completely flat on the electrode, the enhanced sheath
capacitance due to the electrode-glass 'vacuum gap', in series with the plasma
sheath, will cause a locally-reduced RF potential, resulting in zones of reduced film
thickness.

Gas Supply Uniformity: Although a uniform inter-electrode RF voltage is
necessary, it is not in itself a sufficient condition for uniform deposition: the plasma
composition, as well as its RF voltage, must also be homogeneous. This is often
overlooked in reactor designs which use simplistic intuitive gas and pumping flows.
An elegant one-dimensional approach is described in the CRPP thesis by
L. Sansonnens based on continuity equations with and without plasma. It is
demonstrated analytically that an input gas flow which is uniformly distributed
over the whole electrode surface, along with a pumping port along one edge of the
reactor (or two opposite edges) gives a theoretically homogeneous composition of the
plasma. In other words, for a uniform gas showerhead and single-edge pumping,
the individual densities of the silane gas and each of the plasma-produced radicals
are the same everywhere in the reactor! Fortunately, this counter-intuitive
configuration is the experimentally-convenient construction chosen by Balzers.
Moreover, we now know that many other existing, competing reactor designs cannot
satisfy the uniform composition requirement.

The work described under Section 3.5 is not performed within the frame of the
Association Euratom - Confederation Suisse.
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Nevertheless, there are ranges of plasma parameters for which 'dome' or 'hollow'
film-thickness profiles persist: the question is whether the 1-D model neglects 3-D
density gradients and diffusive flows. An analytic solution of the Navier-Stokes fluid
equations demonstrates that density gradients near to the reactor side walls lead to
a non-uniform plasma composition. This applies to a length scale roughly equal to
the electrode gap which explains why the useful substrate size is always somewhat
smaller than the actual plasma dimensions.

3.5.2 Toxic Gas Supply Precautions

The adjunction of silicon tetrafluoride gas to the usual silane /hydrogen gas mixture
may facilitate rapid micro-crystalline silicon deposition due to the enhanced etching
of poorly coordinated 'amorphous' bonds at the growing surface. Silicontetrafluoride
is a particularly toxic and corrosive gas requiring special safety measures,
dedicated gas detectors and cleanvent cartridges. This preparatory work has been
completed and the SiF4 gas has been installed and the first amorphous silicon
deposition tests have been performed.

3.6 Theory and numerical simulation

Most of the codes developed and used at the CRPP require high-end
supercomputers. Ideal MHD codes, in particular 3-D codes, are usually run on
parallel-vector machines, like the NEC-SX4 at the Swiss Centre for Super
Computing managed by the ETHZ. The development of gyrokinetic Particle-In-Cell,
Finite Element codes has been pursued on massively parallel machines, like the
Cray T3-D at EPFL which has 256 processors.

The EPFL has decided not to purchase the next generation machine like the Cray
T3-E and to discontinue in 1999 the exploitation of the Cray T3-D. We shall
nevertheless be able to continue our work through a collaboration with the Max-
Planck-Institut fur Plasmaphysik in Garching which grants our researchers access
to their Cray T3-E. Calculations were already performed during 1998 on the
German computer.

During 1998 there was a decision by the ETHZ to abandon the purchase of a more
up-to-date, more powerful successor to the NEC SX-4. There was even a downgrade
of the existing SX-4 configuration by about 25%.

Regarding numerical techniques, one of the major achievements in 1998 has been
the development of a complex Poisson's equation solver in 3-D geometry with an
iterative algorithm implemented on massively parallel computers. This algorithm
used in our 3-D gyrokinetic simulations.
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INTERNATIONAL COLLABORATIONS

4.1 Introduction
The research activities in magnetically confined fusion plasmas are conducted at
the national and international level. International collaboration is concentrated on
two major activities, the exploitation of the European JET tokamak and the design
of the planned ITER tokamak. As well as these two major activities, a general
exchange of personnel between laboratories contributes enormously to the
international flavour of this research. The CRPP plays a role as host institution and
sending institution for such bilateral exchanges. The international activities of the
CRPP are summarised in the following paragraphs.

4.2 JET

Exceptionally during the year 1998, no personnel were detached from the CRPP to
work on the JET tokamak at Culham, England. The CRPP contributions to the work
on JET were restricted to theoretical calculations of the Global Alfven Eigenmode
spectrum, a field in which the CRPP has contributed both theoretically and
experimentally. Calculations were performed on the stability of the Toroidally
induced Alfven Eigenmodes to confirm models of their non-observation during the
highest performance burning plasmas in JET. This work is discussed in more detail
in Section 2.3.

4.3 ITER

4.3.1 Plasma control (R81D and Design Task)

The design of a feedback controller for ITER with the performance necessary for
long pulse precise control of the separatrix gaps has relied on the use of high-order
controllers, designed on the basis of plasma equilibrium response models (PERM).
However, no such advanced feedback controller had been tested on an operating
tokamak and it was proposed that the TCV tokamak would be suitable test-bed for
this work. A collaboration was set up with the Automatic Control faculty of the
University of Naples, due to the existing collaboration on the development of the
response models. This group designed a plasma controller based on the H°°
technique using as reference the CREATE-L model of the TCV PERM validated on
TCV. A fast multiple input multiple output digital feedback control system was
conceived and constructed for TCV. The controller was switched into the flat-top
part of a standard TCV discharge and was tested for following square-pulse
reference signal changes. The controller worked exactly as modelled, confirming
that this advanced technique can be applied to the real conditions of a tokamak
discharge.

4.3.2 Shape control modelling (R8lD)

The TCV control system is being used to test models of the plasma equilibrium
response. Previously, the closed loop response has been tested for both limited and
diverted plasmas. The CREATE-L nominal plasma response model shows excellent
agreement with the experimental results, for field and flux measurements and also
for reconstucted separatrix movement.
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Open-loop response measurements have now been made using new techniques
developed at Imperial College. These open-loop measurements have been directly
compared with the CREATE-L nominal open-loop model and with a circuit equation
model (RZIP), developed for TCV. Both models show good agreement with the
experimental results.

A new technique used on this new data was to adjust the 6 least well known
plasma response coefficients of the RZIP model to all the experimental
measurements, namely 29 frequencies, 10 inputs and 5 outputs, assuming that the
purely electromagnetic coefficients in the model are correct. These "plasma-less"
coefficients were checked by stimulation experiments with no plasma in the vessel.
This "Grey-Box Modelling" technique has succeeded in determining the optimal
value of these 6 coefficients and in showing that the nominal a priori RZIP model is
also close to the optimum fitted model.

This work will be extended to higher elongation and higher triangularity TCV
plasmas. The experimental techniques will be refined, leading to a proposition for
real-time monitoring of the physics coefficients of the plasma equilibrium response
for ITER.

4.3.3 Effect of shape on (5 limit (RSlD)

In recent experiments on TCV, (3 limits have been observed in D-shaped plasmas
with Ohmic heating, at high elongation (2.0<K<2.5), high current (Ip<750kA) and
low values of the safety factor (2.0<q95<2.8). The p limit is measured by varying the
plasma density and it manifests itself by the appearance of MHD mode activity,
followed by a disruption. These disruptions are not related to the commonly
observed density limit disruptions, since they occur at densities which are less than
30% of the Greenwald limit. At the maximum elongation, K=2.5, and for a
normalised current of 3 MA/(Tm), the p limit in D-shaped plasmas is between 2%
and 3%. This observation is consistent with ideal MHD stability calculations, using
reconstructed experimental equilibria.

4.3.4 Disruption modelling (R8LD)

During 1998, Dr. Y. Nakamura from the JAERI Fusion Research Centre at Naka,
Japan, visited the CRPP to perform modelling of TCV plasmas using the TSC code,
specifically to determine the role of the conducting structures during a plasma
disruption.

4.3.5 Disruption characterisation and avoidance (R8lD)

With the aim of characterising the disruptive regions of the operational domain, a
disruption frequency has been estimated from data collected over the whole life of
TCV. We recorded every 50 ms in each discharge the different relevant operational
parameters such as plasma current, shape, density, etc. and thus produced a
database containing more than 60'000 time slices. All the disruptions were
classified according to their operational context, such as in L- or H-mode, or with or
without locked modes.

When all the disruptions are plotted as a function of q, q=2 appears as a hard limit
with only a slight increase in disruptivity between q=2.5 and 2.05. No significant
additional disruptivity appears at q=3, since shaping has been routinely used to
prevent the disruptions arising around q=3 in circular cross section plasmas.
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Locking modes, defined here as modes with a frequency decreasing to zero, have
been shown to be particularly sensitive to plasma shape. Locking mode disruptions
are not frequent at high positive triangularity. Elongation plays a lesser role in
reducing disruptivity. For example, at lower triangularity, the crossing of q=3
appears to be a problem. Operationally, q=3 disruptions due to locking modes are
avoided or markedly reduced using a scenario with shaping at the q=3 crossing. It
is in this sense that the statement of no significant disruptivity increase at q=3 can
be made.

Because of the delay between the onset of these locking modes and the almost
unavoidable disruption, we analysed these locking modes induced disruptions
separately.

The Greenwald density limit is not exceeded for stationary Ohmic TCV plasmas. L-
mode discharges only reach G=l at low density and low plasma current. H-mode
discharges reach it at higher plasma current, but do not exceed G= 1 either. There is
almost no disruption increase as G approaches unity during the current flat-top in
H-modes. However, the disruptivity is high just after an H-L transition at high
density. It is transiently possible to exceed G=l by a factor of 2 during the current
ramp-down.

Although ELM free H-modes frequently disrupt after a brief L-mode phase, we have
also observed a small number of Ohmic H-mode disruptions without a distinctive L-
mode phase.

There appears to be a new class of disruptions at very high elongation (K>2) and low
q with high (m,n) number mode activity on rational surfaces just outside q=l.

4.3.6 Electron Cyclotron breakdown and ramp-up in a large vessel (R8iD)

Fundamental O-mode is injected close to perpendicular from the low field side into
the TCV vessel in a small initial plasma compared with the vessel volume. Evidence
of strong power absorption near the upper hybrid layer was indicated by Da
emission, as seen in the TCA tokamak for high field side injection.

With no loop voltage and with 20 kW of ECRH power, ionisation is obtained in the
deuterium prefill pressure range of 10"5mbar < pm < 410"3mbar. In the middle of
this range, only 10 kW are required for breakdown, and impurity burnthrough is
achieved with 40 kW.

With an applied loop voltage, the reduction of resistive voltage is not significant
with less than 50 kW applied. Experiments at power levels above 100 kW are
foreseen.

4.3.7 L-H mode transitions (R&lD)

Since the physics underlying the transition from the low confinement mode (L-
mode) to the H-mode is not yet well understood, a global statistical approach is at
present the only way to tackle the accessibility of the H-mode in a future device
such as ITER. It is observed that the H-mode is achievable only when the injected
power is above a threshold which is a function of the plasma density and the
magnetic field. In order to estimate the power required for a fusion reactor such as
ITER, power law scalings were calculated on data provided by a dozen different size
tokamaks. The scattering in the data leads to an uncertainty of a factor of two in
the threshold power prediction for ITER.
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Another approach has been developed at the CRPP with the aim of reducing this
uncertainty. The discriminant analysis technique was used to build a model which
can predict whether a plasma with given parameters is in L-mode or in H-mode.
Data provided by the various tokamaks were used to build this model. The ITER
threshold power prediction corresponds to the minimum power which gives the
probability of being in H-mode as being above 0.5. The scans of other parameters
such as the plasma density, major radius, elongation, safety factor and magnetic
field, allow us to deduce the dependence of the threshold power on those
parameters. The results obtained by this technique confirmed the results obtained
by the traditional power law scalings but the uncertainty remained almost at the
same level. Additional work must be undertaken to tackle the problem of the scatter
in the data.

4.3.8 H-mode confinement (R82.D)

The energy confinement time in ELMy H-mode is usually expressed as a power law
scaling which is derived by fitting data provided by many tokamaks of different
sizes. This expression contains 8 parameters such as the plasma current, density,
major radius, elongation, magnetic field and input power. The prediction of the
ITER ELMy H-mode confinement time is an extrapolation of this expression to the
ITER parameters.

At the CRPP, some work was carried out to simplify this expression by reducing the
number of parameters as well as by finding integer exponents or rational
exponents. This search was optimised in order to keep the error of the fit close to its
initial value. The final expression obtained is xE = (a . B . k) / qeng * n/2 / P*2/3,
where TE is the energy confinement time, a the minor radius, B the magnetic field, k
the plasma elongation, qeng = a2KB/RIu0 the engineering safety factor, n the density
and P* the input power density (input power divided by the plasma volume).

4.4 Other collaborations

S. Guenter, IPP Garching, Germany, R. La Haye General Atomics, G.T.A. Huysmans
JET, H. Wilson and R. Buttery Culham
International database of plasma parameters at the onset of neoclassical tearing
modes for ITER.

Prof. D.J.N. Limebeer, J.P. Wainwright, A. Coutlis, A. Sharma, Imperial College of
Science, Technology and Medicine, London, UK
Development of methods for identifying models of unstable dynamical systems in
closed loop. Development of models for plasma control. Modeling of ITER.

Prof. R. Brazis, R. Raguotis, Semiconductor Physics Institute, Vilnius, Lithuania
Theoretical aspects of third harmonic generation in semiconductor materials using
high power, high frequency gyrotron radiation.

Y. Peysson, L. Delpech, CEA-Cadarche, France
Temporary installation of an imaging hard X-ray camera for fast electron studies
during ECCD experiments. Installation of interpretation and operational software.

K.A. Razumova, Y.V. Esipchuk, A. Sushkov, N. Kirneva, A.A. Martynov, Nuclear
Fusion Institute, RCC Kurchatov, Moscow, RF
Experimental determination of power deposition profiles and power coupling
efficiency. Predictions of ECCD efficiency and current replacement calculations.
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Prof. F. Porcelli, E. Rossi, Department of Energetics, Politecnico di Torino, Italy
Modelling of sawtooth relaxations during ECRH, with a model including localised
power deposition in a growing island on q=l, with reconnection and convection.

Prof. P. Amorim, A. Palmeirinha, M. Cunha, J. Sousa, Prof. C.A.F. Varandas, Nuclear
Fusion Centre, Instituto Superior Tecnico, Lisboa, Portugal
Development of a soft X-ray Pulse Height Analysis spectrometer to measure the
electron energy distribution function and heavy impurity concentrations.

G.T.A. Huysmans, JET, Abingdon, UK
Modeling of the time evolution of the neoclassical tearing modes in JET.

C. Schott, Prof. R.S. Popovic, Institute of Microsystems (DMT-IMS), EPFL
Development of a silicon based Hall probe for high accuracy magnetic field
measurements (±40ppm absolute accuracy between 0 and 6 Tesla).

Prof. M. Thumm, A. Arnold, Prof. E. Borie, G. Dammertz, V. Erckmann, S. Illy, G.
Michel, B. Piosczyk, Forschungszentrum Karlsruhe, Germany
E. Giguet, G. Le Cloarec, Y. Le Goff, Thomson Tubes Electroniques, France
D. Wagner, Institutfur Plasmaforschung, Universitdt Stuttgart
P. Garin, R. Magne, CEA-Cadarache, France
Development of a 140GHz, 1 MW, CW Gyrotron for Wendelstein 7-X

M. Fenstermacher, W. Meyer, Lawrence Livermore National Laboratory, USA
Inversion of visible CCD camera images of light emission from the TCV divertor.
Reconstruction of poloidal distribution light emission from the TCV divertor volume.
Intepretation of the results and comparison with DIII-D.

J. A. Boedo, University of California at San Diego, USA
Measurements of midplane scrape-off layer profiles of electron density,
temperature, electric potentials and their fluctuations using a fast reciprocating
probe.

A. Loarte, EFDA-CSU, Garching, Germany
Code modelling of divertor physics observations on TCV using the coupled
fluid/Monte-Carlo B2-Eirene code

T.N. Todd , Culham Laboratory, UK
Investigations of the Sphellamak configuration, a stellarator, spheromak, spherical
torus hybrid with no central core with a magnetic field paramagnetically enhanced
by the toroidal plasma current.

G.Y. Fu, A.H. Reiman, D.A. Monticello, M. Redi, L.P. Ku, Princeton Plasma Physics
Laboratory, USA
Design activities of a quasiaxisymmetric stellarator, in particular the stability with
respect to external kink, ballooning and Mercier modes.

G. Rewoldt, Princeton Plasma Physics Laboratory, USA
Stellarator microinstability studies in ballooning space.

M. Isaev, V.D. Shqfranov, M. Mikhailov, A. Subbotin, Kurchatov Institute, Russia
Local ideal MHD stability analysis of quasiaxisymmetric, quasihelically symmetric
and pseudosymmetric stellarators. Theoretical development of the pseudosymmetry
concept.

S. Medvedev, A. Martynov, Keldysch Institute, Moscow, Russia
General 3D equilibrium studies through a generalisation to three dimensions of the
Grad-Shafranov equation. The aim is to develop an efficient 3D equilibrium solver
with magnetic island structures.
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Prof. L.M. Degtyarev, S.Yu. Medvedev, A.A. Martynov, Keldysh
Institute of Applied Mathematics, Moscow, Russia
Prof. Acad. V.D. Shafranov, M.Yu. Isaev, A.A. Subbotin, M.I. Mikhailov, Institute of
Nuclear Fusion, RRC Kurchatov Institute, Moscow, Russia
T.C. Hender, Euratom/UKAEA Fusion Association, Culham Science
Centre, Abigndon, UK
R. Gruber, Service Informatique Central, EPFL
Equilibrium and stability of 2D and 3D plasma configurations. Consistent
description of separatrix. Optimisation of 3D configurations. Quasi-symmetries. 3D
equilibrium toroidal fields with islands.

Prof. A. Jaun, Royal Technology Institute, Alfuen Laboratory, Stockholm,
Sweden
Prof. A. Fasoli, Massachussets Institute of Technology, Boston, USA
Alfvén Eigenmodes in tokamaks (in particular JET). Déstabilisation by fast ions.

J. Nuhrenberg, R. Hatzki, Max-Planck Institut fur Plasmaphysik,
IPP-Euratom Association, Greifswald, Germany
Development of gyrokinetic codes for stellarators

Dr V. Piffl, IPP, Czech Academy of Sciences, Prague, Czech Republic
Ultrasoft X-ray spectroscopy of light impurities on TCV using multilayer mirrors.

Prof. J. Bakos, KFKI Research Institute for Particle and Nuclear Physics, Budapest,
Hungary
Laser ablation of trace impurities in TCV. Studies of impurity confinement
and transport.

A. Sushkov, RRC "Kurchatov", Moscow, Russia
Multiwire X-ray proportional detector camera for measurements of ECH
deposition and small scale structures in plasma core.

W. Suttrop, IPP Garching, Germany
Electron cyclotron emission measurements on TCV

S. Prunty, Cork, Ireland
Polarimetry development for the TCV tokamak

Prof. R. Albanese, Prof. V. Coccorese, Prof. G. Ambrosino, M. Ariola, A. Pironti, F.
Villone, Consorzium CREATE, Napoli, Italy
Development of models for the linearised response of the plasma equilibrium to
poloidal field coil voltages. Comparison with TCV experiments. Development of
high-order plasma equilibrium controllers. Tests on TCV.



- 97 -

THE EDUCATIONAL ROLE OF THE CRPP

5.1 Introduction

As part of the Physics Department of the EPFL, the CRPP plays a role in the
education of undergraduate and postgraduate students. Advanced education in
fusion related topics and training is carried out within the Association. Section 5.2
presents the 4 courses which are given to physics undergraduates and to
engineering undergraduates. In their fourth and final year, physics undergraduates
spend time with a research group at the EPFL, typically one day per week for the
whole year. During this period, they perform experimental or theoretical studies
alongside research staff, discovering the differences between formal laboratory
experiments and the "real" world of research. After their final examination at the
end of the 4th year, physics students are required to complete a "diploma" work
with a research group, typically lasting a full semester. This diploma work is written
up and defended to external experts. The CRPP plays a role in all of these phases of
an undergraduate's education, detailed in Sections 5.2 and 5.3.

As an academic institution, the CRPP supervises Ph.D. theses, in the frame of the
Department of Physics of the EPFL. At the end of 1998 we had 20 Ph.D. students at
the CRPP, mostly in Lausanne but also two in Villigen. Their work is summarised in
Section 5.4.

5.2 Undergraduate courses

K. Appert, Charge de cours - "Plasma physics II"
Option course presented to 4th year Physics students, introducing the theory of hot
plasmas via the foundations of kinetic and magnetohydrodynamic theory and using
them to describe simple collective phenomena. Coulomb collisions and elementary
transport theory are also treated. As a by-product, the student learns to use
various theoretical techniques like perturbation theory, complex analysis, integral
transforms and solution to differential equations.

N. Baluc, Chargee de cours - "Material Physics"
Basic course on material physics, presented as an option to 4th year Physics
students. The course covers the theory of diffusion, dislocation and plasticity as
well as the characterisation of materials. Experimental techniques used in
materials studies, as well as analysis methods are presented for super-alloys,
quasi-crystals, ceramics, composites and polymers.

J.B. Lister, Charge de cours - "Plasma Physics III"
An introduction to controlled fusion, presented as an option to 4th year Physics
students. The course covers the basics of nuclear fusion energy research. Inertial
confinement is summarily treated and the course concentrates on magnetic
confinement from the earliest linear experiments through to tokamaks and
stellarators, leading to the open questions related to future large scale fusion
experiments.

M.Q.Tran, Professor, Excused all tuition during 1998

F. Troyon, Professor, - "Plasma Physics I"
An introduction to basic plasma physics, presented as a one semester optional
course to 3rd year Physics students. The course treats the fundamental physics of
both magnetised and unmagnetised plasmas.
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L. Villard, Assistant Professor - "General Physics I-II-III-IV"
An elementary introduction course in physics for engineering students at the EPFL,
spanning 4 semesters.

5.3 Undergraduate Laboratory work

5.3.1 EPFL Students

Olivier DOUSSE: "Commissioning of four new spectrometers on TCV"
Four visible survey spectrometers were installed on TCV and integrated into the
control and acquisition systems. Fibre-optic light guides were installed between
telescopes mounted under TCV and the spectrometers. With this system, the visible
radiation from 200-HOOnm was regularly monitored with each spectrometer
producing 2048 spectral channels every 5 to 20ms depending on the operating
parameters.

Malko GINDRAT: 'Torch plasma jet diagnostics using an enthalpy probe"
A commercial enthalpy probe system has been used to characterise the parameters
of the plasma jet produced by a DC plasma torch used for thermal spraying.
Mapping of the jet temperature and density have been obtained from the measured
specific enthalpy of a known gas flow sampled by the probe at different locations.
The jet velocity profiles are determined from the dynamic pressure at the probe tip,
which operates as a cooled pitot tube. "

Stephane PEQUIOT: "RF beam propagation using the 2D general Huygen's integral"
For ECRH heating of the TCV plasma at the 2nd harmonic (82.7 GHz) the wave is
launched into the torus by 4 parabolic mirrors. The mirror sizes being finite,
diffraction losses around the mirror edges can occur and depend on the amplitude
and phase profile of the RF wave at the mirror input. The evaluation of these losses
uses a 2D general Huygen's integral, where each mirror of the launcher is described
by an ABCD matrix. A numerical code was written and the simulation shows that
the diffraction losses are of the order of 1.5% for an ideal case of a pure HEi i mode
but can be larger if higher order modes are excited in the transmission line placed
at the launcher input.

Fabien WERNLI: "Langmuir waves in a hot non-uniform plasma in cylindrical
geometry"
A large variety of different theoretical tools and methods has been used to simulate
Langmuir waves, such as linearisation, ordering using characteristic lengths,
dispersion relations and solutions in bounded geometry, discretisation in terms of
finite elements, numerical resolution of eigenvalue problems and comparisons with
analytical theory.

5.3.2 Exchange students

Nina ROHRINGER: "Calibration of visible spectrometers"
This work was mainly oriented around the characterisation of four small visible
spectrometers (200 - llOOnm) to monitor the visible light emission from the TCV
Tokamak. A stand-alone system was used to calibrate the wavelength dispersion of
each spectrometer using known spectral lines from a Mercury lamp. Using a
standard tungsten filament ribbon lamp, the absolute sensitivity of each
spectrometer was measured and compared with the values given by the
manufacturer. Information was obtained on the higher order diffraction efficiency of
the long wavelength spectrometers.
(ERASMUS Undergraduate from the Technical University of Vienna)
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Fabien GHEZ: "A Bragg cell for afar infrared interferometer"
Heterodyne interferometers like the combined far infrared interferometer and
polarimeter on TCV require a reference beam which is shifted in frequency with
respect to the probing beam. Present systems on tokamaks either use 2 separate
laser sources or mechanical frequency shifters like rotating gratings. During this
project the possibility of using the acousto-optical effect was investigated. For that
purpose a Bragg cell using a liquid medium (Paraffin) was set up. A strong ultra-
sonic wave at 100kHz was generated to deflect a far infrared beam and shift its
frequency by about 100kHz. First experiments were performed with a far infrared
laser with a wavelength of 214um but no deflected beam was detected. The sound
speed in the medium was found to be too high to generate an efficient phase grating
in the medium.
(Undergraduate from the Ecole Superieure des Procedes Electroniques et Optiques,
Universite d'Orleans, France)

5.4 Diplomas awarded in 1998

Jean Marie ANTONIETTI: "Compact torus with helical coils"
We undertook initial calculations of the Sphellamak concept. Field line tracing
studies with current filaments were used to model compact configurations with
closed magnetic surfaces produced by a toroidal current. Three-dimensional
equilibria with realistic distributed toroidal currents were computed using the
VMEC code yielding configurations with larger aspect ratio than those obtained
with the fixed filament current model.

Luc CHEVALLEY: "Optimisation of Micro-crystalline Silicon Plasma Deposition using
high power VHF in S1H4 and SiF4" '
Micro-crystalline silicon deposition on large area substrates has many potential
applications, including 'micromorphous' tandem solar cells. At the conventional
13.56 MHz excitation frequency, the deposition rate is too low for industrial
applications. This diploma work demonstrated an increased efficiency of VHF (60
MHz) deposition by means of several novel plasma diagnostics (cavity ringdown
spectroscopy, DC bias characteristics and microwave cavity). Operation with high
power (600 W) and with an S1F4 admixture was established for future investigation.

Laurent KLINGER: "Spectrum of low-frequency waves in a cylindrical plasma"
This diploma work was an important step towards a new version of a cylindrical
plasma wave code which should become a benchmark code for drift-wave
frequencies, relevant to our present studies in the field of plasma transport. The
new code has been thoroughly tested against the cold plasma model and can now
be applied to plasmas with finite temperature.

Stephane PEQUIOT: "Magnetic electron beam spreader for gyrotron collectors"
For the next generation gyrotrons, producing 1MW of RF power at 100-170 GHz in
CW operation, the spent electron beam power is also of the order of 1MW and has
to be dissipated on the inner surface of a water-cooled copper collector. For such a
power level, only an AC magnetic sweeping system can satisfy the two main
constraints: firstly, power density on the copper below 500W/cm2 and secondly to
avoid copper recristallisation due to temperature cycling, a constant power
distribution in time. Preliminary numerical results based on a rotating magnetic
field transverse to the collector axis are promising and the implementation in a
gyrotron is presently being investigated.

This work was not performed within the frame of the Association Euratom-Confederation
Suisse.
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Sylvie VILLA: "Stellarators with circular coils"
Configurations with toroidally aligned coils that are inclined with respect to the
vertical were computed with field line tracing and the VMEC codes. A comparison of
a case with 7 LMP-like coils showed good agreement of the vacuum flux surface
shapes, the rotational transform and the differential volume profiles. A detailed
investigation of the plasma volume as a function of the number of coils and the
inclination angle of the coils was documented.

5.5 Postgraduate studies

5.5.1 Degrees Docteur es Sciences awarded during 1998

Catherine BRUDERER: "Nonlinear modelling of lower-hybrid current drive"
Thesis EPFL 1762(98); Thesis Director: J. Vaclavik

Two numerical models were developed in the framework of this thesis, one based on
coherent wave-wave interactions and another based on random phases, as in weak
turbulence theory. The wave-particle interaction has been treated with a
quasilinear model in both cases. It was found that the non-linearities facilitate
current drive, but cannot, on their own, explain the experimental observation that
the lower-hybrid waves bridge the gap between the injected frequency and the
frequency which can interact with a substantial fraction of the electrons.

Laurent SANSONNENS: "Deposition assistee par plasma radiofrequence dans un
reacteur de grande surface: ejfets de la contamination particulaire et de la frequence
d'excitation"'
Thesis EPFL 1793(98); Thesis Director: Ch. Hollenstein

Capacitively coupled RF plasmas are widely used in industry for important
applications in fields such as solar cells and flat displays. Particular importance is
attributed to homogeneous film deposition on large areas and to high deposition
rates. These requirements lead to increasing efforts for advancing the basic
understanding of plasma processing. In this present work, the application of VHF
plasmas for the deposition of amorphous silicon over a large area has been
investigated. VHF plasmas are an excellent technique to obtain outstanding film
properties at moderate to elevated high deposition rates. Different mechanisms
were identified, leading to inhomogeneous film deposition and new explanations of
the basic plasma physics and chemistry in VHF plasmas have been proposed.
Beside local powder deposition, the main mechanisms are steps in the dielectric
(substrate) and non uniform voltage distribution on the RF electrode. Deeper
understanding and modelling of the RF voltage on the electrode lead to a very
original way to solve the inhomogeneity problem and to ensure deposition at even
higher frequencies, guaranteeing film homogeneity between 5-10%.
In addition, it was shown that the main advantage of VHF plasma techniques,
namely an increased deposition rate, originates from an increased dissociation rate
of the monomer gas. In turn, the increased monomer dissociation is due to an
increase in the electron density with increasing excitation frequency.

This work was not performed within the frame of the Association Euratom-Confederation
Suisse.
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5.5.2 Ph.D. Theses underway at the end of 1998

Clemente ANGIONI: "Theoretical and experimental basis of Tokamak 1 -D transport
modelling"
The simulation of plasma transport in a tokamak is a crucial problem for fusion
reactor research. The 1-D transport code PRETOR will be completed, implementing
the principal transport models in use today, in order to compare their predictions
with experimental results from the TCV tokamak. An interface with the
experimental data has already been implemented, and the validation of the Rebut-
Lallia-Watkins empirical model has already been performed.

Siobhan BARRY: "The conversion of the FIR Interferometer to a polarimeter and
measurements of the Faraday rotation caused by thepoloidal magnetic Field"
The 14 channel FIR interferometer on TCV was upgraded to a polarimeter in order
to measure the Faraday rotation induced by the poloidal magnetic field. Two
different methods have been applied to highly elongated plasmas and the results
agree well with model calculations. Although the noise level is still unexpectedly
high, it is possible to extract the central safety factor in good approximation and to
investigate the optimum choice of basis functions used in the equilibrium
reconstruction code of TCV.
(Ph.D. student from the University of Cork, Ireland)

Patrick BLANCHARD: "Study of the radial structure of MHD instabilities in the TCV
tokamak, using Electron Cyclotron Emission (ECE) radiometer measurements"
The goal is to study the radial structure and temporal evolution of MHD instabilities
using the enhanced performance of an ECE radiometer, focusing the work on
instabilities during fast phenomena such as major disruptions, internal disruptions
and Edge Localised Modes. This work includes measurements of the radial extent of
the instabilities, a search for their precursors and a study of their evolution and of
their existence domain.

Bertrand BLAU: "Quench and stability of dual cooling channel Cable-In-Conduit
superconductors"
The preferred magnet material for the next generation of tokamaks is a
superconductor of the "Cable-In-Conduit" type which is equipped with an additional
central cooling channel to decrease the flow impedance for the Helium coolant. This
thesis investigates the influence of perforations of the cooling channel on the
stability behaviour of the superconductor against quenches, which can be initiated
by sudden thermal disturbances.

Paolo BOSSHARD: "Ion confinement in the TCV tokamak measured by Charge
Exchange Recombination Spectroscopy (CXRS)"
The main goal is to implement a CXRS diagnostic for the measurement of the
poloidal cross-section profile of ion parameters such as density, temperature and
toroidal and poloidal drift speeds, with the aim of studying the ion confinement for
different plasma conditions. The viewing window has been designed and the
spectroscopy system has been set up. The Neutral Beam Injector has been mounted
next to TCV and the first tests have been successfully carried out.

Pedro Miguel RODRIGUES DE ALMEIDA: "Ion-irradiation induced phase
transformations in the Nickel-Aluminium system"
Irradiation of ordered intermetallics may induce disorder or amorphization
depending on the projectile characteristics, irradiation conditions and chemical and
physical properties of the target. The research programme intends to evaluate the
effects of dose and the energy density deposited in the target material on atomic
mixing, defect production and non-equilibrium phase transformations. Current
results show that up to doses of about ldpa, 6MeV Nickel ions do not induce
amorphization into NiAl/Ni bilayers. The measured density of defect clusters is
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10 m" , from Transmission Electron Microscopy. Both planar-view and cross-
sectional samples have been examined, the latter using a novel technique, the
Focused Ion Beam. Ion-mixing by heavy ion irradiation has been quantified by
Secondary Ion Mass Spectroscopy. A detailed set of observations of bulk Ni-Al
irradiated single crystals is currently under study.

Thierry DELACHAUX: "Decorative coatings"'
This work is related to the treatment of ceramics assisted by a high current density
arc. This new plasma nitriding surface treatment, which results in a yellow-gold
colour, is interesting for hard coating decorative applications such as for watches.
The goal is to understand the mechanisms leading to the nitriding of the ceramics,
including plasma chemistry, surface interactions and bulk diffusion. The first steps
were to find the optimum gas mixture and an adequate substrate configuration to
improve uniformity. Material analyses, Optical Microscopy, XPS and GDOES,
suggest a diffusion of nitrogen in the first micrometer under the surface which
modifies the mechanical and optical characteristics.

Christian DESCHENAUX: "Growth mechanisms of dust in hydrocarbon plasmas"'
RF plasmas containing carbon compounds like CH4, C2H2, C2H4, CF4, C2F6 are
being investigated using infrared spectroscopy, mass spectrometry and other laser
techniques. In combination with Helium, Argon, Hydrogen and Oxygen, they are
used for the deposition of thin layers (diamond, amorphous, biological or protective
coating). Special attention is paid to the formation of small particles during this
process, since they influence the properties of the plasma and subsequently the
quality of the layer.

Gloria FALCHETTO: "Theory of magnetically confined plasmas"
In a study of Ion Temperature Gradients instabilities in tokamak plasmas, attention
has been focused on the effect of trapped ions. A new ballooning code has been
written and tested. The code solves the gyrokinetic equation in large aspect ratio
equilibria, for the case of adiabatic electrons and full ion dynamics, thus taking into
account both circulating and trapped ions. Results for the case of only circulating
ions are in perfect agreement with those published by Dong and co-authors.
Evidence of the destabilising effect of trapped ions has already been shown.

Olivier FISCHER: "Stochastic magnetic fields in toroidal systems"
We are studying the magnetic topology of a stochastic magnetic field in a 3D
configuration. This work is being carried out using a perturbed map which allows
us to analyse the statistical characteristics of the system. In addition, the particle
drifts are studied in this kind of configuration.

David FRANZ: "Hard coating deposition with a high current DC arc plasma"
Coatings for cutting and forming tools have to respect severe requirements of
thermo-chemical stability, hardness and fracture toughness. Due to their
outstanding properties, diamond coatings find many applications in industry such
as cutting tools for non-ferrous metals and abrasive materials, semiconductor
devices or for medical applications. A new type of reactor using a DC arc has been
developed allowing the CVD deposition of good quality diamond on hundreds of
substrates. Cubic boron nitride coatings are at present the favourite coating
candidates for tools treating ferrous materials, which do not allow the use of
diamond-coated tools. This new reactor has been used to investigate the potential
for c-BN deposition by this plasma-assisted CVD technique, but no pure cubic
boron nitride has been deposited yet due to the extreme difficulty of stabilising the
hard phase of this material.

This work was not performed within the frame of the Association Euratom-Confederation
Suisse.
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Ivo FURNO: "Transient transport phenomena in the TCV tokamak measured by X-ray
emission from the plasma"
The first goal is to develop a new diagnostic for fast measurements of the electron
temperature. The second step will be the application of perturbative techniques to
study electron heat and particle transport in TCV. Up to now we have developed
and installed the new diagnostic system and started the analysis of data from the
Soft X-ray tomography system.

Guillaume JOST: "Study of Ion Temperature Gradient (ITG) modes in 3D magnetic
configurations "
ITG modes are commonly held to be responsible for anomalous ion heat transport
in magnetic fusion devices. We have developed a parallel computation code with the
aim of studying such modes in realistic 3D magnetic configurations. This code, the
first and only one for such configurations, has been successfully benchmarked for
toroidal and helical axisymmetric cases.

Laurent KLINGER: "Plasma torch simulation"'
In order to obtain a three dimensional simulation of a plasma torch, we have
modified the NSMB fluid dynamics code, provided by Jan Vos (DGM/IMHEF), so
that we can solve a Poisson equation for the electrical potential. Because the torch
geometry has been a source of difficulties only for the flow, we are first testing the
code by considering the more simple case of an arc between two plates in a cross-
flow.

Matteo MACCIO: "Gyro-kinetic modelling of tokamak micro-instabilities"
Micro-instabilities, such as Ion Temperature Gradient modes (ITG), are a candidate
to explain anomalous transport in tokamaks. Recent experiments have shown that
strong equilibrium electric fields can significantly improve confinement. We are
therefore studying the effect of these strong fields on the linear stability of ITGs. A
gyro-kinetic code is under development.

David MAGNI: "The chemistry in a hexamethyldisiloxane (HMDSO) plasma and
consequences for the deposition of silicon oxide"*
Plasma deposition of silicon dioxide is widely used in semiconductor technology as
an interlayer insulator and is an emerging technology in the packaging industry to
produce new ecological barrier materials. The actual tendency is to work with
organosilicated precursors such as HMDSO, described as non-toxic and easier to
handle. The aim of this study is to characterise the plasma in a mixture of HMDSO
vapour, oxygen and helium or argon gases. By mean of in situ Fourier Transform
Infrared Absorption Spectroscopy we have monitored the gas consumption, the
formation of particles and their size, number density and composition. Different
volatile compounds such methane, acetylene, formaldehyde, formic acid, CO and
CO2 have also been detected.

Pierre MANDRIN: "Electron cyclotron assisted breakdown and current ramp-up of the
TCV tokamak"
In a fusion reactor, startup assist by additional heating is mandatory due to an
upper limit of 0.3V/m for the inductive toroidal electric field. ECRH assist is applied
on the TCV tokamak since as for ITER, the vacuum vessel volume is large
compared to the initial plasma and the vessel has a low toroidal electric resistance.
Prompt breakdown and efficient startup is obtained with first harmonic ordinary
mode, whereas second harmonic only becomes effective at later times during
startup.

This work was not performed within the frame of the Association Euratom-Confederation
Suisse.
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Adriano MANINI: "Experimental determination of the Electron Cyclotron Heating (ECH)
power deposition profile on TCV"
The determination of the ECH power deposition is particularly important for the
study of transport mechanisms in heated plasmas. A method based on the study of
the dynamic response of the plasma to modulated ECH has been developed and
partially tested. The Generalised Singular Value Decomposition method has been
successfully adopted to avoid the coupling between plasma instabilities and the
power modulation.

Holger REIMERDES: "Beta-limiting phenomena in shaped TCV plasmas"
MHD stability limits are being investigated in TCV. Of particular interest are limits
to the efficiency of magnetic confinement. These are imposed by MHD instabilities
which can be observed with fast fluctuation diagnostics, such as magnetic probes
or soft X-ray emission diodes. The measurements are analysed with respect to the
geometrical structure and the temporal evolution of an instability which then allows
a detailed comparison between experiment and theoretical calculations. Of special
interest are highly elongated plasmas, where the extension of the operational region
to higher elongations encounters a new experimental stability limit.

Edgar SCAVINO: "Study of the diffusion of impurities in TCV plasmas by means of
laser ablation injected particles"
A ruby laser has been converted for use on TCV and an ablation chamber has been
mounted on TCV. The optical viewing path components have been prepared, and
the electronics are ready to be installed. In parallel, computer simulations have
been started with the STRAHL code to map the likely behaviour of the impurity
diffusion in the plasma.
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J.-M. Moret, F. Buhlmann, D. Fasel, F. Hofmann, G. Tonetti
Magnetic measurements on the TCV tokamak
Review of Scientific Instruments 69(6), 2333 - 2348 (1998)

S. Brunner, J. Vaclavik
Global approach to the spectral problem of microinstabilities in a cylindrical plasma
using a gyrokinetic model
Physics of Plasmas 5(2), 365-375 (1998)
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accepted for publication in Review of Scientific Instruments
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Physics of high performance JET plasmas in D-T
17th IAEA Fusion Energy Conference, Yokohama, Japan

K. Thomsen et al., Y. Martin
Latest results from the ITER H-mode confinement and threshold databases
17th IAEA Fusion Energy Conference, Yokohama, Japan
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A. Jaun, A. Fasoli, J. Vaclavik, L. Villard
Global Alfven eigenmodes stability in thermonuclear plasmas
17th IAEA Fusion Energy Conference, Yokohama, Japan

M.Q. Tran
Status of electron cyclotron wave technology
Invited Paper - Second Europhysics Topical Conference on RF Heating and Current
Drive of Fusion Devices, Brussels, Belgium

F. Grangeon
Participation in E-MRS 1998 Spring Meeting, Strasbourg, France

Ch. Hollenstein
Participation in 15th International Thermal Spray Conference and Exhibition, Nice,
France

I. Furno, E. Scavino, A. Manini
Participation in 35th Culham Plasma Physics Summer School, Culham, Great
Britain

Ch. Hollenstein, D. Franz, Ch. Deschenaux
Participation and Ch. Hollenstein Lecturer in "Course on Low Temperature Plasma
Physics and Applications", Eindhoven University of Technology, Eindhoven, The
Netherlands

Ch. Hollenstein, Ch. Deschenaux, D. Magni, A. Affolter
Investigation of powder formation in capacitively coupled RF plasmas by infrared
absorption spectroscopy, emission spectroscopy and mass spectrometry
51st Gaseous Electronics Conference, 4th Int. Conference on Reactive Plasmas,
Maui, Hawaii, USA

Ph. Moreau, M.R. Siegrist, R. Brazis, R. Raguotis
Enhancement of the 3rd harmonic generation efficiency in n-type Si and InP by
cooling from room temperature to 80K
10th International Symposium on Ultrafast Phenomena in Semiconductors, Vilnius,
Lithuania

P. Blanchard, P. Bosshard
Participation in, Summer University for Plasma Physics, Max-Planck-Institute fur
Plasmaphysik, Garching, Germany

A. Perez
EP2 Forum '98 "Electrical Power Technology in European Physics Research, ESRF,
Grenoble, France

W.A. Cooper, et al.
Physics issues in the design of a high b quasi-axisymmetric stellarator
17th IAEA Fusion Energy Conference, Yokohama, Japan

W.A. Cooper, M.Y. Isaev, A.E. Leneva, M.I. Mikhailov, V.D. Shafranov,
A.A. Subbotin
Optimization of the stellarator systems: possible ways
17th IAEA Fusion Energy Conference, Yokohama, Japan

W.A. Cooper, et al.
MHD stability calculations of high-b quasi-axisymmetric stellarator
17th IAEA Fusion Energy Conference, Yokohama, Japan
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D. Guyomarc'h, J.-P. Hogge, M.R. Siegrist
Resonator with grating for a quasi-optical gyrotron operating at the third harmonic
frequency of 260 GHz
23rd Int. Conf. on Infrared and Millimeter Waves, Colchester, UK

M. Victoria, N. Baluc, M. Lambrigger
European Research Conference on "Plasticity of Materials", Granada, Spain

F. Paschoud
ASTM 19th Int. Symposium on the Effecs of Radiation on Materials, Seattle,
Washington, U.S.A.

P. Bruzzone
Invited speaker in ICMC'98 Topical Confernece on AC Loss and Stability, Enschede,
Netherlands

P. Bruzzone
Strand resistance distribution in an improved full size joint for the ITER conductors
Applied Superconductivity Conference (ASC), Palm Desert, USA

A. Nijhuis, N.H.W. Noordman, H.H.J. ten Kate, N. Mitchell, P. Bruzzone
Electromagnetic and mechanical characterization of ITER CS-MC Conductors
affected by transverse cyclic loading - Part 1: Coupling current loss
Applied Superconductivity Conference (ASC), Palm Desert, USA

A. Nijhuis, N.H.W. Noordman, H.H.J. ten Kate, N. Mitchell, P. Bruzzone
Electromagnetic and mechanical characterization of ITER CS-MC Conductors
affected by transverse cyclic loading - Part 2: Interstrand resistance
Applied Superconductivity Conference (ASC), Palm Desert, USA

N. Shatil, M. Zhelamskij, A. Anghel, G. Vecsey, Y. Takahashi, K. Hamada,
S. Pourahimi
An investigation of inner heat input in CICC with central channel by the super high
frequency method
Applied Superconductivity Conference (ASC 98), Palm Desert, USA

R. Heller, A.M. Fuchs, G. Frisinger, W. Goldacker, W. Pfister, M. Quilitz, M. Tasca,
M. Vogel
Status of the development programme of a 60 kA ATSC current lead for the ITER
toroidal field coils
Applied Superconductivity Conference (ASC 98), Palm Desert, USA

Y. Nunoya, T. Honda, Y. Takahashi, N. Koizumi, T. Ando, M. Sugitomo, M. Isujc,
A.M. Fuchs, H. Ogata, T. Fujiaka,
Experimental results of a full-size conductor and a BUTT-joint for the ITER CS
model coil-outer module
Applied Superconductivity Conference (ASC 98), Palm Desert, USA

C. Marinucci, L. Bottura
The hydraulic solver flower and its validation against the QUELL experiment in
SULTAN
Applied Superconductivity Conference (ASC 98), Palm Desert, USA

C. Marinucci, L. Savoldi, R. Zanino
Stability analysis of the ITER TF and CS conductors using the code Gandalf
Applied Superconductivity Conference (ASC 98), Palm Desert, USA
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A. Al Mazouzi, M.J. Caturla, T. Diaz de la Rubia, M. Victoria
Defect production and damage evolution in Ni: a molecular dynamics and Monte
Carlo computer simulation
Mat. Res. Symposium (MRS 1998), Fall Meeting , Boston, USA

N. Baluc, C. Bailat, Y. Dai, M.I. Luppo, R. Schaublin, M. Victoria
A comparison of the microstructure and tensile behaviour of irradiated fee and bec
metals
Mat. Res. Symposium (MRS 1998), Fall Meeting , Boston, USA

R. Schaublin, M. Victoria
Comparison between 590 MeV proton irradiation and neutron irradiation on the
F82h ferritic/martensitic steel
Mat. Res. Symposium (MRS 1998), Fall Meeting , Boston, USA

N. Baluc, C. Bailat, Y. Dai, M.I. Luppo, R. Schaublin, M. Victoria
A comparison of the microstructure and tensile behaviour of irradiated Fee and Bcc
metals
Mat. Res. Symposium (MRS 1998), Fall Meeting , Boston, USA

Y. Chen, P. Spatig, M. Victoria
The mechanical properties of 590 MeV proton irradiated iron
8th International Conference on Fusion Reactor Materials (1998)

Y. Dai, M. Victoria, G.S. Bauer
Tensile properties and microstructures in Zircaloy-2 after 590 MeV proton
irradiation
8th International Conference on Fusion Reactor Materials (1998)

D.3 Presentations at Workshops

M.Q. Tran
Workshop on Public Acceptability of Fusion Power, Madrid, Spain

Ch. Hollenstein
Dust formation schemes in silane discharges
International Workshop on Dusty Plasmas, Noordwikerhout, The Netherlands

O. Sauter
Sawtooth period simulations and 1-D transport modeling of TCV discharges
Transport in Fusion Plasmas, Goteborg, Sweden

M.Q. Tran
FTSC-I-Workshop, Garching, Germany

W.A. Cooper, T.N. Todd
A coreless compact paramagnetic confinement system
IAEA Technical Committee Meeting on Spherical Tori and the 4th International
Workshop on Spherical Tori, Tokyo, Japan

S. Alberti
First EU-Japan Workshop on RF Heating Antennas and Related Technology,
Cadarache, France

T.M. Tran, K. Appert, M. Fivaz, G. Jost, J. Vaclavik, L. Villard
Global gyrokinetic simulation of ion-temperature-gradient-drivien instabilities using
particles, Invited paper presented at International Workshop on Theory of Fusion
Plasmas, Varenna, Italy
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C. Angioni, D. Boucher, J.-M. Moret, O. Sauter
1-D transport modelling of TCV discharges
International Workshop on Theory of Fusion Plasmas, Varenna, Italy

G. Jost, T.M. Tran, K. Appert, W.A. Cooper, L. Villard
Development of a global linear gyrokinetic pic code in 3D magnetic configurations
International Workshop on Theory of Fusion Plasmas, Varenna, Italy

M. Maccio, J. Vaclavik, L. Villard
Effect of sheared poloidal flow on ITG modes linear stability using a global fluid
model
International Workshop on Theory of Fusion Plasmas, Varenna, Italy

M.I. Mikhailov, W.A. Cooper, M.Yu. Isaev, V.D. Shafranov, A.A. Skovoroda,
A.A. Subbotin
Improved stellarator systems
International Workshop on Theory of Fusion Plasmas, Varenna, Italy

O. Sauter, C. Angioni, D. Boucher, I. Furno, A. Pochelon, F. Porcelli
Sawtooth period simulations of TCV discharges
International Workshop on Theory of Fusion Plasmas, Varenna, Italy

L. Villard, J. Vaclavik, G. Jost, M. Maccio, W.A. Cooper
Effect of magnetic drifts on global ion-temperature-gradient modes in helical
configurations
International Workshop on Theory of Fusion Plasmas, Varenna, Italy

Y. Martin, J.B. Lister, J.-M. Moret, R. Pitts, A. Refke
"Prediction of the LH threshold power: scalings, improved statistical analysis and
data scattering investigation"
6th European Fusion Physics Workshop, Cadarache, France

Y. Martin
Participation in ITER Expert Group: "Global database and modeling E.G."
Princeton, USA, April 1998 and Naka, Japan

P.L. Bruzzone
Participation in 3rd Workshop on the 40T Hybrid Project, Grenoble, France

A. Al Mazouzi, M.J. Caturla, M. Alurralde, M. Victoria
"Comparison of defect production and damage evolution in Ni: a molecular
dynamics and Monte Carlo computer simulation"
Workshop on Basic Aspects of Differences in Irradiation Effects between FCC, BCC
and HCP Metals and Alloys, Fusion Materials Workshop, Cangas de Onis, Spain

M. Victoria, N. Baluc, C. Bailat, Y. Dai, R. Schaublin, B.N. Singh
The microstructure and tensile properties of irradiated fee and bec metals
Workshop on Basic Aspects of Differences in Irradiation Effects between FCC, BCC
and HCP Metals and Alloys, Fusion Materials Workshop, Cangas de Onis, Spain

P. Marmy
"A comparison of the effects of n and p irradiation on the tensile properties of pure
iron"
Workshop on Basic Aspects of Differences in Irradiation Effects between FCC, BCC
and HCP Metals and Alloys, Fusion Materials Workshop, Cangas de Onis, Spain
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D.4 Participations in EURATOM ad-hoc groups

H. Weisen
Max-Planck-Institut fur Plasmaphysik, Garching, Germany
Ad-Hoc Group Meeting on Tangential Neutral Beam Injection (TNBI) and Reactive
Power Compensation (RPC) for ASDEX Upgrade, Phases I and II

F. Hoftnann
UKAEA Fusion, Culham Science and Technology Centre, Abingdon, Great Britain
Joint Assessment Group Meeting — 4 TESLA Operation

M.Q. Tran
FOM Instituut voor Plasmafysica, "Rijnhuizen", Nieuwegein, The Netherlands
Ad-Hoc Group Meeting on "A 2 MW/>2s ECRH System for TEXTOR-94, Phase I,
and First Stage of Installaion of a 500 kW/<0.5 s Gyrotron on TEXTOR-94, Phases I
and II

L. Villard, X. Llobet, B.P. Duval
Ad-hoc group on Remote Data Access
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APPENDIX E. SEMINARS PRESENTED AT THE
CRPP

Prof. F. Porcelli, Politecnico di Torino, Italy
"Collisionless magnetic reconnection"

Dr. P. Mantica, Inst. di Fisica del Plasma, Milano, Italy
"Non-local electron heat transport effects induced by peripheral perturbations in
the RTP tokamak"

Prof. M. Boulos, Plasma Technol. and Research Center, Dept. of Chemical
Engineering, Univ. of Sherbrooke, Quebec, Canada
"Potential and challenges of thermal plasmas for spray coating and materials
processing"

Dr. T. Diaz de la Rubia, Materials Science and Technology Division, LLNL,
Livermore, USA
"Defects, diffusion and interface kinetics in electronic materials: a computational
materials science approach"

Dr. Y. Peysson, DRFC, CEA Cadarache, France
"Tomographie du rayonnement de freinage non-thermique sur Tore Supra"

Dr. T. N. Todd, UKAEA Fusion, Culham, UK
"High P operation in the START tokamak"

Dr. G. Manfredi, School of Cosmic Physics, Dublin Inst. for Advanced Studies,
Ireland
"Simulation of ion thermal transport driven by ion-temperature-gradient turbulence
in toroidal geometry"

O. Fischer, CRPP, EPF-Lausanne
"Hamiltonian and mapping of a magnetic perturbation in a 3-D free boundary
plasma equilibrium"

P. Nikkola, Helsinki Univ. of Technology, Espoo, Finland
"Negative-mass instability studies on the quasi-optical gyrotron at the CRPP"

Dr. R.W. Callis, General Atomics, San Diego, USA
"3 MW, 110 GHz ECH system for the DIII-D tokamak"

Dr. F. Ryter, Max-Planck-Institut fur Plasmaphysik, Garching, Germany
"Experiences avec ECRH dans ASDEX Upgrade"

John Sheffield, Oak Ridge National Lab. & Joint Inst. for Energy and the
environment at the Univ. of Tenessee, USA
"World population and energy demand growth: the potential role of nuclear energy
in an efficient world"

Dr. M. Yu Isaev, Nuclear Fusion Institute, Kurchatov Institute, Moscow, Russia
"The local stability in 5-period linked-mirror stellarators"

Dr. F. Anderegg, Inst. of Pure & Applied Physics, Univ. of California at San Diego,
USA
"Collisional transport in nonneutral plasma"
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Dr. G. Rewoldt, PPPL, Princeton, USA
"Comparison of sheared rotation effects on kinetic stability in tokamak plasmas"

Dr. R.L. Boivin, Plasma Science & Fusion Center, MIT, Boston, USA
"Mesure bolometrique a haute resolution sur le tokamak Alcator C-mod"

Dr. D. Boucher, ITER Joint Central Team, San Diego, USA
"Modelisation des performances et des scenarios pour ITER"

Dr. Y. Nakamura, Naka Fusion Research Establishment, JAERI, Japan
"A comparative study on VDE characteristics between TCV and JT-60U tokamaks
via TSC simulations"

Dr. P. Muggli, Univ. of Southern California, Los Angeles, USA
"Radiation from Cerenkov wakes in a magnetized plasma"

Dr. R. Storer, Flinders University, Adelaide, Australia
"Current drive for the rotamak as a spherical tokamak"

Dr. A.A. Martynov, Nuclear Fusion Institute, Kurchatov Institute, Moscow, Russia
"Non-linear effects in electron-cyclotron current drive in tokamaks: comparison
with experiments"

Dr. J.J. Lowke, CSIRO Telecommunications and Industrial Physics, Sydney,
Australia
"Modelling electric arc behaviour"

Dr. S. Zoletnik, KFKI, Dept. of Plasma Physics, Budapest, Hungary
"Electron density fluctuation measurements using the high-energy Li-beam
diagnostic on W7-AS"

Dr. R. Hatzky, Max-Planck-Institut fur Plasmaphysik, Teilinstitut Greifswald,
Germany
"Simulation of ion-temperature-gradient-driven (ITG) modes for the bumpy pinch"

Dr. P. Spatig, Dept. of Chemical Engineering, Univ. of California, Santa Barbara,
USA
"Evolution et degradation des materiaux sous irradiation"

Prof. J. Bakos & Dr. G. Burger, KFKI, Dept. of Plasma Physics, Budapest, Hungary
"Laser blow-off particle beams and beam plasma interactions"

Dr. M. Bitter, PPPL, Princeton, USA
X-Ray spectroscopy of tokamak plasmas"

Dr. W.A. Cooper, CRPP, EPF-Lausanne
"A paramagnetic nearly isodynamic compact magnetic confinement system"

Dr. S. Giinter, Max-Planck-Institut fur Plasmaphysik, Garching, Germany
"Confinement limiting MHD instabilities in tokamak plasmas"

A. Bottino, Univ. degli Studi, 1st. di Fisica, Torino, Italy
"Viscous resistive magnetic reconnection"
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APPENDIX F. SEMINARS PRESENTED OUTSIDE
THE CRPP

H. Weisen
Istituo di Fisica del Plasma, CNR, Milano, Italy
"Confinement and profile relationships in shaped TCV plasmas"

P. Vyas
UKAEA Fusion, Culham Science & Engineering Centre, Abingdon, Great Britain
"Can better modelling improve tokamak control?"

A. Pochelon
Institut fur Plasmaphysik, Stuttgart, Germany
"Plasma heating and confinement using ECRH in the Tokamak a Configuration
Variable (TCV)"

A. Jaun
Royal Institute of Technology, Stockholm and, Chalmers University of Technology,
Goteborg, Sweden
"On resonance absorption of global wavefields"

R. Schaublin
CIME, EPFL, Lausanne, Suisse
"Introduction a la microscopie electronique"

M.Q. Tran
Forschungszentrum Julich GmbH, Julich, Germany
"ECW System in TCV"

J.-L. Dorier
CERN, Meyrin, Switzerland, in the framework of the SSV
"Detection of dust particles in vacuum devices"

P.J. Paris
"Quels systemes energetiques au siecle prochain" organisee par Universite de
Geneve, Centre Universitaire d'Etude des Problemes de l'Energie, Geneve
"Le point sur la fusion nucleaire",

P.J. Paris
Formation continue "Utilization of Plasmas in Modern Fabrication Techniques"
organisee par Universite de Neuchatel, IMT, Neuchatel
"Plasmas in nature and laboratory",

I. Furno
Politecnico di Torino, Dipt, di Energetica, Torino, Italy
"Soft X-ray tomography and tomographic inversion methods on TCV"

A. Pochelon
Politecnico di Torino, Dipt, di Energetica, Torino, Italy
"ECRH of thermonuclear plasmas"

A. Pochelon
CEA - Cadarache, France
"Chauffage ECRH et confinement du plasma dans le tokamak TCV"
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M.Q. Tran
ETH-Zurich
"Nuclear Fusion: Status and Prospects"

K. Appert
CERN, Meyrin, Switzerland
"The TARC experiment, a simple physics concept contributing to the elimination of
nuclear waste"

M.Q. Tran
Massachusetts Institute of Technology, Plasma Science and Fusion Center, Boston,
and, CPI, Palo Alto, USA
"ECW Technology and Physics in CRPP Lausanne"

A. Pochelon
FOM-Instituut voor Plasmafysica "Rijnhuizen", Nieuwegein, The Netherlands
"Energy confinement and MHD activity in shaped TCV plasmas with localised
electron cyclotron heating"

Ch. Hollenstein
Sulzer Metco, Wohlen
Seminaire lors d'une assemble scientifique

A. Al Mazouzi
Kyoto University, Japan
"Amorphisation and order disorder phase transformation in Ni-Al based
intermetallics under self ion irradiation: a molecular dynamics simulation study"

M.Q. Tran
Naka Fusion Research Establishment, JAERI, RF Heating Laboratory, Naka, Japan
"ECW Technology and Physics in CRPP Lausanne"

M.R. Siegrist
DLR, Institut fur Weltraumsensorik, Berlin, Germany, Colloquium on "Sources,
Detectors and Instruments in the FIR-Region" in honour of Prof. Dr. M.F. Kimmitt
"Plasma Diagnostics"

W.A. Cooper, T.N. Todd
Kyoto University, Research Group of Plasma Physics, Kyoto, Japan
also presented at the National Institute for Fusion Science, Toki City, Japan
"A Coreless Compact Paramagnetic Confinement System"

R. Schaublin
ECN, Petten, The Netherlands
"Electron microscopy of RAFM steels with Helium"

M.T. Tran
Universite Henri Poincare, LMPI, Nancy, France
"Simulation gyrokinetique globale de l'instabilite ITG dans les tokamaks"

Ch. Hollenstein
Tetrapak, Romont

J.B. Lister,
Institut dAutomatique, EPF-Lausanne
"Modeling and control of the TCV tokamak"
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G. Vecsey
Seminaire du VDI (Verein Deutscher Ingenieure), Gelsenkirchen, Allemagne
"Hochstromzufuhrungen mit HTSL"

R. Schaublin
Dept. of Mechanical Engineering, The John Hopkins University, Baltimore, USA
"CTEM image simulations"
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APPENDIX G. CONFERENCES AND WORKSHOPS
ORGANISED BY CRPP

J. Vaclavik
Joint Varenna Lausanne International Workshop
"Theory of Fusion Plasmas", Villa Monastero,
Varenna, Italy
August 31 - September 4, 1998

M. Victoria
Workshop on Basic Aspects of Differences in Irradiation Effects between FCC and
HCP metals and alloys
Santillana del Mar, Cantabria, Spain
October 15-20, 1998



134 -

APPENDIX H. REPORTS PREPARED BY THE CRPP

H.I Lausanne Reports (LRP)

LRP 595/98: H. Reimerdes, A. Pochelon, W. Suttrop
Toroidally asymmetric ELM precursors in TCV

LRP 596/98: V. Nosenko, A.A. Howling, Ch. Hollenstein, U. Kroll
Characterizing hydrogenated microcrystalline Silicon films by spectroscopic
ellipsometry

LRP 597/98: C. Bruderer
Nonlinear modelling of lower-hybrid current drive, (These EPFL 1998)

LRP 598/98: O. Fischer, W.A. Cooper
Mapping of a stochastic magnetic field in toroidal systems

LRP 599/98: M. Fivaz, O. Sauter, T.M. Tran, J. Vaclavik, K. Appert
Study of second stability regime for ITG modes in tokamaks,

LRP 600/98: K. Appert, R. Gruber, J. Vaclavik
Continuous spectra of a cylindrical magnetohydrodynamic equilibrium: the
derivation

LRP 601/98: J.H. Rommers, S. Barry, R. Behn, C. Nieswand
Analysis of phase measurements in combined interferometer and polarimeter
systems

LRP 602/98: L. Sansonnens
Deposition assistee par plasma radiofrequence dans un reacteur de grande surface:
effets de la contamination particulaire et de la frequence d'excitation

LRP 603/98: O. Fischer, W.A. Cooper
Topologic study of a magnetic perturbation in a 3-D free boundary plasma
equilibrium

LRP 604/98: Gyrotron Group
Papers presented at the 2nd Europhysics Topical Conference on RF Heating and
Current Drive of Fusion Devices, Brussels, Belgium, January 20-23, 1998

LRP 605/98: A. Ardelea, W.A. Cooper, L. Villard
Global ideal MHD stability of plasmas with toroidal, helical and vertical field coils

LRP 606/98: M. Ariola, G. Ambrosino, J.B. Lister, A. Pironti, F. Villone, P. Vyas
A modem plasma controller tested on the TCV tokamak

LRP 607/98: S. Brunner, M. Fivaz, T.M. Tran, J. Vaclavik
Global approach to the spectral problem of microinstabilities in tokamak plasmas
using a gyrokinetic model

LRP 608/98: R.A. Pitts, A. Refke, B.P. Duval, I. Furno, B. Joye, J.B. Lister, Y.
Martin, J.-M. Moret, J. Rommers, H. Weisen
Experimental investigation of the effects of neon injection in TCV
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LRP 609/98: R. Brazis, R. Raguotis, M.R. Siegrist
Suitability of drift nonlinearity in Si, GaAs and InP for high power frequency
converters with a 1 THz radiation output

LRP 610/98: EPS Participants
Papers presented at the 25th EPS Conference on Controlled Fusion and Plasma
Physics, Praha, Czec Rep., June/July 1998

LRP 611/98: A. Coutlis, I. Bandyopadhyay, J.B. Lister, P. Vyas, R. Albanese,
D.J.N. Limebeer, F. Villone, J.P. Wainwright
Measurement of the open loop plasma equilibrium response in TCV

LRP 612/98: R. Behn, J. Rommers, R.A. Pitts, Z.A. Pietrzyk, R. Chavan, B.
Marletaz
A Thomson scattering diagnostic for measurements in the divertor region of TCV

LRP 614/98: A. Pletzer
Support of modelling of MHD evolution of disruptions, eddy currents, and halo
currents, Final Report - VHTP Task Agreement S 19 TD 04 97-01-27 FE — NET/97-
447, ERB5004 CT970027

LRP 615/98: F. Hofmann, O. Sauter, H. Reimerdes, I. Furno, A. Pochelon
Experimental and theoretical stability limits of highly elongated tokamak plasmas

LRP 616/98: Y. Martin, O. Sauter
Considerations on energy confinement time scalings using present tokamak
databases and prediction for ITER size experiments

LRP 617/98: Theory Group
Papers presented at the Joint Varenna - Lausanne International Workshop on
Theory of Fusion Plasmas,, Varenna, Italy, August 31 - September 4, 1998

LRP 618/98: A. Pletzer, F.W. Perkins
Stabilization of neoclassical tearing modes using a continuous localized current
drive, submitted for publication in Journal of Physics of Plasmas

LRP 619/98: SOFT Participants
Papers presented at the 20th Symposium on Fusion Technology, Marseille, France,
September 1998

LRP 620/98: M.R. Siegrist, H. Bindslev, R. Brazis, D. Guyomarc'h, J.P. Hogge,
Ph. Moreau, R. Raguotis
Development of a high-power THz radiation source for plasma diagnostics

LRP 621/98: F. Hofmann, J.-M. Moret, D.J. Ward
Stability of the vertical position control loop in TCV using rigid and deformable
plasma models

LRP 622/98: IAEA Participants
Papers presented at the 17th IAEA Fusion Energy Conference, Yokohama, Japan,
October 1998

LRP 623/98: C. Schott, R.S. Popovic, S. Alberti, M.Q. Tran
High accuracy magnetic field measurements with a hall probe,

LRP 625/98: F. Grangeon, C. Monard, J.-L. Dorier, A.A. Howling, Ch. Hollenstein,
D. Romanini, N. Sadeghi
Applications of the cavity ring-down technique to a large area rf-plasma reactor
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LRP 626/98: D. Franz, M. Hollenstein, Ch. Hollenstein
Diborane nitrogen/ammonia plasma chemistry investigated by infrared absorption
spectroscopy

LRP 627/98: C. Courteille, D. Magni, Ch. Deschenaux, P. Fayet, A.A. Howling,
Ch. Hollenstein
Gas phase and particle diagnostic of HMDSO plasmas by infrared absorption
spectroscopy

LRP 628/98: Ch. Hollenstein
In-situ IR absorption measurements as diagnostics in plasma polymerization

LRP 624/98: FRM Participants
Papers presented at the International Conference on Fusion Reactor Materials,
Sendai, Japan, October 1998

H.2 Internal reports (INT)

INT 194/98: Ch. Hollenstein, L. Sansonnens, A.A. Howling
Large-area deposition of amorphous, photovoltaic Silicon, (Final OFEN report;
1994-1997; Project number: 2755, ENET number: 9400051)
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APPENDIX J. EXTERNAL ACTIVITIES OF CRPP
STAFF

J.I National and international committees

MEMBERSHIP

F. Troyon

M.Q. Tran

L. Villard

F. Hoftnann

J.B. Lister

Chairman of the JET-Council
Fuion Technology Steering Committee — Planning
Consultative Committee for the Fusion Programme
Member ITER Technical Advisory Committee (TAC)
Member ITER Special Working Group (SWG)
Member of the Commission de Coordination de la Recherche
Energetique

Extended JET Facilities Working Group
JET Executive Committee
Fusion Technology Steering Committee — Implementation
Fusion Technology Steering Committee — Planning (extended)
Consultative Committee for the Fusion Programme-Programme
Committee

Consultative Committee for the Fusion Programme-Programme
Committee

JET Scientific Council

ITER MHD, Disruption and Control Expert Group

PARTICIPATION

F. Troyon

M.Q. Tran

J.B. Lister

TAC-13 Jan. 98
SWG, March 98
SWG, May 98
SWG-3, July 98
SWG-4, Oct. 98

San Diego
Garching
Naka
Garching
Naka

EU Task Area Leader
Naka 6 - 1 1 June 98
Meeting "ECRF Gyrotron and Window Technology Development and
Systems Design" Garching 17 June 98
EU Meeting on Ceramics for Diagnostics, Heating and CD Garching
26 Nov. 98
Meeting on ECRF R&D for ITER with ITER JCT and members of the EU
HT

ITER Task Coordinator
San Diego 10 - 14 Febr. 98
Diagnostic Expert Group Design Review and Technical Meeting
San Diego 10-15 May 98
8th Meeting of the ITER Disruption Plasma Control and MHD Expert
Group
Naka 26 - 27 Oct. 98



138 -

9th Meeting of the ITER Disruption Plasma Control and MHD Expert
Group

Y.R. Martin Princeton 18-24 April 98
8th ITER Confinement Modelling and Database Expert Group
Meeting
Naka 26 - 28 Oct. 98
9th ITER Confinement Modelling and Database Expert Group
Meeting

O. Sauter Naka 12 - 16 Oct. 98
ITER Point Design meeting

A. Pletzer San Diego Jan.-April 1998
Continuation and support of modelling of MHD evolution of
disruptions, eddy currents and holo currents

O. Fischer Jiilich 19.4. - 16.5. 98
Collaboration in the field of dynamics of magnetic field line in a
tokamak ergodic divertor
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A. Pochelon Member of the Committee of the SSP (Swiss Society of Physics),
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M.R. Siegrist Chairman of the Editorial Board of Europhysics News
up to April 1998

M.Q. Iran Member of the Board of Editors of Nuclear Fusion

H.Weisen Secretary of the AVCP (Association Vaudoise des Chercheurs en
Physique)
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APPENDIX K. GLOSSARY

The following is a general purpose glossary for the field of controlled fusion and
plasma physics.

Additional heating: Usually with reference to a plasma which is initially heated by
a toroidal current induced in the plasma (ohmic heating), additional heating
designates other means of heating a plasma (absorption of electromagnetic waves or
of injected fast neutral particles).

Advanced Tokamak Scenarios: Tokamaks are naturally pulsed devices because
the plasma current is driven inductively by a transformer. "Advanced Tokamak
Scenarios" would operate continuously with the current driven by a combination of
non-inductive external drive and the natural pressure-driven currents that occur in
plasmas. Maximising these natural currents requires the optimisation of pressure
profiles to operate in an enhanced confinement regime. They are being studied both
theoretically and experimentally as continuous operation would be an advantage for
fusion power production and a smaller size would result in a more economical
power plant.

ALCATOR C-MOD: High field, high density tokamak at MIT (USA) with an
elongated, diverted plasma.

Alfven gap modes: The toroidal nature of tokamak plasmas produces gaps in the
otherwise continuous spectrum of Alfven waves, populated by discrete, weakly
damped Alfven gap modes. Under certain conditions these modes can be
destabilised by resonant energy transfer from energetic particles, eg. a-particles
from fusion reactions.

Alfven waves: A fundamental plasma wave, which is primarily magneto-
hydrodynamic in character with an oscillation of the magnetic field and, in some
cases, plasma pressure. In tokamaks, these waves are typically strongly damped.
See also fast Alfven wave.

Alfven velocity: The velocity of propagation of Alfven waves in the direction of the
magnetic field; it is proportional to the magnetic field strength, and inversely
proportional to the square root of the mass density.

alpha particle, or a-particle (He)4): The nucleus of the helium atom, composed of
two protons and two neutrons, is one of the two products of the DT fusion reaction
(the other one is a neutron). The alpha particles, being electrically charged, are
trapped by the magnetic confinement field and therefore can release their energy to
the plasma contrary to the neutrons which escape from the plasma and transfer
their energy in the blanket surrounding the plasma core. The plasma heating which
is provided by these alpha-particles as they slow down due to collisions is essential
for achieving ignition.

Alternative lines: Magnetic confinement development lines other than the main-
line tokamak pursued within the European Fusion.

Analytic/Computational modelling: Analytic: algebraic solution of basic
equations. Computational: numerical solution of basic equations.

Anomalous transport: Measured heat and particle loss is anomalously large
compared with collisional theory of heat transport in toroidal plasmas ('neo-
classical' theory).
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ASDEX-Upgrade: Tokamak sited at Garching (Association Euratom-IPP, Germany),
intermediate in size between COMPASS-D or TCV and JET with an elongated,
diverted plasma.

Aspect ratio: The ratio between the large radius and the small radius of a torus.

Auxiliary heating: Same as additional heating.

Ballooning instability: A local instability which can develop in the tokamak when
the plasma pressure exceeds a critical value; it therefore constraints the maximum
(3 that can be achieved. It is analogous to the unstable bulge which develops on an
over-inflated tyre.

Beta (P): Ratio of plasma pressure to magnetic field pressure. One of the figures of
merit for magnetic confinement: the magnitude of the magnetic field pressure is
determined by the cost of the field coil, that generate it; since fusion reactivity
increases with the square of the plasma pressure, a high value of 3 is an indicator
of good performance. The highest achieved values in tokamak and stellarator under
stable conditions have reached 40% (START).

Beta-normalised (PN): The ratio of plasma current (in MA) to the product of minor
radius (in m) and magnetic field (in T) characterises the limit to the achievable p
imposed by ideal MHD. Beta-normalised is the ratio of p (as a percentage) to the
above ideal MHD parameter. Generally PN ~3 should be achievable, but techniques
for obtaining higher values have been proposed and observed experimentally (e.g.
START, PN~6) .

Blanket: A structure containing lithium or lithium compounds surrounding the
plasma core of a fusion reactor. Its functions are to breed tritium, via lithium-
neutron reactions, and to absorb most of the fusion energy to be used for electricity
generation.

Bootstrap Current: Theory developed in 1970 predicted that a toroidal electric
current will flow in a tokamak which is fuelled by energy and particle sources that
replace diffusive losses. This diffusion driven Bootstrap current, which is
proportional to p and flows even in the absence of an applied voltage, could be used
to provide the confining magnetic field: hence the concept of a Bootstrap tokamak,
which has no toroidal voltage. A Bootstrap current consistent with theory was
observed many years later on JET and TFTR; it now plays a role in optimising
experiments (see advanced tokamaks).

Breakeven: The fusion performance of a power plant is denoted by Q, which is the
ratio of the power of the fusion products to that used to heat the plasma. As a
convention, scientific breakeven corresponds to Q=l, engineering breakeven would
correspond to 10<Q<15, ignition to Q=infinity.

Breeder: see "Blanket". There is no relationship to the breeding process in fast
reactors.

Breeding ratio: The number of tritium atoms produced in the blanket of a fusion
power station per tritium nucleus burned in the fusion plasma.

Burn: Consume the DT fuel in a reactor, releasing energy

CCFP: Consultative Committee for the Fusion Programme. Advisory body to the
Commission (in French CCPF, in German BAPF).
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CEA: Commissariat a l'Energie Atomique, France. Partner in the Association
EURATOM-CEA which operates the TORE SUPRA tokamak.

CFI: Committee on Fusion-Industry.

CFP: Community Fusion Programme

Charge exchange measurement: Measures the plasma ion temperature. Neutral
atoms in the plasma (for example from a neutral beam) donate electrons to hot
plasma ions, which are thereby neutralised. These hot atoms are no longer confined
by the magnetic field and leave the plasma. Their energy is measured by a neutral
particle analyser.

CIEMAT: Centro de Investigaciones Energeticas Medioambientales y Tecnologicas,
Spain. Partner in the Association EURATOM-CIEMAT. Operates the torsatron TJ-
IU, and recently the flexible heliac stellarator TJ-II.

Classical transport: Collisions between the individual particles of a plasma allow
them to move across the magnetic field. Theories which describe this mechanism
are called "classical" (or "neo-classical" when additional effects due to the toroidal
geometry are included). The measured heat and particle transport is usually higher
than predicted by these theories. Small scale turbulence of magnetic or electrostatic
nature, within the plasma, are responsible for the "anomalous transport" and are
the object of intense theoretical and experimental research.

Collisionality: Non-dimensional parameter, which is the inverse ratio of the mean
free path of plasma particles between collisions to a characteristic length of the
magnetic field configuration.

Compact torus : Class of closed magnetic configurations where no material
elements (coils, conductors or walls) need to link through the bore of the plasma
torus. Thus the reactor vessel of compact tori could be spherical or cylindrical.

COMPASS: COMPact ASSembly, a tokamak for studies of plasma stability, at
Culham, UK (Association EURATOM-UKAEA). Originally with circular vessel
(COMPASS-C), now with D-shaped vessel (COMPASS-D).

Confinement time: In a fusion plasma neither particles nor energy are perfectly
confined. The energy confinement time is a measure of how fast a plasma would
cool down if there were no heating. Particle confinement time is the time during
which the particles, on average, stay confined. The energy confinement time, which
is usually shorter than the particle confinement time, is defined in steady state as
the ratio of the plasma energy content to the total power input to the plasma.

CRPP : Centre de Recherches en Physique des Plasmas. Fusion laboratories of the
Association EURATOM-Swiss Confederation at the Ecole Polytechnique Federale de
Lausanne and the Paul-Scherrer Institute, Villigen (CRPP-Fusion Technology).

Current drive (non-inductive): In a tokamak, plasma current can be driven
inductively, and the ring-shaped plasma acts as a secondary winding of a
transformer whose primary coil is at the central column of the device. Continuous
current cannot be driven by transformer action. 'Non-inductive' current drive
methods are applied either by injecting particles with directed momentum into the
plasma or by accelerating electrons by electromagnetic waves so that they carry the
current. Also being applied to control instabilities and to optimise confinement by
modifying the current profile. The bootstrap effect also drives current.

Current profile (current distribution): The distribution of current density across
the minor radius of the plasma.



143 -

Current ramp-up (down): The increase (decrease) of plasma current either at the
start of operation or during operation to modify the current profile for performance
investigations.

Cyclotron frequency: Charged particles in a magnetic field have a natural
frequency of gyration in the plane perpendicular to the magnetic field - the
cyclotron frequency. For electrons in a tokamak, the cyclotron frequency is
typically a few tens of GHz, and for ions, a few tens of MHz.

Cylindrical approximation: An approximation to the true tokamak geometry in
which the torus is straightened, so that the toroidal direction becomes the cylinder
axis. There are two directions of symmetry: along the axis (the 'toroidal* direction)
and about the axis (the 'poloidal' direction).

DCU: Dublin City University, Ireland. Partner in the Association EURATOM-DCU.

DEMO: Demonstration Reactor (the first device in the European fusion strategy to
produce significant amounts of electricity).

Deuterium: A stable isotope of hydrogen, whose nucleus contains one proton and
one neutron. In heavy water, normal hydrogen is replaced by deuterium. Sea water
contains, on average, 34g deuterium per m3. Deuterium plasmas are used routinely
in present-day experiments; in a fusion power plant the plasma will consist of a
mixture of deuterium and tritium which fuse more readily then two deuterium
nuclei.

DG XII: Directorate-General XII (Science, Research and Development) of the
European Commission, Brussels. It will be renamed DG Research from 2000.

Diagnostic: Apparatus used for measuring one or more plasma quantities
(temperature, density, current, etc.).

Diffusion, thermal (or particle): The random flow of heat (or particles) in the
presence of a thermal (or density) gradient.

DIII-D: The largest operating US tokamak, run by General Atomics, San Diego. It
has a flexible configuration and studies core and divertor physics with intense
additional heating.

D-He3: Deuterium-3Helium: A potential fuel for fusion with low release of neutrons,
but which would require a much higher fusion triple product than DT to reach
ignition. 3Helium is an isotope of helium which is not available in appreciable
quantities on Earth.

Disruption, Disruptive instability: A complex phenomenon involving MHD
instability which results in a rapid release of energy to the wall and strong
electromechanical forces in a tokamak. Plasma control may be lost, triggering a
VDE (q.v.). This phenomenon places a limit on the maximum density, pressure and
current in a tokamak.

Distribution function: Describes both the space and velocity distribution of
plasma particles.

Divertor: A magnetic field configuration with a separatrix, affecting the edge of the
confinement region, designed to remove heat and particles from the plasma, i.e.
divert impurities and helium ash to divertor plates in a target chamber. Alternative
to using a limiter to define the plasma edge.
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Double null: See Single/double null divertors.

Drift kinetic theory: Kinetic theory which describes plasma processes which have
spatial scales much greater than the particle Larmor radii.

Drift orbits: Particle motion is tied to straight magnetic field lines. However, electric
fields and gradients of the magnetic field give an additional drift perpendicular to
the magnetic field creating drift surfaces displaced from the magntic surfaces.

Driven current: Plasma current produced by a means external to the plasma,
inductively or non-inductively.

Driver: In inertial confinement fusion, the laser or particle beam system that is
used to compress a target pellet

DTE1: The first JET experimental campaign using tritium to enhance fusion
reactivity.

ECCD: Electron Cyclotron Current Drive. Non-inductive current drive technique
using directed electron cyclotron resonance waves.

ECE: Electron Cyclotron Emission. Radiation emitted by electrons as a result of
their cyclotron motion around magnetic field lines. Used to measure electron
temperature.

ECH: Electron-Cyclotron Heating. Radio wave heating near the resonance frequency
(or its multiple) of the electron gyration in a magnetic field. In present and future
machines ECH is at typically 60-170 GHz, depending on the magnetic field strength
in a machine (the fundamental frequency is 28 GHz for a magnetic field of 1 Tesla).

EFDA: European Fusion Development Agreement. The new organisational
framework of the EU fusion activities on the JET Factilities, ITER and supporting
technology. EFDA replaces the NET agreement.

EFET: European Fusion Engineering & Technology: a fusion technology oriented
European Economic Interest Grouping.

Electron temperature: A measure of electron thermal energy in units of degrees or
electron volts (1 eV ~ 104 degrees Kelvin).

ELM: Edge localised mode. An instability which occurs in short periodic bursts
during the H-mode in divertor tokamaks. It modulates and enhances the energy
and particle transport at the plasma edge. These transient heat and particle losses
could be damaging in a reactor.

EMR: Extra-Mural Research. EMR contracts are placed with universities for
students to work in Fusion.

ENEA: Ente per le Nuove Tecnologie, l'Energia e l'Ambiente, Italy. Partner in the
Association EURATOM-ENEA.

Energetic particle: In terms of energy, the particles in a plasma can be divided
into two classes. The more numerous class of thermal particles is characterised by
a temperature typically in the range 1-30 keV for modern tokamaks. The less
numerous class of energetic particles has significantly higher energy up to several
MeV. Energetic particles can be created by electric fields, fusion reactions, neutral
beam injection or RF heating.
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Error fields: The magnetic coils of a tokamak are designed to give the desired
magnetic field configuration. The finite number of coils and imperfections in their
construction lead to unwanted deviations from this configuration known as Error
fields. These could lead to disruptions and are of particular concern for larger
tokamaks.

EXTRAP T-II: External Trap II, a medium-sized reversed field pinch at the Royal
Institute of Technology, Stockholm (Association EURATOM-NFR), built for shell
stabilisation studies in support of RFX, optionally in a second phase of operation
with additional external multipole coils.

EURATOM: European Atomic Energy Community.

Faraday rotation: The rotation of the plane of polarisation of light passing through
a magnetised plasma.

Fast Alfven wave: The fast Alfven wave exists over a broad frequency spectrum,
from the ion cyclotron range of frequencies (ICRF) where its character is
electromagnetic, down to magnetohydrodynamic frequencies. Its velocity is
comparable to the Alfven velocity. The fast Alfven wave is used routinely for high-
power (-20MW) ICRF heating on JET, as it is efficiently absorbed in the plasma by
the mechanism of ion cyclotron resonance. Although usually stable in tokamaks,
the wave can be excited by energetic ion populations.

Fast wave current drive: Current drive produced by a fast wave. The wave can
penetrate the plasma more easily than a lower hybrid wave.

Feedback: Use of measurements of plasma parameters to control the parameters,
shape or profiles of the plasma to obtain desired conditions.

Field lines, Flux surfaces: Imaginary lines marking the direction of a force field.
In a tokamak these define a set of nested toroidal surfaces, to which particles are
approximately constrained, known as flux surfaces.

Field reversed configuration: A compact torus with a strongly elongated plasma.
The plasma is contained in a cylindrical vessel inside a straight solenoid. The
confining magnetic field usually has only a poloidal component. Not to be confused
with reversed field pinch.

FIR: Far infra-red (e.g. wavelength ~ 0.2 to lmm). FIR lasers are used to measure
the magnetic field and plasma density.

"Fishbones": Rapid bursts of MHD activity sometimes observed when neutral beam
heating is used in tokamaks (fishbone refers to the shape of the bursts in
oscillating magnetic field when plotted as a function of time).

First wall: The first material boundary that surrounds the plasma. Today, the first
wall in all machines is protected by low-Z materials (such as carbon tiles, boron or
beryllium coating).

Flat-top current: Constant current during quasi-stationary operating conditions.

Fokker-Planck Code: A computer code to calculate the velocity distribution of
plasma particles allowing for collisional relaxation and plasma heating. Calculates
distribution functions (q.v.).

FOM: Stichting voor Fundamenteel Onderzoek der Materie (Foundation for basic
investigations of matter), The Netherlands. Partner in the Association EURATOM-
FOM.
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FTSC: Fusion Technology Steering Committee. A subcommittee of the CCFP having
two distinct sections: FTSC-P (Programmatic issues) and FTSC-I (Implementation).

FTU: Frascati Tokamak Upgrade, a high density, high current tokamak at Frascati,
Italy (Association EURATOM-ENEA).

Fusion triple product: Product of (ion) density, (ion) temperature and energy
confinement time. A measure of the proximity to break-even and ignition.

Fusion product: The product of a fusion reaction, for example an a-particle or
neutron in a deuterium-tritium plasma.

Fusion reactivity: Fusion reaction rate. For present typical tokamak conditions, it
increases with the square of the density and the ion temperature of the plasma.

Full wave theory: Wave theory which includes complete accounting of wave energy
(transmitted, reflected and absorbed, including energy transferred to other waves)
for studying RF heating.

FZK: Forschungszentrum Karlsruhe, Germany. Partner in the Association
EURATOM-FZK, active in fusion technology and, with the development of gyrotrons,
in plasma engineering.

FZJ: Forschungszentrum Julich GmbH, Germany. Partner in the Association
EURATOM-FZJ, operating the tokamak TEXTOR.

GSI: Gesellschaft fur Schwerionenforschung, Darmstadt, Germany. Studying
heavy-ion physics, and driver physics with possible application for inertial
confinement fusion.

Gyro-kinetic theory: Version of kinetic theory in which the Larmor radius is not
assumed to be small. An essential theory for investigating fine-scale instabilities
which might be responsible for driving turbulence, which may in turn be
responsible for anomalous transport.

Gyrotron: Device used for generating high power microwaves in the electron
cyclotron range of frequencies (50 - 200 GHz). This UHF wave is mostly used to
heat the plasma at the electron cyclotron resonance frequency. It also could be
used to diagnose the plasma.

Heliac: Stellarator configuration with a central toroidal coil around which the
plasma column is wound helically. Because of its high capability of investigating a
wide range of stellarator configurations, it is used for TJ-II.

Helias: Optimized stellarator configuration, used with modular coils for
Wendelstein VII-X (Germany) and SHEILA (Australia).

H-mode: A High confinement regime that has been observed in tokamak plasmas.
It develops when a tokamak plasma is heated above a characteristic power
threshold, which increases with density, magnetic field and machine size. It is
characterised by a sharp temperature gradient near the edge (resulting in an edge
"temperature pedestal"), ELMs and typically a doubling of the energy confinement
time compared to the normal "L" regime. Today, a variety of high confinement
modes have been identified in divertor and in limiter configurations (e.g. the I-
mode), which, in part, have been obtained by special tailoring of the radial plasma
current profile.
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H-transition (or L-to-H transition): Transition into the H-regime from the L-
regime, usually quite sudden, at a certain threshold power of additional heating
and specific plasma parameters.

Halo currents: See Vertical Displacement Event.

Helicity Injection: The helicity of a toroidal plasma is related to a linkage of
toroidal and poloidal magnetic fluxes, and is approximately conserved throughout a
discharge. If additional helicity can be injected, the plasma current could be
sustained or even increased.

Helium Ash: Fusion reactions in a deuterium-tritium plasma produce energetic
alpha-particles (helium nuclei), which heat the plasma as they slow down. Once
this has happened, the alpha-particles have no further use: they constitute helium
ash, which dilutes the fuel and must be removed to maintain a burning plasma.

High beta (P): Condition in which the plasma energy is a significant fraction of the
energy in the magnetic field. An alternative measure is the ratio between the
plasma energy and the energy in the poloidal magnetic field, the poloidal (3.

High field ECH launch: Electron cyclotron waves can be launched from the inside
of the plasma torus. This allows higher density plasma to be heated.

Hydrogen: The lightest element; the nucleus consists of only one proton, the
atomic shell of one electron. Isotopes of hydrogen, with one or two additional
neutrons in the nucleus, are deuterium and tritium respectively.

IAEA: International Atomic Energy Agency (of the United Nations), Vienna, Austria.
The ITER-EDA is undertaken under the auspices of the IAEA.

ICE: Ion Cyclotron Emission. Observed in JET and TFTR as a suprathermal signal,
apparently driven by collective instability of energetic ion populations such as
fusion products and injected beam ions.

ICF: Inertial Confinement Fusion. Intense beams of laser light or light or heavy ion
beams are used to compress very rapidly and heat tiny target pellets of fusion fuel
to initiate fusion burn in the centre. Sufficient fusion reactions must occur before
the fuel expands under its own pressure, thereby reducing the frequency of
reactions. Since only the inertia of the pellet's own mass limits the timescale of
expansion and hence provides the time span for fusion reactions to occur, the name
inertial confinement is used.

ICRH: Ion Cyclotron Resonance Heating by launching waves into the plasma in the
range of the ion cyclotron frequency (radio frequency, typically at several tens of
MHz).

ICRF: Ion Cyclotron Resonance Frequencies.

Ideal: In the context of MHD, 'ideal' implies that the magnetic field and the plasma
always move together. For this to occur, the electrical resistivity of the plasma
must be negligible.

Ideal internal kink modes: An MHD instability of the central region of a tokamak.
This, or its close relative the resistive internal kink mode, may be involved in the
Sawtooth disruptions which occur in most Tokamaks.

IEA: International Energy Agency (of the OECD), Paris, France. Implementing
agreements for international collaboration on specific topics in fusion have been set
up in the frame of the IEA.
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Ignition condition: Condition for self-sustaining fusion reactions: heat provided by
fusion a-particles replaces the total heat losses. External sources of heating power
are no longer necessary and the fusion reaction is self-sustaining. Ignition is not
required for energy gain in a power station. Retaining a level of external heating or
current drive will be required to control the plasma pressure and current profiles,
to optimise the performance, leading to a so-called "driven burn".

IIAS: International Institute for Applied Systems Analysis, Vienna.

Impurities: Ions, other than the basic plasma ion species, which are unwanted as
they lose energy by radiation and dilute the plasma.

Impurity screening: The prevention of impurities from entering the plasma.

Internal kink: A type of MHD instability that can occur within the central region of
the plasma (where q < 1) reducing the peak temperature and density.

Internal Reconnection Event (IRE): An instability which breaks magnetic field
lines and reconnects them with a different topology to reduce the system to a lower
energy state - associated with the operating limits of spherical tokamaks.

Ion Bernstein Wave: A wave which only exists in a hot plasma and is supported by
the ions. It propagates at right angles to the magnetic field, when it is undamped,
at harmonics of the ion cyclotron frequency. There is also an electron Bernstein
wave which propagates at harmonics of the electron cyclotron frequency.

Ion Cyclotron Current Drive (ICCD): Non-inductive current drive using ICRH.

Ion Cyclotron Resonance Heating (ICRH) / Ion Cyclotron Resonance
Frequencies (ICRF): Additional heating method using RF waves at frequencies (~
20-50 MHz) matching the frequency at which ions gyrate around the magnetic field
lines.

IPCC: Intergovernmental Panel on Climate Change.

IPP: Max-Planck-Institut fur Plasmaphysik, Garching, Germany. Partner in the
Association EURATOM-IPP, operating the tokamak ASDEX-Upgrade and the
stellarator Wendelstein VII-AS. Has also a site in Berlin. At the site of Greifswald
the construction of the large superconducting stellarator Wendelstein VII-X is being
started by the Association.

IR: Infra Red part of the electromagnetic spectrum.

IRE: Internal Reconnection Event.

1ST: Instituto Superior Tecnico, Portugal. Partner in the Association EURATOM-IST.

ISTTOK: Small tokamak, for study of non-inductive current drive, at the Instituto
Superior Tecnico (1ST), Lisbon, Portugal.

ITER: International Thermonuclear Experimental Reactor (the next step as a
collaboration between EURATOM, Japan, the Russian Federation and originally the
USA, under the auspices of the IAEA). After a conceptual design phase - CDA
(1988-1990), now under engineering design activities (ITER-EDA, 1992-1998). TAC,
Technical Advisory Committee. See also Next Step.

JAEC: Japan Atomic Energy Commission, Tokyo, Japan.
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JAERI: Japan Atomic Energy Research Institute. Headquarters in Tokyo, Japan.

JET: Joint European Torus. The largest tokamak in the world, operated as a Joint
Undertaking (JET Joint Undertaking), sited at Abingdon, UK. The JET Joint
Undertaking ceases at the end of 1999. Exploitation of the JET facilities will be
guaranteed by the Associations within the EFDA framework.

JRC: Joint Research Centre.

JT-60U: Japanese tokamak at Naka. The largest Japanese tokamak and second
largest operating experiment after JET.

keV: Kilo-electronvolt. Energy which an electron acquires passing a voltage
difference of 1000 volts. Also used to measure the temperature of a plasma (1 keV
corresponds to 11.8 million degrees Kelvin).

Kinetic instability: Oscillation which is unstable as a result of the energy
distribution of ions or electrons.

Kinetic theory: A detailed mathematical model of a plasma in which trajectories of
electrons and ions are described. More complex than fluid and two-fluid theories, it
is necessary in the study of RF heating and some instabilities, particularly when
energetic particles are involved.

L-H transition: Change from L regime to H regime (usually quite sudden).

L-mode: As opposed to the H mode. Regime with degradation of confinement, in
additionally heated plasmas, with respect to plasmas heated ohmically by the
plasma current.

Langmuir probe: Electrical probe inserted into the edge of a plasma for
measurements of density, temperature and electric potential.

Larmor radius: Radius of the gyratory motion of particles around magnetic field
lines.

Large scale ideal modes: A large scale mode has a wavelength which is a
significant fraction of the plasma dimensions and assumes ideal MHD.

Laser ablation: Use of lasers to produce a sudden influx of impurities into the
plasma from a solid surface.

Last closed flux surface: The boundary separating those magnetic field lines that
intersect the wall (open lines) from the magnetic field lines that never intersect the
wall (closed lines).

Lawson criterion: The value of the confinement time multiplied by the ion density
(at the required temperature) which must be exceeded in a fusion reactor to reach
ignition.

Limiter: A material surface within the tokamak vessel which defines the edge of the
plasma and thus avoids contact between the plasma and the vessel. A pumped
limiter can also be used to remove heat and particles and is an alternative exhaust
system to the divertor.

LLNL: Lawrence Livermore National Laboratory, Livermore, USA.

Locked modes: MHD modes that cease rotating (though they can still grow).
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Low-activation materials: Materials which do not develop high, long-lived
radioactivity under neutron irradiation.

Low aspect ratio: Low ratio of major to minor radius of the torus.

Lower hybrid current drive (LHCD): Non-inductive current drive using lower
hybrid waves.

Lower hybrid heating (LHRH): Plasma heating by radio frequency waves at the
"lower hybrid" resonance frequency in the plasma. Typical frequencies are a few
GHz.

Lower hybrid (LH) wave: A plasma wave of frequency between the ion and electron
cyclotron frequencies. It has a component of electric field parallel to the magnetic
field, so it can accelerate electrons moving along the field lines.

Magnetic axis: The magnetic surfaces of a tokamak form a series of nested tori.
The central 'torus' defines the magnetic axis.

Magnetic Confinement Fusion (MCF): Confinement and thermal insulation of a
plasma within the reactor core volume by the action of magnetic fields. In toroidal
magnetic confinement, usually both toroidal and poloidal components of the
magnetic field are needed (the field lines are threaded like the filaments of a cable
which is bent into a ring).

Magnetic islands: Islands in the magnetic field structure caused either by
externally applied fields or internally by unstable current or pressure gradients.
See tearing magnetic islands.

Magnetic surfaces (flux surfaces): In toroidal magnetic confinement, the magnetic
field lines lie on nested toroidal surfaces. The plasma pressure, but not the
amplitude of the magnetic field, is a constant on each magnetic surface.

Magneto-acoustic cyclotron instability: This instability results from an exchange
of energy between the fast Alfven wave (or magneto-acoustic wave) and an ion
Bernstein wave which has a source of free energy through the presence of a
population of energetic (non-thermal) ions, e.g. fusion products. The instability
occurs for propagation perpendicular to the equilibrium magnetic field.

Major radius: The distance from the tokamak symmetry axis to the plasma centre.

"Marfe": A localised and radiating thermal instability sometimes observed near the
edge of tokamak plasmas.

Marginal Stability: Close to the transition from stability to instability.

MAST: Mega Amp Spherical Tokamak at Culham (Association EURATOM-UKAEA),
twice as big as START.

MeV: Mega-electronvolt, unit for nuclear energies. Energy which an electron
acquires passing a voltage difference of 1 million volts.

MHD (Magnetohydrodynamics): A mathematical description of the plasma and
magnetic field, which treats the plasma as an electrically conducting fluid. Often
used to describe the bulk, relatively large-scale, properties of a plasma.

MHD Instabilities: Unstable distortions of the shape of the plasma/magnetic field
system.
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Microinstabilities: Instabilities with characteristic wave-lengths similar to the ion
Larmor radii, rather than to the tokamak dimensions. These are thought to be
responsible for the finescale turbulence in tokamaks, and hence anomalous
transport.

Minor radius: Half the small diameter of the tyre-shaped toroid.

Mirnov Coils: Pick-up coils at the edge of the plasma for measuring the time
variation of magnetic fields arising from instabilities.

Mirror: A linear magnetic confinement concept with a weaker magnetic field in a
central region and with strong fields at both ends which reflect contained particles
by the mirror effect. Some variants exist to increase the magnetic field in all
directions from the centre or to improve the closure of the bottle necks. The
Tandem Mirror confinement concept also involves electrostatic fields.

MIT: Massachusetts Institute of Technology, Boston, USA. Operates the high-field
divertor tokamak ALCATOR C-MOD.

Mode: A resonant wave or oscillation in a plasma. Also used as a synonym for an
operating regime.

Mode number: Characterises the wavelength of a mode.

Monte Carlo code: A statistical technique used in numerical calculations where
events may occur many times, each with a certain probability.

Motional Start Effect (MSE): The measurement of shifts and splitting of spectral
lines emitted from particles moving in a local electric field. This can be interpreted
to give the local magnetic field inside the tokamak if the particle velocity is known,
and is a major diagnostic on some tokamaks to deduce the current profile.

MPQ: Max-Planck-Institut fur Quantenoptik, Garching, Germany. Active, within its
programme, in ICF (laser fusion) related physics. Partially supported by Euratom,
for a "keep in touch activity" in ICF.

Negative ion beam: To produce neutral beams, negative ions (obtained by the
addition of electrons to neutral atoms) are accelerated and then neutralized before
entering the plasma. The efficiency of creating neutral beams from positive ions is
too low at the beam energy required for a fusion power station, of the order of 1
MeV.

Neo-Classical theory: Classical collisional plasma transport theory, corrected for
toroidal effects. The neoclassical theory predicts the existence of the bootstrap
current.

Neo-classical tearing mode: The magnetic island produced by a tearing mode
perturbs the bootstrap current which further amplifies the island and degrades
confinement or leads to a disruption.

NET: Next European Torus, a design for the Next Step which had been prepared by
the NET team (located at the Association EURATOM- IPP in Garching) and which
has largely influenced the ITER design. The European ITER contributions in
physics and technology are organised by the NET team. NET is replaced by EFDA in
1999.

Neural Network: A computer algorithm that uses incoming data to derive plasma
parameters, having previously been "trained" on a series of examples of a non-linear
input-output mapping.
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Neutrons: Neutral particles in the nucleus. Products of Deuterium-Tritium and
other fusion reactions.

Neutral beams: Since charged particles cannot easily penetrate the magnetic
confinement fields of the plasma, high energy beams of neutral atoms are injected
into the plasma for fuelling, heating and current drive. Within the plasma, the
atoms of the beam are ionized and are then confined.

Neutron multiplier: The fusion of deuterium and tritium consumes one tritium
nucleus per reaction, producing one neutron. Since in the blanket of a power
station not every neutron reacts with lithium to produce a new tritium atom, a
neutron multiplying element may be used in the blanket to enhance the tritium
production so as to make the power station self-sufficient in tritium supply.

Next Step: The next experimental device in the strategy of the European Fusion
Programme. Presently pursued via the ITER EDA, with the NET activity as a fall-
back option. The generic name for an experimental reactor with an ignited and long
burning plasma.

NFR: Naturvetenskapliga Forskningsradet (Natural Science Council), Sweden.
Partner in the Association EURATOM-NFR.

NIFS: National Institute for Fusion Science, Nagoya, Japan.

NRIM: National Research Institute for Metals, Sakura-mura, Japan.

Non-inductive heating and current drive: See additional heating and current
drive.

NSTX: Spherical tokamak under construction at Princeton, USA. A similar size to
MAST, but of different design. Completion ~ 1999.

Ohmic heating (OH): The resistive heating resulting from a current flowing within
the plasma corresponding to the heating of a wire by a current flowing through it.
Ohmic heating in a tokamak is insufficient to reach thermonuclear temperatures
since, contrary to a wire, the resistance of a plasma decreases strongly with
increasing temperature, thus making Ohmic heating weak at high temperatures.

ORNL: Oak Ridge National Laboratory, USA.

Operating Limits: See tokamak operating boundaries.

Optimised shear: Adjusting the current profile to optimise tokamak.

PbLi: Eutectic lithium-lead alloy considered for use as blanket breeding material.

Peeling mode: An edge MHD instability which exists when the current density at
the plasma edge is non-zero. It may be associated with ELMs.

Pellet: In inertial confinement concepts, the fuel is contained in tiny spheres, called
pellets, which are compressed by laser or particle beams. In magnetic fusion,
pellets of frozen hydrogen, deuterium, tritium, accelerated up to several kilometres
per second, are used to refuel the plasma and to obtain very high densities.

PIREX: Proton Irradiation Experiment, material test facility (Association Euratom-
Switzerland, CRPP-FT, PSI, Villigen, CH).
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Plasma: State of matter above a few thousand degrees where atoms are broken into
their constituents, ions and electrons, thereby creating an electrically conducting
medium. Plasmas can therefore interact strongly with electric and magnetic fields.

Plasma confinement: Retention of plasma energy or particles within a given
region, including the heat and particle losses from the plasma.

Plasma parameters: Physical quantities which characterise the plasma and which
must be measured experimentally, such as current, density, temperature,
confinement time, beta.

Plasma pressure: Proportional to the product of plasma density and temperature.
There is an electron and an ion pressure and the plasma pressure is the sum of the
two. In magnetic confinement devices, this pressure is counterbalanced by
magnetic pressure.

Plasma shape: Describes the plasma vertical cross-section, circular, elongated, D-
shape, diverted, single null, double null.

Polarimetry: Measurement of the rotation of the plane of polarisation of light
passing through a magnetically confined plasma; used to measure the local
magnetic field and thus the safety factor (see Faraday rotation).

Poloidal field: Component of the magnetic field perpendicular to the toroidal
direction and the major radius. The poloidal field is essential for confinement and is
generated in a tokamak by the plasma current and the external coils.

Power threshold: The L-H transition and improved performance regimes related to
reversed shear occur when the power exceeds a certain threshold value - the power
threshold.

PPPL: Princeton Plasma Physics Laboratory, New Jersey, USA.

Preliminary Tritium Experiment: Three plasma discharges on JET, November
1991, into which a significant amount of tritium was injected for the first time in a
tokamak. The power liberated from fusion reactions (~ 2MW for ~ 2 seconds) was
in accordance with expectations.

Profile: Variation of plasma parameters with minor radius.

Profile control: Controlling the profiles of pressure, density or current, in order to
control instabilities.

PSI: Paul-Scherrer-Institut, Villigen, Switzerland, active, in muon physics among
others fields. The Association EURATOM-Swiss Confederation has their fusion
technology activities working in superconductor and materials technology located at
Villigen.

Pumped divertor: Divertor field lines directed into a pumped chamber surrounding
the target plate.

q, q95: See Safety factor.

Q: Ratio of fusion power to total additonal heating power. At Q=°°, no external
power is required and the plasma is said to be ignited. A power station should
operate with Q~50 to be economical.

Radial electric field: Arises when there is a charge imbalance in the plasma.
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Radio frequency (RF) heating: Heating with waves in the radiofrequency range at
resonance frequencies of the plasma (see ECH, ICRH, LHH).

Reflectometry: Use of reflected microwaves to measure plasma density.

Relaxation: The evolution of a plasma to a lower energy state.

Resistive ballooning modes: A class of ballooning mode which would be stable in
the absence of resistivity, but can be unstable in its presence. Related to tearing
modes, but topologically different.

Resistive instability: Instability due to diffusion and rearrangement of magnetic
field lines. When the plasma resistivity is small, these instabilities have a slow
growth rate.

Resistivity: The tendency to resist the flow of electric current, thereby dissipating
energy. Plasmas are very good conductors of electric current, so that their
resistivity can often be neglected. In this case, 'ideal' magnetohydrodynamics may
be applied.

Resonant ions/electrons: Resonance occurs when one of the characteristic
frequencies of particle motion in the plasma (for example, the cyclotron frequency)
matches the frequency of some applied perturbation (for example, an RF wave).

Resonant magnetic perturbation (RMP): An externally applied magnetic
perturbation matched to the spatial structure and optionally the frequency and
phase of an instability.

Reverse Field Pinch (RFP): A toroidal magnetic confinement device, similar to a
tokamak, in which the poloidal and toroidal fields are of comparable magnitude.
Capable of higher plasma currents and pressure for a given external magnetic field.
RFPs have a relatively large plasma resistance and may reach ignition with ohmic
heating alone. To maintain stability, the toroidal field reverses close to the edge of
the plasma when a critical plasma current is exceeded. They require a conducting
shell close to the plasma for stabilization.

Reverse (Magnetic) Shear: In a tokamak the current density is usually greatest at
the magnetic axis, in which case the safety factor increases from the centre to the
edge of the plasma. Using non-inductive current drive and/or the bootstrap
current the current density can be made to increase away from the centre. In this
"reverse shear" case, the safety factor has a minimum away from the plasma centre.
Using reverse or low shear ("optimised shear") some tokamaks, notably DIII-D and
TFTR in the US and more recently JT-60U in Japan and JET, have shown greatly
improved plasma performance. Reverse shear is an attractive option for advanced
tokamak scenarios.

RF: Radio-Frequency.

RFX: Reversed Field pinch Experiment at CNR-Padova, Italy (Association
EURATOM-ENEA).

RIS0: Forskningscenter Ris0, Denmark. Partner in the Association EURATOM-
RIS0.

Rotational transform: Measure of the ratio of poloidal to toroidal flux defining the
pitch of the helical field lines. The q-value of the tokamak is proportional to the
reciprocal of the rotational transform.
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RTP: Rijnhuizen Tokamak Petula, for study of transport in a plasma, at Nieuwegein
(Rijnhuizen), the Netherlands (Association EURATOM-FOM).

Runaway electron: An electron with a very high energy has a decreasing
probability of colliding with another charged particle and of losing its energy. Such
a particle then gains more and more energy in the electric field of a tokamak,
reaching 10's of MeV.

Safety factor: Number of turns the helical magnetic field lines in a tokamak make
round the major circumference for each turn round the minor circumference,
denoted q. Has no connection with the ordinary sense of "safety" other than q=l
surfaces are ideally unstable. For diverted plasmas q goes to infinity at the
separatrix, so instead q95 is used to describe the safety factor near the edge, which
is the safety factor of the plasma surface which contains 95% of the poloidal flux.

Sawtooth: A cyclically recurring instability which causes an energy loss from the
central region of tokamak discharges. The temperature periodically falls abruptly,
then slowly recovers. The jagged trace produced by plotting temperature against
time gives the instability its name.

Sawtooth crash: The rapid collapse of the central temperature in a tokamak during
a sawtooth cycle.

Scaling laws: Empirical or theoretical expressions for how various plasma
phenomena (eg confinement, power threshold, etc) vary with tokamak parameters.
They are particularly used for predicting the performance of future tokamaks.

Scrape-off-layer (SOL): The residual plasma between the "edge" of the plasma
(defined by the limiter radius or the separatrix) and the tokamak vessel wall.

Semi-empirical: A theoretical approach in which the behaviour of some key
quantities is deduced from experiment, rather than a priori.

SEAFP: The Safety and Environmental Assessment of Fusion Power is an extensive
study conducted by several teams in the associated laboratories, NET, industry and
the JRC, published in June 1995.

SEAL: The Safety and Environmental Assessment of Fusion Power Long-term is a
programme, launched in 1995, being undertaken for the European Commission in
the framework of the Fusion Programme.

Separatrix: Magnetic surface at which the rotational transform vanishes and the
safety factor becomes infinite.

Shear: The safety factor usually varies from magnetic surface to magnetic surface
across the plasma cross-section; this variation is measured by the non-dimensional
quantity called "shear". Also refers to the variation of plasma flow (flow shear). If
the type of shear is not specified, it usually means magnetic shear.

Single/double null: Points of zero poloidal magnetic field where the separatrix
crosses itself are the X-points or nulls. Usually sited above and/or below the
plasma. Tokamak divertor configurations have either one or two nulls.

Single fluid model: The set of equations which represent a plasma as a
magnetised, electrically conducting fluid with the usual fluid properties of viscosity,
thermal conductivity, etc. The possibility of distinct behaviour of electrons and ions
(i.e. 2 "fluids") is excluded.

Small aspect ratio: Same as Low aspect ratio.
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Spectroscopy: The detection and analysis of the spectrum of radiation emitted by a
plasma. This can yield information about temperatures, impurities, rotation, using
different parts of the electromagnetic spectrum (IR, visible, VUV, XUV, etc.)

Spherical tokamak (ST): A very low aspect ratio tokamak - it appears almost
spherical, though topologically it remains a torus with a centre column. The
spherical tokamak is being further investigated, with a larger experiment, MAST.

Spheromak: A spherical plasma in which comparable toroidal and poloidal
currents flow. The toroidal current is not driven by transformer action.

Stability theory: The theory of how small perturbations to a system evolve in time.
Spontaneous growth is due to instability. Instabilities can saturate at some small
amplitude, in which case they may degrade confinement, or grow uncontrollably, in
which case the quilibrium is lost leading to a disruption.

START: Small Tight Aspect Ratio Tokamak, a "spherical" tokamak with a very small
aspect ratio at the Association EURATOM-UKAEA (Culham). This very fat ring-
shaped configuration shows experimentally less tendency to disruptions and is
efficient in its use of magnetic energy.

Start-up assist: Assisting plasma formation to cross a range of plasma temperature
at which impurities radiate strongly, with the aim of minimising the start-up delay
and transformer requirements, usually using ECH.

STC: Scientific and Technical Committee, advisory committee set up by the
EURATOM Treaty, competent for nuclear programmes.

Steadystate power plant: A continuously (as opposed to cyclically) operated power
plant.

Stellarator: Closed configuration having the shape of a three-dimensionally
distorted ring in which the plasma is confined principally by an externally
generated magnetic field (produced by non-planar coils outside the plasma vessel).
The coils can be arranged in a modular fashion. Stellarators do not need a
transformer; they need an additional heating system for the plasma start-up. Due
to the fact that no plasma current is needed to maintain the confinement
configuration, they naturally provide steady state operation.

SULTAN: Supra Leiter Test ANlage. Large Superconductor Test Facility, CRPP at
PSI Villigen, Switzerland (Association EURATOM-Swiss Confederation).

Super Alfvenic velocity: A velocity greater than the Alfven velocity. In a tokamak,
only energetic particles have super Alfvenic velocities; because they satisfy this
condition, they may resonantly transfer their energy to magnetohydrodynamic
modes, which may grow as a result (eg TAE modes).

Superthermal radiation: Electromagnetic radiation produced by energetic
particles, as opposed to thermal particles.

Survey spectrometer: Instrument which gives information concerning the radiated
spectrum over a large range of frequencies.

TAE modes: Toroidal Alfven Eigenmodes. One class of Alfven gap modes.

Target plates: See Divertor.
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TCV: "Tokamak a Configuration Variable", for study of elongated and strongly
shaped plasmas, at Lausanne, Switzerland (Association EURATOM-Swiss
Confederation).

TEKES: Technology Centre Finland. Partner in the Association EURATOM-TEKES.

Tearing magnetic islands: The disturbance caused by a tearing mode which alters
the topology of the confining magnetic field and causes transfer of heat across the
affected region.

Tearing mode: A class of resistive MHD instability which has been predicted
theoretically in tokamaks and positively identified in experiments.

Temperature pedestal: In an H-mode discharge there is a region of steep
temperature gradient at the plasma edge. The temperature at the top of this steep
gradient region is the temperature pedestal.

Tesla: Unit of magnetic field strength (more exactly the magnetic induction).
1 T = 1 Vs/m2 = 10,000 Gauss.

TEXTOR: Torus Experiment for Technology Oriented Research. Tokamak at Julich,
Germany (Association EURATOM-FZJ). Refurbished and upgraded, in 1994, as
TEXTOR-94.

TFTR: "Tokamak Fusion Test Reactor" at Princeton, the largest US device with a
major campaign using deuterium-tritium fuel from 1993 - 1997. Ceased operation
in March 1997.

Thermal cycling: Successive heating and cooling of materials that can lead to
cracks or rupture, particularly at boundaries between materials that expand at
different rates.

Thermal particles: As a result of collisional energy exchange, the energy of most
plasma particles falls within a Maxwelliandistribution which is described by a
single temperature (typically 1-30 keV for tokamaks). These are the thermal
particles, as distinct from energetic particles which lie outside the thermal
distribution.

Thomson scattering diagnostic: Diagnostic to measure temperature and density
by detecting laser light scattered and Doppler shifted by the thermal plasma
electrons.

Tight aspect ratio: Same as Low aspect ratio.

TJ-II: A heliac stellarator at Madrid, Spain (Association EURATOM-CIEMAT). (TJ-IU
is a torsatron at CIEMAT, built and operated in preparation for TJ-II).

Tokamak: Magnetic configuration with the shape of a torus. The plasma is
stabilized by a strong toroidal magnetic field. The poloidal component of the
magnetic field is produced by an electrical current flowing toroidally in the plasma.
This current is induced via transformer action and, for steady state, must be
maintained by non-inductive current drive and by self-generation of bootstrap
current inside the plasma.

Tokamak operating boundaries: The set of plasma parameters, beyond which it is
impossible to operate a tokamak. Careful choice of plasma cross-sectional shapes
and current and pressure profiles can increase the operating regime.
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TORE SUPRA: Large tokamak with superconducting toroidal magnetic field coils
and a circular plasma cross-section at the Association EURATOM-CEA in
Cadarache.

Toroidal Alfven Eigenmodes: See TAE modes.

Toroidal field: The component of the magnetic field along the major circumference
of the torus. The largest magnetic field component in a tokamak.

Toroidal stability: Stability analysis taking account of effects due to the toroidal
geometry. These are sometimes neglected to identify possible instabilities, but
must usually be included for accurate predictions of stability boundaries.

Toroidal turbulence code: A turbulence code which includes effects due to the
toroidal geometry.

TOSKA: Large facility testing for superconductors (Association EURATOM- FZK,
Karlsruhe, Germany).

Transformer drive: The use of a transformer action to produce plasma current.

Transport: The processes by which particles and energy move across magnetic
surfaces.

Transport barrier: In certain operational scenarios (e.g. the H-mode or ITB-mode) a
region of low transport exists giving rise to a steep local pressure gradient. Such a
region is referred to as a transport barrier.

Transport scaling: The magnitude of heat transport may be expressed, empirically
or theoretically, in terms of a simple functional dependence on a few plasma
parameters. This allows us to model how the heat transport varies (scales) in
response to changes in the value of these parameters.

Trapped particles: The outside (large major radius) of a tokamak plasma has a
lower magnetic field than the inside. Particles with low velocity parallel to the
magnetic field compared with the velocity perpendicular to the magnetic field may
not enter the higher field (inside) region and become trapped on the outside. They
are not free to circulate toroidally but instead bounce back and forth, performing
so-called banana orbits.

Tritium: An isotope of hydrogen, whose nucleus consists of one proton and two
neutrons. Tritium does not occur naturally, because it is unstable to radioactive
decay with a half-life of 12.3 years. Due to its rapid decay, tritium is almost absent
on earth. For a fusion reactor, tritium will be produced in the breeding blanket
surrounding the core of a fusion power station. Special tritium-handling technology
is required whenever the use of deuterium-tritium plasmas is contemplated and
has been developed on TFTR and JET.

Tritium inventory: The amount of tritium contained in a fusion power station or in
a specified part of it.

Turbulence: Randomly fluctuating, as opposed to coherent, wave action. For
example, the turbulent water beneath a waterfall can only be described in terms of
its averaged properties, such as the scale and duration of fluctuations; whereas a
more systematic description can be given to waves on the surface of a still pond.

Turbulent transport: Anomalous heat transport associated with plasma
turbulence.
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Two-fluid model and multi-fluid model: The extended set of equations which
represent a plasma as interpenetrating and interacting fluids of electrons and ions,
impurity ions etc.

UKAEA: United Kingdom Atomic Energy Authority. Partner in the Association
EURATOM-UKAEA which operates the tokamak COMPASS-D and the spherical
tokamak START (to be succeeded by MAST).

Vertical Displacement Event (VDE): An event which arises when control of the
plasma is lost and the plasma moves vertically. It can lead to a "halo current" in
components which surround the plasma resulting in large, potentially damaging,
forces on these components. The forces are much larger in larger tokamaks and
are therefore a particular concern for JET and ITER.

VUV: The "Vacuum Ultra Violet" range of the electromagnetic spectrum.

Warm plasma refuelling: Fuelling of plasma using medium energy particles or
particle clusters.

WEC: World Energy Council.

WENDELSTEIN VII-AS: Advanced stellarator, in operation at Garching, Germany
(Association EURATOM-IPP).

WENDELSTEIN VII-X: Large advanced stellarator, optimised to produce a reactor-
relevant plasma configuration, designed at Garching. Construction is starting at
Greifswald, Germany (Association EURATOM-IPP).

X-point: See single/double null.

XUV: The "Extreme Ultra Violet" range of the electromagnetic spectrum. Shorter
wavelengths than VUV.

Acknowledgement: This glossary was adapted and completed from the "Glossary oj
fusion terms" by UKAEA Culham, UK, and from the glossary of "Fusion programme
evaluation", 1996, EUR 17521, European Commission.
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APPENDIX L. SOURCES OF FUNDING

The work carried out at the CRPP and presented in this annual report was financed
from several sources. The major long-term financial support is derived from the
Ecole Polytechnique Federate de Lausanne (EPFL), EURATOM, the Paul Scherrer
Institute (PSI) and the Swiss National Science Foundation. Other public and private
organisations which contributed funding for our research in 1998 include, in
alphabetical order: ASULAB, Balzers Tribology and Balzers Process Systems, Brugg
Kabel AG, the Conseil des Ecoles Polytechniques Federates - Materials Priority
Program (CEPF-PPM), the Office Federal de l'Education et de la Science (OFES), the
Office Federal de l'Energie (OFEN), the Fonds pour Projets et Etudes de l'Economie
Electrique (PSEL), Sulzer Metco AG, Swissmetal Dornach and Tetra Pak SA.
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