
CH0100042

CENTRE DE RECHERCHES EN PHYSIQUE DES PLSSMAS ECOLE P 0 t ^ i C H N I Q 0 £
ASSOCIATION EURATOM - CONFEDERATION SUISSE f EDEiUVLE OE LMiSANNE

INIS-CH--029

3 2 / 0 9
ANNUAL REPORT 1999



Cover page:
The second harmonic (X2) Electron Cyclotron Heating system on TCV, showing a cross-
sectional view and a top view of the very flexible 6 beam launching geometry., which became
fully functional in 1999,



- a

Preface

On behalf of all the members of the Centre de Recherches en Physique des Plasmas
(CRPP) of the Ecole Polytechnique Federate de Lausanne (EPFL), I am pleased to
present our 1999 Activity Report. In 1999, the activities of the CRPP encompassed
both experimental and theoretical physics of fusion plasma and technology, as well
as transfer of our skills to support industrial applications.

The year was marked by the retirement of Professor Francis Troyon, Director of the
CRPP from 1981 to 1999. His colleagues and friends will join me in wishing him all
the best for this new part of his life. We are convinced that he will still use his
energy to continue to promote fusion as he did during his career.

TCV (an acronym for Tokamak a Configuration Variable) is the major installation
for experimental fusion physics research at the CRPP and is equipped with a high
power electron cyclotron (ECH) heating system. 1999 saw routine operation with
1.5MW of ECH power and commissioning of another 1.5MW for the end of the year.
TCV has given a wealth of new results, detailed in the body of this report. In the
current drive regime, a 120kA plasma current was fully sustained by a 2 second
ECH pulse. Both a world's first and a record driven current using ECH, this result
opens up new fields of research for the use of electron cyclotron waves in tokamaks.

In plasma theory, we continue our effort to develop three dimensional stability
codes and first principles codes to investigate transport in magnetically confined
plasma. These codes are now operational and are poised to provide novel physics
results.

Our international contributions include preparing for the scientific exploitation of
the JET facility in 2000 and the continuation of our effort in support of ITER
(International Thermonuclear Experimental Reactor) wherever requested.

Our SULTAN installation is the only test bed for cable in conduit superconductors
and for superconducting cable joints for ITER and in 1999 was fully used by teams
from the EU, Japan, Russia and USA. The main results of our work concerned the
stability of these conductor designs and the excellent properties of the joints
developed by our team.

Developing low activation structural materials is one of the key issues for a future
fusion reactor and has been the main focus of the Materials group at CRPP for
many years. Different alloys (ferritic steels, Ti alloys) are investigated before and
after irradiation by neutrons and by our proton irradiation facility PIREX, which
uses a 600MeV beam at the Paul-Scherrer-Institute. A ferritic steel jointly
developed by CRPP and Swiss industry was shown to have an important advantage
related to the Ductile to Brittle Transition Temperature after irradiation.

The CRPP has always favoured technology transfer of its fields of expertise, so
collaboration with industry is considered to be of paramount importance. Based on
our knowledge of high Tc superconductors, we have developed a high Tc
superconductor cable for energy transport, alongside Swiss industry and utilities.
This cable was successfully tested in 1999.

In the field of gyrotron development, an international collaboration has produced a
tube operating at 118GHz and delivering 400kW in pulses of 15.5 seconds, one of
the best results world-wide. This program aims to develop necessary equipment for
devices such as Tore-Supra (F), W7-X (D) or ITER and provides a further example of
technology transfer.
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The third field with a long-standing collaboration with industry is the development
of industrial plasma processes and diagnostics. These activities reflect the wide
range of typical plasma applications in industry, from thick film deposition by
plasma spraying to thin film applications for flat displays or solar cells and to
decorative coatings. Various projects are carried out in close collaboration with
prominent Swiss industries in this field.

As an educational institution, the CRPP continues to contribute to the education of
engineers and physicists through undergraduate and graduate programs in the
Physics Department of the EPFL.

The scientific and technological achievements described in this report are the fruit
of the dedication and enthusiasm of all the members of the CRPP. It is the high
quality of their work in all our fields which has built the international scientific
reputation of the CRPP. I would like to thank each and every one of them for their
contributions.

Finally, it is with deep gratitude that I would like to thank all the various public
and private institutions which have financially supported our work in 1999.

Professor M.Q. Tran
Director
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Préface

J'ai le plaisir de vous présenter, au nom de tous les membres du CRPP, le rapport
annuel 1999 du Centre de Recherches en Physique des Plasmas (CRPP) de l'Ecole
Polytechnique Fédérale de Lausanne (EPFL). Nos activités couvrent la physique des
plasmas de fusion, tant du côté expérimental que théorique, la technologie de la
fusion, l'application des connaissances acquises dans des domaines industriels.

M. le Prof. Francis Troyon qui fut directeur de CRPP depuis 1981 a pris sa retraite
en 1999. Tous ses collègues, collaborateurs et amis se joignent à moi pour lui
souhaiter le meilleur pour cette nouvelle partie de sa vie et nous sommes sûrs qu'il
continuera à promouvoir la fusion comme source d'énergie pour les générations
futures.

Le Tokamak à Configuration Variable (TCV) est notre installation de recherche
principale. En 1999, l'opération a bénéficié de 1.5MW de chauffage additionnel par
absorption d'ondes cyclotron-électronique. Une autre tranche de 1.5MW a été
installée sur la machine à la fin de l'année. Les nombreux résultats obtenus sont
décrits en détail dans ce rapport. Nous mentionnerons particulièrement le maintien
de 120kA de courant durant toute la durée de la décharge du tokamak par
absorption d'onde cyclotron-électronique. Cette première mondiale ouvre des
domaines d'études extrêmement intéressants.

En théorie, nous continuons notre effort dans le développement de codes de
stabilité tri-dimensionnelles. Le transport dans les plasmas confinés
magnétiquement est également étudié à travers des codes qui font appel aux
principes physiques fondamentaux. Ces codes qui sont devenus opérationnels vont
dans le futur permettre de faire progresser notre compréhension dans des
domaines extrêmement complexes de la physique des plasmas de fusion.

Le CRPP maintient son appui scientifique aux entreprises communautaires comme
JET (en contribuant à la préparation des campagnes scientifiques de l'an 2000) et
ITER.

Dans le domaine de la supraconductivité, notre installation SULTAN reste la seule
au monde capable de tester les câbles et joints développés pour ITER. Elle a été
utilisée pleinement pour des mesures faites en collaboration avec nos partenaires
européens, japonais, russes et américains. Les principaux résultats de nos travaux
portent sur la stabilité des câbles supraconducteurs et les excellentes propriétés
des joints.

Les matériaux à basse activation sont appelés à jouer un rôle crucial dans un
réacteur à fusion et leur développement est un des thèmes principaux de recherche
au Groupe Matériaux du CRPP. Les propriétés mécaniques d'aciers martensitiques
et d'alliages de titane (tous les deux des matériaux à basse activation) sont étudiés
avant et après irradiation par des neutrons et des protons, ces derniers étant
produit par un accélérateur de l'institut Paul-Scherrer (PSI). Un acier ferritique
développé en collaboration avec l'industrie suisse a montré après irradiation une
très faible augmentation de la température au-dessous de laquelle il devient fragile,
une propriété cruciale pour une application comme matériaux de structure.

Le transfert des connaissances acquises est un point pour lequel le CRPP a
toujours accordé une attention particulière. Les exemples suivants me serviront
d'illustration. Dans le domaine de la supraconductivité à haute température, nous
avons développé et testé un câble supraconducteur destiné au transport d'énergie
dans le cadre d'un projet co-financé par l'industrie et l'OFEN.
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Le développement des gyrotrons, tubes à hyper-fréquence de puissance, est depuis
de nombreuses années effectué en collaboration avec l'industrie afin de fournir aux
diverses machines européennes (TCV, Tore Supra (F), W7-X (D)) les sources
nécessaires pour le chauffage du plasma. En 1999, des valeurs "record" en énergie
délivrée par un gyrotron (400kW en impulsion de 15.5s à 118GHz) ont été
obtenues.

Les procédés industriels utilisant le plasma ont étayé la diversification de nos
recherches et ont tenu toutes leurs promesses. Nous collaborons avec les plus
grandes industries suisses actives dans ce domaine dans des domaines aussi variés
que le dépôt de couches épaisses, des couches minces pour les écrans plats, les
cellules solaires, des couches barrières, des couches décoratices. Tous ces projets
reflètent l'importance et la richesse de ce domaine dans lequel un centre tel que le
CRPP peut et doit jouer un rôle important.

Le CRPP assume également des tâches d'enseignement dans le cadre de cours de
1er, 2ème et 3ème cycle du Département de Physique.

Les résultats scientifiques et techniques décrits dans ce rapport sont le fruit de
l'engagement de tous les membres du CRPP. Le haut standard qu'ils ont mis dans
leur travail a permis de construire notre réputation internationale. J'aimerais les
remercier sincèrement pour leurs efforts.

Je tiens également à exprimer ma reconnaissance à tous les organismes publics et
industriels qui, à travers leur financement, ont rendu possible les travaux qui sont
présentés dans ce rapport.

Prof. M.Q. Tran
Directeur
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Vorwort
Im Namen der Mitarbeiterinnen und Mitarbeiter des Centre de Recherches en
Physique des Plasmas (CRPP) der Eidgenössischen Technischen Hochschule in
Lausanne (EPFL) stelle ich Ihnen hiermit den Jahresbericht 1999 vor. Er soll Ihnen
einen Einblick in die Aktivitäten am CRPP verschaffen, die auch in diesem Jahr
wieder die experimentelle und theoretische Forschung in der fusionsorientierten
Plasmaphysik umfassen. Auch bei der Weiterentwicklung der Fusionstechnologie
und beim Transfer von wissenschaftlichen Kenntnissen auf dem Gebiet der
Plasmaphysik zu industriellen Anwendungen hin wurden wesentliche Beiträge
geleistet.

In diesem Jahr trat Herr Professor F. Troyon, der seit 1981 als Direktor das CRPP
leitete, in den wohl verdienten Ruhestand. Im Einklang mit seinen Kollegen und
Freunden möchte ich ihm an dieser Stelle alles Gute für seinen weiteren Lebensweg
wünschen. Wir sind fest davon überzeugt, dass er auch in Zukunft seine Kraft und
Fähigkeiten zur Förderung der Fusion einsetzen wird, wie er es bereits im Laufe
seiner erfolgreichen Karriere getan hat.

Der Tokamak TCV (Abkürzung für "Tokamak à Configuration Variable") steht im
Zentrum der experimentellen Fusionsforschung am CRPP. Seit kurzem ist der TCV
mit einer zusätzlichen, leistungsfähigen Elektronzyklotronheizung ausgestattet. Im
Jahre 1999 standen für den routinemässigen Betrieb Heizleistungen von 1.5MW
zur Verfügung; dieser Wert konnte gegen Jahresende sogar auf 3MW erhöht
werden. Die Experimente am TCV haben 1999 bedeutende neue Ergebnisse
gebracht, die in diesem Jahresbericht zusammengefasst sind. Ein herausragendes
Ergebnis stellt der Antrieb eines Plasmastroms von 120kA mittels
Elektronzyklotronwellen dar, der während einer Pulsdauer von 2 Sekunden
aufrecht erhalten werden konnte. Damit wurde eine Bestleistung aufgestellt, die
weltweite Beachtung gefunden hat und neue Möglichkeiten für den Einsatz von
Elektronzyklotronwellen an Tokamaks eröffnet.

Auf dem Gebiet der Plasmatheorie konzentrieren sich die Anstrengungen auf die
Entwicklung und Verbesserung computergestützter Berechnungen der Stabilität
von Plasmen in 3-dimensionaler Geometrie, sowie der Untersuchung des
Energietransports in Plasmen mit magnetischem Einschluss. Die dafür erstellten
Computerprogramme sind inzwischen einsatzfähig und neue Ergebnisse stehen in
Aussicht.

Im Hinblick auf die internationale Zusammenarbeit in der Fusionsforschung sind
die Beiträge zur Vorbereitung des wissenschaftlichen Programms von JET für das
Jahr 2000 und die andauernde Unterstützung des Projekts ITER hervorzuheben.

Mit der SULTAN-Anlage (am PSI in Villigen) verfügt das CRPP über den grössten
Prüfstand für supraleitende Kabel mit Stromtragfähigkeiten bis zu lOOkA. In dieser
Testanlage können die für ITER benötigten supraleitenden Kabel vom Typ "Cable-
in-Conduit" sowie deren Verbindungen getestet werden. Im Laufe des Jahres 1999
wurde die Anlage von mehreren Forschungsteams aus der EU, Japan, Russland
und den USA intensiv genutzt. Die Messungen dienten vor allem zur Klärung von
Fragen bezüglich der Stabilität verschiedenartig aufgebauter supraleitender Kabel.

Die Entwicklung von Strukturmaterialien mit geringer Aktivierung durch
Neutronen ist von entscheidender Bedeutung für die Verwirklichung eines
Fusionsreaktors. Diese Thematik steht deshalb seit vielen Jahren im Brennpunkt
der Materialforschungsgruppe des CRPP. Mit Hilfe der Bestrahlungsanlage PIREX
(am PSI in Würenlingen), die Protonenstrahlen mit einer Energie von 600MeV
liefert, konnten verschiedene Legierungen (ferritisch-martensitische Stähle, Titan-
Legierungen) vor und nach einer Bestrahlung mit Protonen untersucht werden. In
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Zusammenarbeit mit der schweizerischen Industrie wurde am CRPP eine ferritisch-
martensi t ische Stahllegierung entwickelt, die sich auch nach
Neutronenbestrahlung durch hervorragende mechanische Eigenschaften und eine
hohe Übergangstemperatur von der plastischen zur spröden Phase auszeichnet.

Am CRPP wurde seit jeher der Technologietransfer von der Forschung zur
industriellen Anwendung gefördert und deshalb der Zusammenarbeit mit
industriellen Partnern eine grosse Bedeutung zugemessen. Auf der Grundlage der
erworbenen Kenntnisse auf dem Gebiet der Hochtemperatur-Supraleiter und der
Kryotechnik wurde zusammen mit der Industrie ein mit Neongas gekühltes
supraleitendes Kabel für den Einsatz in der Elektrizitätsversorgung entwickelt. Ein
Prototyp wurde im Lauf des Jahres 1999 erfolgreich getestet.

Im Rahmen eines internationalen Gemeinschaftsprojekts auf dem Gebiet
leistungsstarker Höchstfrequenzquellen (sog. Gyrotrons) wurde eine Röhre mit einer
Ausgangsleistung von 400kW bei 118GHz und einer Pulsdauer von 15.5 Sekunden
entwickelt. Diese Daten stellen im weltweiten Vergleich Spitzenwerte dar.
Zielsetzung dieses Programms, das als weiteres Beispiel für den Technologietransfer
angesehen werden kann, ist die Bereitstellung von Hochleistungsquellen für
Fusionsexperimente wie TORE SUPRA, W-7X und ITER.

Der dritte Bereich am CRPP, der auf eine langjährige Zusammenarbeit mit der
Industrie zurückblicken kann, ist die Entwicklung von Methoden und
Messverfahren auf dem Gebiet industrieller Plasmaprozesse. Die breite Palette
industrieller Plasmaanwendungen findet sich auch in den Aktivitäten am CRPP
wieder, die von der Dickschichtabscheidung mit Plasmasprühverfahren bis zur
Erzeugung dünner Schichten für Flachbildschirme, Solarzellen und dekorative
Zwecke reichen. Verschiedene Projekte werden in enger Zusammenarbeit mit
bedeutenden schweizerischen Unternehmen der Branche durchgeführt.

Als Teil einer der Lehre und Ausbildung verpflichteten Institution leistet das CRPP
ebenfalls einen wesentlichen Beitrag bei der Schulung von Ingenieuren und
Physikern auf den verschiedenen Stufen im Rahmen der Programme der
zuständigen Fachbereiche der EPFL.

Dem verantwortungsvollen und begeisterten Einsatz der Mitarbeiterinnen und
Mitarbeiter des CRPP sowie der beteiligten Partner ist es zu verdanken, dass die in
diesem Bericht vorgestellten wissenschaftlichen und technologischen Resultate
zustande gekommen sind. Ihre hochwertige Arbeit auf den verschiedensten
Gebieten hat den international guten Ruf des CRPP in der Forschung und
Technologie begründet. Ich möchte an dieser Stelle jedem einzelnen für den
geleisteten Beitrag danken.

Abschliessend möchte ich den Verantwortlichen der zahlreichen öffentlichen und
privaten Einrichtungen, die diese Arbeiten im Jahre 1999 finanziell unterstützt und
gefördert haben, meinen besonderen Dank aussprechen.

Prof. M.Q. Tran
Direktor
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Prefazione

A nome di tutti i membri del Centre de Recherches en Physique des Plasmas (CRPP)
dell' Ecole Polytechnique Fédérale de Lausanne (EPFL) sono lieto di presentare il
Rapporto Attività 1999. Nel 1999, il CRPP si è dedicato sia allo studio teorico e
sperimentale della fisica dei plasmi per la fusione controllata, sia al trasferimento
delle proprie competenze a sostegno delle applicazioni in ambito industriale.

L'anno 1999 è stato segnato dal ritiro dall'attività del Prof. Francis Troyon, Direttore
del CRPP dal 1981 al 1999. I suoi colleghi ed amici si uniscono a me nel rivolgergli i
migliori auguri per questa nuova tappa della sua vita. E' nostra convinzione che
continuerà con energia ed impegno a promuovere la fusione, come ha fatto durante
tutta la sua carriera.

TCV (acronimo di Tokamak a Configurazione Variabile) è la principale installazione
per la ricerca nella fisica sperimentale sulla fusione nucleare al CRPP ed è dotato di
un sistema di riscaldamento ausiliario ciclotron-elettronico (ECH) ad alta potenza.
Nel 1999, il TCV ha funzionato regolarmente in presenza di 1.5MW di potenza ECH
e l'installazione di altri 1.5MW di potenza ausiliaria è prevista per la fine dell'anno.
La ricchezza e la qualità dei risultati ottenuti dal TCV nel corso dell'anno 1999 sono
illustrati all'interno di questo rapporto. Un plasma con una corrente dì 120kA e'
stato mantenuto in regime di induzione di corrente grazie all'utilizzo di potenza
ausiliaria ECH per un periodo di 2s. Questo risultato, che costituisce sia una prima
sia un primato mondiale di induzione di corrente tramite ECH, apre nuove
possibilità nell'uso delle onde ciclotron-elettroniche nei tokamak.

Nel ambito teorico, i nostri sforzi si sono rivolti allo sviluppo di codici
tridimensionali per lo studio della stabilità e di codici basati sulla fisica
fondamentale per la comprensione dei fenomeni di trasporto nei plasmi confinati
magneticamente. Tali codici vengono ora utilizzati regolarmente e sono forieri di
nuovi risultati scientifici.

Il nostro contributo in ambito internazionale consiste nella preparazione all'utilizzo
delle installazioni del JET per l'anno 2000 e nel continuo impegno per il sostegno
ad ITER (Reattore Termonucleare Sperimentale Internazionale).

La nostra installazione SULTAN, unico banco di prova per cavi in condotti
superconduttori e per giunti per cavi superconduttori per ITER, è stata utilizzata
nel 1999 da gruppi dell'Unione Europea, Giappone, Russia e Stati Uniti d'America.
In questo ambito, la stabilità di tali conduttori è il risultato scientifico più
importante del nostro lavoro.

Lo sviluppo di materiali strutturali a bassa attivazione, che costituisce un obiettivo
chiave per un futuro reattore a fusione, è da diversi anni oggetto di studio da parte
del gruppo dei materiali del CRPP. Diverse leghe (acciai ferritici, leghe di titanio)
sono state studiate in condizioni di irraggiamento neutronico ed anche protonico
grazie alla nostra installazione PIREX, dotata di un fascio di protoni con energia di
600MeV. Proprietà meccaniche estremamente interessanti riguardo la temperatura
di transizione da materiale duttile a fragile sono state riscontrate in un acciaio
ferritico sviluppato dal CRPP congiuntamente ali industria svizzera.

Il CRPP ha da sempre considerato di estrema importanza ed incoraggiato il
trasferimento delle proprie competenze in ambito tecnologico attraverso
collaborazioni con l'industria. Sulla base dell'esperienza nell'ambito dei
superconduttori ad alta temperatura critica, il CRPP ha sviluppato un cavo per il
trasferimento dell'energia elettrica, in collaborazione con l'industria svizzera e i
distributori locali, che è stato testato con successo nel 1999.
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Nel campo dello sviluppo dei girotroni, una collaborazione internazionale ha
prodotto una sorgente funzionante alla frequenza di 118GHz che fornisce 400kW di
potenza in regime continuo per una durata di 15.5s. Questo risultato può essere
annoverato tra i primati mondiali. Tale programma, che ha come scopo lo sviluppo
di sorgenti di micro-onde per installazioni come Tore- Supra (F), W7-X (D) o ITER,
costituisce un ulteriore esempio di trasferimento di competenza in ambito
tecnologico.

Il terzo campo, che annovera una lunga collaborazione con l'industria, è lo sviluppo
di applicazioni e diagnostiche per plasmi industriali. Queste attività riflettono
l'ampio ventaglio di applicazioni dei plasmi in ambito industriale, dalla deposizione
di strati tramite plasma spraying alla applicazione di strati sottili per la costruzione
di schermi piatti, celle solari o rivestimenti estetici. Diversi progetti sono in corso di
sviluppo in stretta collaborazione con l'industria svizzera ad alto contenuto
tecnologico.

Il CRPP, in collaborazione all'attività didattica dell'EPFL, contribuisce all'istruzione
di ingegneri e fisici con programmi all'interno del Dipartimento di Fisica dell'EPFL a
livello universitario e post-universitario.

I risultati scientifici e le acquisizioni tecnologiche, presentati in questo rapporto
annuale, sono il frutto dell'entusiasmo e della devozione di tutti i membri del CRPP.
È grazie all'eccellenza scientifica del loro lavoro che il CRPP ha acquisito una
rinomanza scientifica internazionale. Desidero ringraziare tutti loro per il loro
prezioso contributo.

È inoltre con profonda gratitudine che desidero ringraziare tutte le istituzioni
pubbliche e private che hanno contribuito finanziariamente al nostro lavoro
durante l'anno 1999.

Prof. M.Q. Tran
Direttore
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INTRODUCTION

1.1 The world-wide status of magnetic fusion in 1999

The general strategy for developing fusion as an energy source remains unchanged.
ITER, even with Reduced Technical Objectives and hence at Reduced Cost, referred
to as ITER-FEAT (for Fusion Energy Advanced Tokamak), is still intended to be the
only step between the present size devices and a DEMO reactor.

ITER-FEAT is a scaled-down version of the original ITER design. In order to achieve
a cost reduction of about 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 and Russia 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 issues 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 LHD stellarator (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 is returning 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 on both
the overall American fusion programme and possible future US involvement on
ITER. It has been stated by officials from the Department of Energy that the US
should attempt to re-join the project if ITER goes forward to construction.

In the EU, the 5th Framework Programme (FP) was adopted in December 1998. The
budget, 788 Million Euros, guarantees the continuation of all the European
activities previously foreseen in the fields of physics, technology, participation in
the ITER-EDA and the continuation of work on the JET facilities in the period
2000-2002. The EU Fusion Programme has become a "key action" of the EU
thematic action "Preserving the Ecosystem". The goal of the Key Action Fusion 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 benefits. 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
the large prototypes, adapting the design to specific potential host sites and
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consolidating the necessary scientific knowledge base. Discussions are underway
to examine several potential European sites and to prepare the political context for
a decision to construct ITER. A preliminary design of ITER-FEAT was presented to
the ITER Technical Advisory Committee at the end of 1999 for discussion.
Discussion on the European strategy and the role of ITER-FEAT has already been
started to prepare of the 6th Framework Programme.

The JET Joint Undertaking ceased to exist at the end of 1999. JET reached record
fusion power production during the 1997 D-T campaign and is now the unique
facility with tritium capability in the world, following the completion of the TFTR
project at Princeton. Scientific exploitation of the JET facilities is continuing in a
campaign-oriented style driven by all the European Associations, including
Switzerland. This requires a strong commitment from all the associated
laboratories and will need 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 present work-plan for the JET facilities
foresees a major D-T campaign in 2002. Should major enhancements of the JET
facilities be decided, this D-T campaign would be moved to a later date.

1.2 The CRPP in 1999

1999 was marked by the retirement of Professor Francis Troyon, Director of the
CRPP since 1982. Under his leadership, the major scientific orientation for the
laboratory was determined and its present largest experiment was built, TCV
(Tokamak a Configuration Variable). Unification of the Swiss fusion physics and
technology activities into a single institution was also accomplished during his
tenure. It was with a deep feeling of gratitude and admiration that the members of
the CRPP and a large representation from the international fusion community
gathered for a farewell ceremony at the EPFL on March 30th 1999.

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 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:

• the exploitation of the TCV tokamak, which has a unique flexibility for
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.

The TCV tokamak is regularly upgraded and operation was interrupted according
to plan during 1999 and successfully resumed in November. The installation of the
Electron Cyclotron Heating and Current Drive system (ECH/ECCD) for TCV is
progressing satisfactorily, considering the very tight situation regarding CRPP
support personnel. During the 1999 shut-down the ECH system capability was
increased to 3MW at the second harmonic (82.7GHz) in the extraordinary mode X2.
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The TCV diagnostics are being continuously improved and new diagnostics are
regularly added. Many of them are developed in collaboration with external
research institutes in Europe, as well as in Russia and the US.

Following the start of ECH heating on TCV with 1.5MW of additional power, the
scientific programme has broadened its scope to cover the physics of both Ohmic
plasmas and additionally heated plasma. Some of the highlights of the TCV
programme in 1999 are:

• fully non-inductive current drive using ECCD maintained a plasma current of
123kA for about 1.9s with no volt-second consumption;

• electron temperature record for TCV in excess of lOkeV (100 million degrees)
were measured during ECH heating with a significant counter-ECCD
component;

• «H» modes (high confinement) have been obtained with ECH heating at a plasma
density lower than the low density limit with Ohmic heating alone;

• the demonstration that the plasma elongation and shaping improve the energy
confinement time by the "Shape Enhancement Factor" due to magnetic surface
expansion of the shaped plasmas has been extended to strong ECH;

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

The activities in gyrotron development have been streamlined and the expertise of
the CRPP is 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 still being devoted to the development of a third harmonic quasi-
optical gyrotron for diagnostic purposes. The 118GHz 0.5MW gyrotron for 3rd

harmonic ECH on TCV and Tore Supra (France) has achieved a long pulse of 15.5s
at 400kW, beating the world record in energy delivered by a high frequency
gyrotron. A collaboration with the Association Euratom - Forschungzentrum
Karlsruhe (FZK, Germany) is underway to design and test a 140GHz, 1MW CW
gyrotron with a depressed collector for improving its efficiency. This gyrotron has
been delivered to the FZK and its test is scheduled for 2000.

The theory and numerical simulation group has given support to various running
and planned experiments, using existing codes, many of them developed at the
CRPP. The synergy between theory and experiment has become highly beneficial for
both, following the evolution of the TCV program in the direction of pressure and
current profile control, intimately linked to the CRPP theory expertise in MHD. The
extension of this synergy, both on JET and on TCV, will be strongly encouraged in
the future. 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 by calculations of the MHD stability of strongly shaped plasmas and
by impressive 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 and several codes have reached the production phase. Using
the massively parallel computer at the EPFL it was possible to study the physics
governing the stability of ion-temperature-gradient (ITG) driven modes in
tokamaks. The additional computing power of a Cray T3-E was made available
through our collaboration with the Association Euratom-Max Planck Institut fur
Plasma Physik (Germany). We have thereby been able to assess the performance of
non-linear kinetic ITG simulations of tokamak plasmas and to perform the first
linear simulations of 3D configurations.



The CRPP provides an important contribution to the world fusion technology
program in the field of superconductivity. The major asset of this work is the
unique SUpraLeiter Test ANlage (SULTAN) which can test superconducting cables
under realistic conditions of both the current carried and the externally applied
fields. Work has concentrated recently on the test of the cable joint techniques to
be used for ITER. SULTAN can also test the propagation of the energy which results
from a "quench", along very long cables, with the aim of validating thermo-
hydraulic codes used for ITER design. In parallel, work is carried out on high
temperature conductors for use in the current leads which cross the barrier
between ambient and magnet temperatures, as well as on non-fusion applications
for power transmission lines.

The fusion technology activities also include the study of materials suitable for
fusion reactors. The environment of a fusion reactor is particularly difficult from
the point of view of the material damage by high dose of neutrons during the life
time of the components and the simultaneous production of impurities such as
helium or hydrogen during the lifetime of a reactor. Developing and testing new
materials capable of retaining their mechanical integrity in such an environment
while not producing long lived radioactive elements are the main focus of our
activity. This relies on the use a high energy proton beam irradiating small samples
to simulate a fast neutron flux, in the world-wide absence of a high flux 14MeV
neutron source. Post irradiation studies aim to understand the production and
evolution of defects induced in the materials from the microscopic scale through to
the scale at which major structural failure can occur.

It is important to acknowledge the continuous and strong support of the Paul
Scherrer Institute, which hosts and provides technical support for both
superconductivity and materials research carried out by the CRPP at Villigen.

Support for the EDA phase 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 various strategy defining and
scientific committees of ITER.

The CRPP took an important part in the preparation of the scientific campaign of
JET for the year 2000, through the involvement of its members, of whom one was
the Task Force Leader in MHD.

All of the activities mentioned so far 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, 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.

The CRPP has developed a Plasma Processing group over several years, with the
aim of transferring our know-how in basic plasma physics to industrial
applications where different processes are frequently empirically optimised. This
activity continues to expand with increasing interest from many industries.
Considerable effort is now going into the development of novel diagnostic
techniques to quantify the different processes occurring in the industrial plasmas
in order to optimise both the speed and quality of the production. These techniques
must be compatible with an industrial production environment.
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1.3 Main fusion reactions and fuel

Research into controlled fusion aims to demonstrate that it is a valid option for
generating power in the long term future in an environmentally, politically and
economically acceptable way. Controlled 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. For a fusion reactor it is planned to use the two 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 from the same mass of oil. 80% of this energy is carried by
the neutrons with an energy of 14MeV while the remaining 20% is carried by the
helium nucleus. All this energy eventually becomes 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
optimal temperature is of the order of 70-200 million degrees. At such
temperatures the D-T fuel is in the plasma state.

Deuterium is very abundant on the earth and can be extracted from water
(0.034g/l). Tritium does not occur naturally since its half-time is only 12.3 years
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 relative abundances of the two lithium isotopes Li6 and Li7 are 7.4% and
92.6%, respectively. The known geological resources of lithium in the earth are
large enough to provide energy for several thousand years without counting the
lithium in sea water.

1.4 Attractiveness of fusion as an energy source

The inherent advantages of fusion as an energy source are:

• The fuels are plentiful and their costs are negligible because of the enormous
energy yield of the reaction;

• The end product of the reaction is helium, an inert gas;
• No chain reaction is possible; 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 can lead to thermal runaway;
• None of the materials required by a fusion power plant are subject to the

provisions of the non-proliferation treaties.

Its further potential advantages are:
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• Radioactivity of the reactor structure, caused by neutrons, can be minimised by
careful selection of low-activation materials resulting in little long lived
radioactive waste;

• The release of tritium in normal operation can be kept to a very low level. The
inventory of tritium in the breeding section of the reactor and on the site can be
sufficiently small so that the worst possible accident could not lead to a harmful
release to the environment requiring evacuation of the nearby population.

1.5 The main research approaches

The main components of a fusion reactor are the reaction chamber in which the
fuel reacts, the first wall which contains the reaction and absorbs the heat radiated
or transported from the core and the breeding blanket which absorbs the neutron
flux to produce more tritium fuel. Heat is extracted from the first wall and from the
blanket and typically converted into electricity.

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 inertial confinement reactor a small mass (a fraction of a gram) of solid D-T
fuel 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
pressure reaches about 1011 bar which leads to rapid disintegration (within nano-
seconds) of the mass of fuel. The helium and unspent fuel are then removed and
the process is repeated, ultimately about tentimes per second.

In magnetic confinement a volume of the order of 1000m3 filled with a few grams of
fuel at a pressure of a few bar due to its high temperature reacts at a 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 turned off if the heat
generated by the fusion reaction is sufficient to maintain the required temperature.
Otherwise energy is released while maintaining the optimal conditions with
external methods. The fuel is imbedded in a strong magnetic field which holds in
the plasma pressure and slows down the heat flux to the vessel walls, confining the
hot plasma. The difficulty is to insulate the required plasma well enough for the
energy released by the fusion reactions to maintain the high temperature.

Magnetic confinement is the main line pursued throughout the world and the
European programme is concentrated on this line. Only a watching brief is kept on
inertial confinement. The ITER project is designed on the basis of magnetic
confinement with the aim demonstrating long pulse energy production in a large
plasma volume.
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RESEARCH ACHIEVEMENTS OF THE CRPP IN
1999

The main experimental device at the CRPP is the tokamak TCV (Tokamak a
Configuration Variable). TCV is being equipped with a powerful electron cyclotron
heating scheme: when completed the additional heating will allow the injection of
4.5MW of radio frequency power. The primary goal of TCV is the study of
confinement of particle and energy as the plasma shape is modified.

The theoretical studies of magnetic confinement systems have concentrated on
exploring new configurations in the 3D geometry of the stellarator family. Such
work is necessary in the 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 tokamaks and
stellarators exhibit enhanced transport losses experimentally and studying the
reasons 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.

The CRPP 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 their nominal power.

Constructing a thermonuclear reactor would require two major technical
developments, namely improving the available materials for 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 both pursued at the CRPP in its Villigen
laboratories.

Plasmas are not only of interest for magnetic confinement, but are also becoming
recognised 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 are
performed outside the frame of the Association EURATOM-Confederation Suisse.

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 makes 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 during 1999.

2.1 The TCV tokamak

It has become clear over the last few years that the success of economically viable
tokamak based thermonuclear reactors, of which ITER would be an experimental
prototype, relies heavily on the achievement of high performance regimes. Gains in
the maximum plasma pressure without instabilities of the plasma magnetic
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confinement as well as improvements to the tokamak confinement can be obtained
by adjusting the spatial variation, usually called the profile, of important plasma
parameters such as the plasma pressure or the electrical current as well as by an
appropriate choice of the plasma geometry.

TCV is well suited for work in this promising direction. Its additional heating
system using EC wave beams can target very precise locations in the plasma and
therefore finely modify the temperature and current density profiles. This system so
far consists of 6 gyrotrons delivering 0.5MW each whose frequency is selected to
resonate with the electron cyclotron motion. The launching direction of each of the
6 narrow beams can be adjusted by mobile mirrors, in both vertical and horizontal
directions, giving a large freedom of choice of the region in the plasma to be heated.
During 1999, three of these beams were routinely available and the remaining
three became operational only at the end of the year. TCV also has a world-wide
unique shaping system that allows the creation of a huge variety of cross-section
shapes up to very high elongation, giving control of the main plasma and divertor
geometry. This overview highlights the most salient progress made on TCV during
1999 while later sections give more details.

High performance ECH plasma: Advanced studies for operational schemes of a
tokamak reactor showed the importance of regimes in which the plasma current
necessary for confining the plasma is continuously driven by electromagnetic
waves. The goal is to avoid the plasma current being inductively sustained by an
external transformer whose current swing capability limits the pulse duration to
less than an hour. EC waves launched with a parallel component to the magnetic
field can generate suprathermal electrons leading to a driven current.

For the first time on a tokamak, a 2 second pulse was maintained in TCV using as
sole current source three EC beams of 0.5MW each, without any induction from
the transformer, in a plasma with some of the reactor relevant parameters.
Additionally the ability of the system to target specific locations within the plasma
was essential to tune the power spatial distribution, in order to guarantee plasma
stability and thus to reach steady-state conditions.

It has been discovered during the last decade that the plasma performance in
terms of confinement quality, a crucial point for future reactors, depends closely on
the spatial distribution of the plasma current. It is thought that controlling the
shear in the magnetic field lines through an appropriate tailoring of this current
distribution helps in suppressing most of the turbulence responsible for heat
losses.

Again combining the spatial precision of the EC beams and their local influence on
the electrical current, substantial improvement in the global thermal energy
confinement time of 40% and a record electron temperature for TCV of lOkeV were
obtained. The well-known transition from L-mode (low confinement) to H-mode
(high confinement) was also achieved while injecting 1.5MW of ECH.

Physics of ECH plasmas: Achievement of high performance ECH plasmas implies
a good understanding of the underlying physical processes. This fundamental
study encompasses several aspects.

The distribution function of the suprathermal electrons created during Electron
Cyclotron Current Drive (ECCD) pulses has been experimentally studied through
measurements of the associated bremsstrahlung emission spectrum. Agreement
between the emission intensity and its photon temperature with the wave prop-
agation angle and the current drive efficiency brings additional confidence to our
understanding.
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EC experiments are complemented by an experimental determination of the spatial
distribution of the ECH heat deposition based on the dynamic response of the
thermal energy content of the plasma. Applying appropriate signal processing to
available measurements yields an experimental estimation of the absorbed power
as well as the absorption location. These can corroborate simulation predictions
despite the complexity of the wave launching and the beam propagation.

Very localised ECH heat deposition is a useful tool for studying the internal
stability of the plasma. Unstable phenomena may affect the performance of a
fusion burning plasma but may also help preventing ash and impurity
accumulation in the plasma core. High spatial and temporal resolution tomography
of the soft X-ray emissivity allowed us to follow the growth and relaxation of the so
called "sawtooth" instability, associated with the presence of a magnetic island,
which is perturbed by central ECH power deposition. These experimental results
have been simulated by a heuristic model. High power injection in the plasma core
also lead to the onset of neoclassical tearing modes, also linked to magnetic
islands, which may ultimately impose a crucial limitation in thermonuclear regime
plasmas.

Plasma shaping: The main advantage of an elongated cross-section compared with
a circular plasma is the potential increase in the maximum sustainable plasma
current: an elongation of 3 for example gives an increase of a factor 5 in the
current. This in turn brings improvement in the maximum plasma pressure and in
the energy confinement time characterising the quality of the thermal insulation.
During 1999, elongations up to 2.64 were achieved, the highest elongation ever
produced in a conventional aspect ratio tokamak. The drawback of high elongation
configurations is the necessity of a fast vertical position feedback loop. These
configurations have been made possible by continuous optimisation of the vertical
position control system combined with the development of adequate and now
experimentally tested models for the plasma vertical deformation.

The shaping capabilities of TCV can also be applied to vary the geometry of the
divertor, which is located outside the hot plasma and whose magnetic topology
controls the interaction between the particles escaping the main plasma and the
vessel walls. Reducing the associated heat load to technologically acceptable levels
on tokamak reactors remains a key issue. A particularity of the TCV divertor,
despite the small size of the machine, is that the connection length of the field line
trajectory from the main plasma to the wall can be increased to values comparable
to ITER. The spread of the heat flux on the wall can also be widely varied. Divertor
operation regimes have been explored with a growing set of measurements to
provide valuable information for benchmarking divertor simulation codes.

Appropriate plasma shaping during the formation of the plasma has also proved to
be a way of avoiding its premature termination by a so-called locked mode
disruption. Disruption control is important for reactor size tokamaks because
disruptions generate large electrical and mechanical stresses.

The wide variety of shapes has also been used to substantiate a theory based on
the role of the magnetic entropy in the plasma equilibrium.

2.1.1 High performance ECH plasmas

FullECCD

A steady-state, fully non-inductive plasma current has been sustained for the first
time in a tokamak using electron cyclotron current drive only. In this discharge,
123kA of current were sustained for the entire gyrotron pulse duration of 2s.
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Careful distribution of the power deposited from three 0.5MW gyrotrons across the
plasma minor radius was essential for reaching steady-state conditions. With
central current drive, up to 153kA of current was driven transiently for 100ms. The
non-inductive scenario is confirmed by the ability to recharge the Ohmic
transformer. The dependence of the current drive efficiency on the minor radius
has also been investigated.

First, using 2 gyrotrons, we demonstrated the steady recharging of the Ohmic
transformer at a rate of about lkA/s for 1.5s at Ip=80kA, ne0=1.9 1019m"3 with 1MW
of on-axis ECCD. This was obtained with toroidal launch angles of 35°. Using 3
gyrotrons, 1.5MW, aiming at the plasma centre in order to maximise the current
drive efficiency, which depends on the local temperature, we replaced 153kA of
plasma current for about 100ms. This yields a current drive of 0.013 [1020A/Wm2],
after correction for about 20% of bootstrap current. However the driven current
profile in this configuration is too peaked and is MHD unstable, which is why the
discharges disrupt after about 100ms which is of the order of the current
redistribution time. Therefore we had to distribute the deposited power over the
minor radius, albeit losing some efficiency due to lower temperature. The control of
the driven current profile was obtained by changing the poloidal angles of the
mirrors such that one beam aims at the plasma centre, one at r/a~0.3 and one at
r/a~0.5. In this way a broader current profile was obtained and no MHD activity
was observed. An example of full current replacement for the whole gyrotron pulse
is shown in Fig. 2.1.1. The current in the transformer is constant as soon as the
ECCD is turned on, indicating that no current is induced in the plasma anymore.
The time evolution of internal inductance and elongation (K) indicated the current
redistribution time. The plasma current in this case is 123kA, with ne=1019m'3,
Teo~3.5keV and we estimate about 15% of bootstrap current. The average current
drive efficiency is about 0.006 in agreement with the results obtained with the ray-
tracing code.
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Fig. 2.1.1 Demonstration of steady-state non-inductive current drive on TCV

We were also able to measure accurately the amount of current driven by the
outermost beam, at r/a~0.5. This was obtained by comparing shots with this beam
in heating, toroidal angle=0°, and ECCD, toroidal angle=35°, modes. Either by
comparing the difference in loop voltage or the difference in total plasma current
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that the 3 beams can fully replace, we obtained about 8kA difference. This shows
that the local efficiency, normalised to the local temperature, is not constant over
the minor radius as was found on the DIII-D tokamak. This is in agreement with a
loss of current drive efficiency due to the particle trapping effect. Our results are
much closer to the theoretical value obtained with TORAY, even though still about
two times larger.

Temperature and density profile modification by ECH and ECCD

The current distribution can be modified both by ECH, increasing the temperature
and therefore the plasma conductivity locally, and by ECCD. The driven current
over and above that obtained just from the heating was studied by scanning the
toroidal launching angles in the co- and counter-ECCD directions, with both on
axis and near q=l power deposition. The parameters were Ip=170kA,
<ne>~l-1019m"3, K=1.25, PECH=1.5MW. The resulting temperature profiles are shown
in Fig. 2.1.2 for on-axis deposition for counter-ECCD (toroidal angle=-28°) and for
co-ECCD (toroidal angle=+21°) together with the ECH case and the Ohmic target
plasma. The horizontal axis is the height of the measurement along the vertical
Thomson scattering laser beam, at R=0.88m. The continuous lines correspond to
fitted profiles with the constraint that the temperatures be constant on the
reconstructed magnetic surfaces. Maximum temperatures around 5keV on axis are
obtained both with ECH and co-ECCD. With counter-ECCD, extremely peaked
electron temperature profiles are generated with over lOkeV on axis. Even in the
case of deposition off-axis near r/a=0.3, the temperature profiles remain fairly
peaked, with peak temperatures in the range 2-3keV, as long as some of the ECH
power is deposited inside the q=l surface. When all the deposition is well outside
the q=l surface, r/a=0.7, the temperature profile is rather flat, with central
electron temperatures close to the Ohmic conditions, as shown in Fig. 2.1.3,
indicating poor retention of the additional energy.

Counter-ECCD deposited near the magnetic axis improved the central energy
confinement with a twofold increase of the central electron temperature and the
formation of a steep core temperature gradient. The central heat transfer coefficient
deduced from profile analysis is found to decrease by a factor of 4.0 and the global
electron energy confinement time increases by a factor of 2.0 in these discharges,
compared with plasmas with ECH alone or co-ECCD. The confinement
improvement in the case of central counter current drive reached a factor of 3.0
above RLW and TCV-IAEA-98 scalings, whereas for central ECH it only reached a
factor of 1.5 above the same.

Simulations by the PRETOR transport code suggest that this improved confinement
could be due to sawtooth stabilisation induced by the central safety factor q0 rising
above unity; qo<l for co-ECCD and ECH discharges in which sawtooth activity is
observed. This result is in agreement with the experiment, as sawteeth are present
in discharges with central co-ECCD or ECH but not with counter-ECCD. The
poorer central confinement observed in sawtoothing discharges is due to the
periodic core energy relaxations during the sawtooth crashes. Removing sawteeth
from the model, the confinement and temperatures dramatically increase to the
experimental values found.

Changes to the electron density profile induced by ECH and ECCD depend on the
deposition location. With deposition inside the sawtooth inversion radius, density
"pump-out" from the core is observed on a time scale of a few milliseconds, while
an overall density increase is observed over a longer timescale. Within the first 5-
10ms after ECH or ECCD turn-on, the central electron density can drop by some
10%, but with no clear dependence on the value of the ECH power. The density
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profiles can even become hollow with central deposition. The pump-out
phenomenon is not yet explained, while the rise in total particle content is believed
to result from increased particle sources at the walls, attributable to the increased
power load. Power deposition outside the inversion radius causes a reduction of the
local density, resulting in density profile peaking.

Unlike thermal transport, particle transport does not vary appreciably from ECH to
co-ECCD or counter-ECCD: while the temperature profile peaks significantly in the
counter-ECCD case, the density profile remains the same.
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Fig. 2.1.2
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Electron temperature profiles with counter-ECCD (-28° toroidal
injection angle) and co-ECCD (+21° toroidal injection angle) and with
ECH. An Ohmic case is shown for reference. The power deposition is
central.
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Fig. 2.1.3 Electron temperature profile
for far off-axis heating near
r/a=0.7 and for the corre-
sponding Ohmic phase.

L-mode to H-mode transitions in ECH plasmas

The region of the operational domain where the Ohmic H-mode is accessible is
quite large in TCV. One operational boundary is the plasma density: H-modes were
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only obtained in plasmas with a line average density larger than 3.5 1019m"3. With
the toroidal magnetic field of 1.5T, the EC 2nd harmonic frequency is cut off at
local densities greater than 4.251019m3. In order that at least half of the minor
radius be accessible to the EC wave, the plasma line average density had to be
maintained below 3.51019m"3. Nevertheless, LH transitions were observed at these
lower densities in ECH plasmas. A new low density limit was observed at
~2.51019m"3: below this density, LH transitions have not been observed despite the
1.5MW of ECH power, as shown in Fig. 2.1.4. In the narrow range of density where
the H-mode was accessible, the threshold power appeared to increase as the
plasma density decreases, a result in contradiction with the behaviour in Ohmic
plasmas. Although further experiments are required to confirm it, no significant
dependence of the threshold power on the plasma shape was observed.
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were not obtained.

2.1.2 Physics of ECH plasmas

Fast electron dynamics

A multichordal hard X-ray camera, on loan from the CEA (Cadarache, France], has
been used to study the distribution in space and energy, as well as the temporal
dynamics, of bremsstrahlung emission from suprathermal electrons during ECCD
experiments with up to 1.5MW of injected power. The resolution of the
measurement is ~2cm in space, ~7keV in energy in the range 10-200keV and
~2-5ms in time. A clear non-Maxwellian tail in the electron distribution function,
characterised by effective photon temperatures in the 20-50keV range, has been
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identified in all cases in which the toroidal injection angle was larger than -10°.
The hard X-ray intensity increases with the angle, in both the co- and counter-
ECCD directions (Fig. 2.1.5); this is consistent with the behaviour of the current
drive efficiency, which has also been found to be higher at larger angles. In the
pure heating case (0° injection), the photon temperature is in agreement with the
electron temperature measured by Thomson scattering, indicating that the
distribution is Maxwellian under those conditions.

To study the fast electron dynamics on a fast time scale, we have modulated the
ECCD power and added the photon counts over several successive intervals. We
have thereby obtained an effective resolution of 0.3ms, well below the characteristic
relaxation time which is found to be in the order of l-3ms (Fig. 2.1.6) and
consistent with the collisional slowing-down time for electrons in the energy range
under consideration.

xlO4

CO-ECCD

-40 -20 0 20
Toroidal launching angle (degrees)

40

Fig. 2.1.5 Hard X-ray emission
from the plasma
centre in the 40-
50keV range as a
function of the toroi-
dal injection angle
with 1.5MW of central
ECCD.
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Fig. 2.1.6 Hard X-ray emission
for four different
energies and ECCD
power us time (central
co-ECCD). The photon
counts are summed
over 10 successive
modulation periods.



15 -

Experimental determination of the ECH deposition profile

The dynamic response to ECH power variation, seen in of the electron temperature
inferred from the soft X-ray emissivity, has been studied to determine the power
deposition profile. Several excitations have already been analysed, such as square
wave modulations and time evolution at the turn on/off of the ECH. To diminish
the pollution of the signals due to the sawtooth instability, a method based on the
Generalized Singular Value Decomposition (GSVD) has been developed. It was pos-
sible to reduce the sawtooth contribution on average by a factor of 10. Together
with the diamagnetic loop, used to estimate the power absorbed by the plasma, the
GSVD has also been successfully applied to treat the signals at the shut off of the
ECH, with the purpose of developing a fast guess power deposition localisation
procedure to be applied after each discharge.

E-&7T3363JB C -0.TO3744 E

J J .J

Fig. 2.1.7 Soft X-ray tomography showing the transformation of a peaked
profile into a hollow profile during the sawtooth crash, with central
power deposition.

A heuristic model for the interpretation of the variety of sawteeth observed with
ECH in TCV has been developed. It includes the combined effects of the m= 1
magnetic island dynamics, a localised heat source, significant heat diffusivity along
field lines, finite cross field heat diffusivity and plasma rotation. The model also
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includes the convective kink-like motion associated with the reconnection process.
In the experiment, the presence of convective motion during the reconnection
process is revealed by dramatic changes to the profiles during the rapid sawtooth
crash. The characteristic convection time is shorter than the radial transport time.
In the case of central power deposition, the tomographically reconstructed soft X-
ray profile appears peaked just before the crash, then, while displacing to the side
during the crash, is gradually transformed into a ring shaped, hollow profile, as
shown in Fig. 2.1.7. The same picture is seen in the Thomson scattering electron
temperature profiles. These effects are also found in the model simulations, which
show the gradual transformation of the centrally heated, peaked profile, into a
hollow profile after crash, as a result of the convective flow, as shown in Fig. 2.1.8.

__________ Electron teffipenrtuie profiles

Fig. 2.1.8
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Simulated electron temperature profiles during a triangular sawtooth
with on-axis ECH power deposition: (a) pre-crash phase; (b) during
the hot core displacement; (c) at complete magnetic reconnection, just
after the sawtooth crash the hot ring is formed; (d) early during
reheat ramp.

Neoclassical tearing modes

The onset of neoclassical tearing modes has been observed in TCV discharges when
additional ECH power of at least 1MW was applied in the plasma centre. These
modes have an m/n=2/l or 3/2 structure and have been observed with magnetic
fluctuation measurements and on the soft X-ray tomography. The island
significantly degrades the energy confinement. The evolution of the island width,
derived from magnetic measurements, is well described by the modified Rutherford
equation. The onset of the neoclassical mode is observed at low densities with
central densities ranging from l-31019m"3 and with pN ranging from 0.5 to 1.0. The
values of the toroidal beta are low compared to values reported from other
experiments, implying that local pressure gradients on the resonant flux surface
must be important for the destabilisation of neoclassical tearing modes in TCV.
This has been demonstrated in experiments where modifications of the ECH power
deposition profile and hence the pressure profile lead to significant changes of the
island width while the global pressure remained constant. The mode can be
suppressed by a broadening of the power deposition profile.
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Up-Down asymmetry due to ECCD

Experiments showed an up-down asymmetry, with respect to the ECH heating
location, in the soft X-ray emission during sweeps of the ECH beam through the
plasma. It was suggested that this asymmetry is caused by a small amount of
ECCD that occurs during a nominally-ECH sweep with no toroidal angle, due to
the changing geometry between the microwave beam and the total local magnetic
field near the resonance.

Further investigations were carried out to identify the source of this asymmetry.
Figure 2.1.9 shows that by inverting the toroidal magnetic field direction, the
asymmetry reverses as expected based on the change in the field line geometry.
Figure 2.1.10 demonstrates the linear relationship between the toroidal injection
angle and the sawtooth period when absorption occurs near q=l: the equivalent
local angle at the field line is indicated on the plot. With zero toroidal angle, the
local angle at the field line is -5° leading to co-ECCD with positive B(j). One
important technical implication is that off-axis current drive is more effective above
the midplane than below the midplane for a given toroidal angle, outside launch
and positive B(j> direction.

-0.1 0.05 0 0.05 0.1
z relative to plasma midplane [m]

0.15

Fig.2.1.9 When the ECH beam is swept across the q=l radius, the sawtooth
period peaks near the q=l radius. For B(j»O (blue curves) the peak
near the upper q=l is highest. For BcfxO (red curves) the peak near
the lower q=l is highest. Under these two conditions (dashes) a
small amount of co-ECCD is present. The smaller peaks (thick solid
lines) correspond to counter-ECCD. The toroidal injection angle is
zero for all 4 sweeps. The sweeps on the left are performed with an
equatorial launcher and those on the right with an upper lateral
launcher.



18

The PRETOR code has been modified to include the effects of current drive and
shows a qualitative agreement with the experiments: the sawtooth period is
lengthened during co-ECCD relative to counter-ECCD. Further investigations will
be carried out to quantify this effect. Calculations to date indicate that the
maximum sawtooth period occurs when absorption is near the mixing radius of the
sawtooth instability.

+8 +4 0 -4 -8

Toroidal launch angle [°]

Fig. 2.1.10 Adding a toroidal angle
increases the co-ECCD
near the upper part of the
q=l surface, for positive
B<p, and the sawtooth
period increases (+8°
case). Decreasing the
toroidal angle eliminates
the current drive and the
sawtooth period
decreases (-8° case).

2.1.3 Plasma shaping

Vertical Position Control in TCV: Comparison of Model Predictions with
Experimental Results

The creation of tokamak plasmas with highly elongated cross-sections is one of the
main aims of TCV. Elongated plasmas are inherently unstable with respect to
vertical displacement, and they require passive conductors and active feedback
coils for stabilisation. The creation of elongated plasmas becomes more difficult as
the elongation grows since the growth rate of the vertical displacement instability
increases rapidly with elongation. In TCV, elongations up to 2.64 have been
achieved, which represents the highest elongation ever produced in a single-axis
tokamak with conventional aspect ratio. This result has been made possible
through continuous optimisation of the vertical position control system.

The TCV vertical position control system is extremely complex with a large number
of adjustable parameters. Experimental optimisation by trial-and-error methods is
hopeless. Consequently, theoretical models have been constructed, and the model
predictions have been compared with experimental results. Recently, we have
developed a Deformable Plasma Model (DPM) and we have shown that its
predictions agree well with experimental measurements. Figure 2.1.11 shows a
comparison of experimental and theoretical stability limits of the vertical position
control system, under closed loop conditions. The stability is analysed as a
function of the feedback gains, P (proportional gain) and D (derivative gain). DPM
predicts a stable domain for intermediate values of P and D, and unstable solutions
everywhere else (dotted areas). Stable experimental conditions are shown as open
squares. Experiments with intermittent or saturated, low amplitude oscillations are
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shown as solid squares. Experiments outside the domain defined by the solid
squares produced growing oscillations and disruptions. The experimentally
determined stable domain coincides well with the stable domain predicted by DPM.
The good agreement between DPM results and experiments will allow us to use this
model for further optimisation of the TCV control system or for design studies of
new tokamaks.
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Fig. 2.1.11 Comparison of closed loop stability predictions with experimental
results in TCV.

Plasma response modelling using the DINA code

Work was started on non-linear simulations of the TCV shape and position
feedback control loops using the DINA code, in collaboration with the Kurchatov
Institute and the TRINITI Institute. The geometry of the TCV coils, vessel and
diagnostics have been implemented in the code, together with a precise modelling
of the feedback electronics. The first simulations were successfully performed at
the end of the year showing remarkably good agreement with the experimental
data.

Divertor detachment in Ohmic plasmas

Study of the detachment phenomena, whereby particle and energy fluxes arriving
at tokamak divertor targets can be drastically reduced whilst maintaining good
core confinement, continues to be an important component of the TCV research
programme. The flexibility of TCV for plasma shape creation allows equilibria to be
developed with long magnetic connection lengths from the midplane to the divertor
targets. Such long distances facilitate the development of temperature gradients
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along the field and promote particle flux amplification at the divertor targets, lead-
ing to the high recycling and detached plasma states. Such regimes of operation
are those in which future fusion reactors based on the tokamak concept are
expected to operate.

Using discharge scenarios in which the central density is ramped progressively
through the discharge towards the density limit, the detachment process is being
studied with particular emphasis on magnetic equilibria which are only possible in
the TCV tokamak. These are extremely open diverted configurations, often
characterised by large asymmetries in divertor strike zone geometry. They offer
interesting possibilities to study the nature of detachment in geometries in which
much of the total midplane-target connection length is found in the poloidal
distance from X-point to target and not, as in conventional diverted configurations,
where the greatest fraction of this connection length is found in the region from
midplane to X-point. One such example is shown in Fig. 2.1.12 where the
tomographically inverted Da emission from the divertor volume, indicating the
deuterium atom density, increases dramatically as detachment proceeds. That the
latter is indeed occurring is clearly illustrated by the steady loss of ion particle flux
measured close to the divertor strike point as the plasma density increases. These
measurements and others are being compared with the results of simulations
using the complex plasma boundary codes that are employed for the design of next
step tokamaks. Efforts also continue to expand the variety of equilibria under
study at TCV and to improve the quality and number of edge diagnostics.
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Fig. 2.1.12 Illustrating plasma detachment in TCV at the outer target of a single-
null lower diverted equilibrium with long X-point to target poloidal
distance. The progressive increase in visible light emission from the
excitation of neutral deuterium in the cold divertor zone (top pictures)
as plasma density rises (bottom left) is accompanied by a complete
decrease in ion particle flux (bottom right) arriving at the divertor
target near the outer strike zone



21

Locked mode avoidance

Locked mode induced disruptions have occasionally been observed during plasma
creation in TCV. A clustering technique was used to locate the region of the TCV
operational domain where those modes start growing. The 'dangerous' region is
then found to be defined by little overall plasma shaping qualified by
((K-1)2+82)<0.2, a narrow range of plasma density, 2<ne[1019m"3]<4.5 and safety
factor around 3. Figure 2.1.13 shows the dangerous region on the density: shaping
map.

Different test discharges were performed on TCV to verify this statistical result. In
the first set of experiments, the plasma was shaped from circular up to an
elongation of 1.4 and a triangularity of 0.3 at high safety factor (-4-5). Then, the
safety factor was lowered down to 2.5. None of those 15 discharges disrupted
whatever the density was. In the second set of 13 discharges, the safety factor was
decreased prior to the increase of the plasma shape and 6 of them terminated in a
disruption. For those 6 evolutions, the density was in the fatal range at the time
the plasma was crossing q=3. For the cases with density outside the fatal range,
none of them led to a disruption. These dedicated experiments confirmed the
statistical description of the dangerous/non-dangerous domain and clearly indicate
the advantage of plasma shaping for operation below q=3. This result also suggests
that traditional wariness of crossing q=3 has been at least partly due to older
circular tokamak experience.
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Fig. 2.1.13 In the whole operational
domain already covered in
TCV, the region where
locked modes start to grow,
leading to the subsequent
disruption, is located at little
plasma shaping for a limited
range of densities. These
locked modes start to grow
only if these conditions are
encountered during the
crossing ofq=3

Evidence for the role of magnetic entropy in stationary tokamak discharges

The profiles of plasma parameters from a large variety of Ohmic plasmas in the
TCV tokamak have been compared with a theory based on the assumption that the
magnetic entropy is stationary in a tokamak, considered as an open system
interacting with the Ohmic transformer. Experimentally, the sawtooth inversion
radius and the profiles in the confinement region, depend solely on the parameter
<j>/(qojo) where <j> is the cross sectional averaged current density. The obser-
vations agree with the model predictions, which integrate the force balance
equation, the effects of sawtoothing and Ohm's law. For each value of <j>/(qojo) and
q0, the theory predicts a rigid current profile and a range of possible pressure
profiles. The stiffness of the temperature profile, Fig. 2.1.14, which follows from the
rigid current profile, implies a correlation between density and pressure profiles,
which is observed in the experiment. The range of variation of the electron pressure
profile, Fig. 2.1.15, which is smaller than expected, shows that the theory, as it
stands, is still incomplete.
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Triangularity dependence of energy confinement with ECH power

The shape dependence of the energy confinement in ECH plasmas was investigated
for power up to 1.5MW, PECH/POH~2-9. Plasma and shape parameters were scanned
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in a wide range for central power deposition conditions (elongations l.l</c<2.15,
triangularities -0.65<<5<0.5, current 0.2<Ip<0.7MA and central density l<ne019<3.5).
In deriving a scaling law for the electron energy confinement time, the dependence
on K and Ip cannot be separately determined in the present data set. Thus the
general power law obtained contains a free parameter az:

with an=0.46±0.2, aP=-0.7±0.1, a5=-0.35±0.3, aK=1.4(l-ai)±0.4. Good fits are
obtained with ĉ  in the range 0 to 0.7. Thus the electron energy confinement time
increases with a combination of elongation and plasma current.

This scaling displays similarities with the ITER-98L and Rebut-Lallia-Watkins
(RLW) scaling law, in particular for the power and density dependence. The ITER-
98L scaling law, however, does not account for the beneficial effect of negative
triangularities, an effect much better accounted for in the critical temperature
gradient RLW model scaling. The beneficial effect of negative triangularities,
previously observed in Ohmic discharges, continues to be seen at the present
power levels. The benefit of low or slightly negative triangularity on confinement is
however most effective at low total power and decreases without totally
disappearing at the highest powers used so far, as shown in Fig. 2.1.16. High
power experiments at up to 3MW should help to clarify the trend so far observed
up to 1.5MW.

Confinement time versus triangularity

-0.4 -0.2 0.0
Triangularity

0.2 0.4

Fig. 2.1.16 Triangularity dependence of the energy confinement time for three
total power ranges of centrally EC deposited power (K=1.5, density
range: 1.3<neol9<3, confinement time normalised to neau=210igm'3).
The power range for the low power "0.3MW" class is the largest
(±16%); the higher confinement at negative triangularity reflects
therefore predominantly an effect of plasma shape.
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2.2 Theory and numerical simulation

2.2.1 Macroscopic stability of tokamaks

The main purpose of this work is to determine the operational limits of tokamaks
imposed by fast-growing, macroscopic, fluid types of instabilities.

Configurations with a magnetic separatrix

The MHD equilibrium and stability codes developed specifically for configurations
with a magnetic separatrix have been further upgraded. An analytic fast poloidal
phase extraction has been implemented, allowing the study of global modes up to
arbitrarily large toroidal mode numbers. The bootstrap current calculation has
been introduced in a new, free-boundary version of the equilibrium code CAXE,
with a possibility to prescribe only the driven part of the plasma current. The
specification of a given safety factor profile is also possible. A new version of the
KINX stability code is being developed to compute the kink mode stability in the
presence of plasma rotation and a resistive vacuum vessel. Also, a workstation
version of KINX with optimised memory requirement is under development.

The application of the above codes has focused this year on low aspect ratio
configurations. The goals were motivated by power plant optimisation
requirements: high beta, high normalised beta pN=p/(I/aB) and high bootstrap
current fraction. Such high beta values implicitly require operation in the second-
stablility region for ballooning modes and wall stabilisation of external kink modes.
The other requirement was to make these computations on free-boundary
equilibria and to study the influence of the plasma shape.

We could obtain second ballooning mode stable, free-boundary equilibria with a
nearly 100% bootstrap current fraction. A moderate positive outboard squareness
of the plasma shape was found to be sufficient to reach pN>8. Both triangularity
and separatrix proximity were found to be favourable for external kink mode
stability. For an equilibrium with a boundary at 99% of the separatrix flux and a
triangularity 8=0.6, p=63%, pN=8.3, the marginal conformal wall positions are
aw/a=1.75, 1.5, 1.4 for toroidal mode numbers n=l, 2, 3 respectively.

Other codes

A number of MHD codes has been installed at CRPP: the non-linear resistive code
XTOR - in collaboration with H. Lutjens (Ecole Polytechnique, France), the linear
non-ideal code PEST3, the new version of the ideal KINX code - in collaboration
with S. Medvedev (Keldysh Institute, Moscow, Russia). The codes were tested and
are used now for analysis of MHD stability of TCV discharges and for studies of the
dependence of MHD stability of tokamak plasmas on plasma shape. Several TCV
shots with different shapes have been analysed by XTOR and KINX codes and the
strong dependence of ideal kink growth rate on shaping parameters was found. The
preliminary calculations of the suppression of internal kink mode by diamagnetic
rotation were performed using the XTOR code.

2.2.2 Optimisation of 3-D magnetic confinement configurations

The design of 3D magnetic confinement configurations is a much more difficult
task than for tokamaks. The three-dimensionality, while adding degrees of freedom,
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requires special care in order that the configuration actually confines. One way to
overcome the difficulty is to try to obtain "quasi-symmetry" (QS), a 3D magnetic
configuration in which the modulus of B only depends on two independent
variables: a radial variable (magnetic surface index) and a combination of poloidal
and toroidal co-ordinates. The confinement of particles in such devices becomes
comparable to that of an axisymmetric tokamak.

Unfortunately, the quasi-symmetry condition is difficult to obtain in practice and
the concept of "pseudo-symmetry" (PS) has been developed. Locally trapped
particles are absent in such systems and the mod-B lines on magnetic flux
surfaces do not form closed contours. The mod-B depends only on the radial
variable and a combination of the angular variables in a more general set of
straight field line co-ordinates than the Boozer frame that characterises QS
devices. Furthermore, unlike QS criteria, PS conditions can be satisfied throughout
the plasma volume. Pseudo-symmetry is less restrictive than quasi-symmetry
which must satisfy the additional constraints that the bounce averaged particle
trajectories lie on the flux surfaces and that the banana orbit width remains
invariant in the direction of QS (i.e., in the direction in which the combination of
angular variables is constant). In order to build a configuration optimiser, a target
function called WATER has been developed that measures the area of local ripples
in the magnetic field strength along a field line. The minimisation of this area
makes a 3D configuration approach pseudo-symmetric conditions. Also, the
expression of PS condition in the near-axis approximation was obtained so that it
can be implemented in the numerical optimiser package.

We have also explored a class of magnetic confinement systems consisting of
"hybrid" tokamaks/stellarators in which the rotational transform is produced in
part by a net toroidal plasma current and in part by external coils.

I t • *• -vfctj. 4 i

Fig.2.2.1 The normal magnetic curvature (top) and the local magnetic shear
(bottom) distributions on a toroidal magnetic jlux surface near mid-
volume at P=5.3%for a nearly axisymmetric configuration (left.) and a
3D system with quasiaxial symmetry features (right).
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3-D magnetic confinement configurations

A three-field period system with quasi-axisymmetric features

The ideal MHD stability properties of a three-field period stellarator system with
quasi-axisymmetric features has been investigated. A pressure profile that is near
marginal stability to localised ideal ballooning modes has been determined and
yields a limiting p~5.3%value. Half of the edge rotational transform is produced
with a hollow bootstrap-like current profile and the other half results from 3D
plasma shaping effects. A sequence of configurations has been developed in which
the non-axisymmetric components of the plasma boundary shape are reduced in
magnitude to recover the equivalent axisymmetric tokamak. The magnitudes of the
toroidal plasma current and the pressure on axis are adjusted to maintain the
maximum rotational transform in the plasma fixed at 0.484 and the p fixed at
5.3%. The global external kink modes are stabilised by the 3D deformation of the
plasma while the ballooning stability properties are deteriorated.

Spherical Tokamak/Sphellamak hybrid configuration

The global and local ideal MHD stability properties of a hybrid Spherical Tokamak
and Sphellamak device have been examined. The system consists of 10 toroidal
field (TF) coils and 10 Furth-Hartman type coils that produce a helical field. The TF
coil current is 160kA and the helical coil current varies from zero to 180kA.
Bootstrap-like hollow toroidal plasma currents produce the bulk of the rotational
transform. As the helical coil current is increased, the toroidal plasma current is
reduced from 265kA to 250kA to maintain the safety factor q~2.2 at the edge. A
transition from axisymmmetric to quasi-axisymmetric conditions in a compact
system has been demonstrated when the current in the helical coils becomes
comparable to that of the TF coils at p~14.4%. To achieve ballooning stability, the
pressure profile must be increasingly flattened around the vanishing global shear
region near the edge of the plasma as the current in the helical coils and
consequently the plasma shape distortion become larger. In all the cases examined,
a closely fitting near conformal conducting wall is required to guarantee stability
with respect to low order global external kinks. However, the proximity of the
conducting wall can be relaxed as the 3D plasma shaping becomes more
pronounced.

The improvement in the global external ideal MHD properties and the deterioration
of the ballooning properties can be understood in the two systems in terms of the
behaviour of the normal magnetic field line curvature and the local magnetic shear.
On average, the magnetic field line curvature does not change significantly with the
plasma boundary shaping, but it does become enhanced locally. The local magnetic
shear, on the other hand, acquires a helical stripe of appreciable magnitude within
each field period that inhibits the formation of global mode structures that align
with the pitch of the magnetic field lines. However, in the region between the helical
stripe patterns, the local magnetic shear tends to vanish which coincides with the
domain of increased normal magnetic field line curvature. Consequently,
ballooning type mode structures that concentrate in this enhanced curvature-
vanishing local shear region can be more effectively destabilised.

As a first step towards the investigation of particle confinement properties of fully
3D systems, we have studied the effect of a perturbation of a tokamak equilibrium
by helical external coils, thus modelling the Dynamic Ergodic Divertor (DED) in the
TEXTOR tokamak. The behaviour of magnetic field lines and of particle drift orbits
have been investigated in a reversed shear configuration. We have observed that a
robust magnetic field line barrier with respect to the perturbation occurs near the
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maximum of the safety factor profile of the underlying unperturbed equilibrium
state. This is a consequence of the non-applicability of the Kolmogorov-Arnold-
Mooser (KAM) theorem for non-monotonic profiles. A clear effect is seen on the lost
particles at the plasma edge: the DED is much less effective in extracting the
passing particles for the reversed shear case compared with a monotonic shear
case.

n|o|/ntot. Maximum - 0.049 % n /mot. Maximum ~ 0.029 %

Contribution of trapped particles. Contribution of circulating particles.
Ripple Effect of the DED

Contribution of circulating particles.
Effect of the DED

Contribution of trapped particles.
Ripple

Fig. 2.2.2 Contour plots of particle positions lost at the edge of the TEXTOR-94
tokamak, for a monotonic q profile (left) and a reversed shear profile
(right), shown versus toroidal (horizontal axis) and poloidal (vertical
axis) angles.

Concerning the particle drift orbits, we have defined the notion of a radius of
confinement within which all particles that are launched are almost perfectly
confined. The confinement radius decreases with increasing particle energy but
saturates at the radius of maximum safety factor value. Thus the particles feel the
effect of the magnetic field line barrier. We interpret this phenomenon as a
"transport" barrier for particles. The magnetic field line diffusion coefficient is
reduced by a factor of 10 and the fraction of particles lost is 4 times smaller than
in a standard monotonic shear case. Trapped particles are unaffected by the high
field side DED coils and are lost in the ripples of the magnetic field.

2.2.3 Microinstabilities in tokamaks

Our present understanding of anomalous transport in magnetically confined
plasmas is based on various underlying microinstabilities driven by equilibrium
gradients. While local models using the ballooning transform or the flux-tube
representation have already been developed elsewhere, the global approach in
which the relevant gyrokinetic equations are solved in the whole plasma domain in
the appropriate geometry is a step forward. One important question is to determine
how far local models can provide a reliable theoretical prediction. In this context,
results from the ballooning eigenvalue code, which solves the gyrokinetic
electrostatic equation for the case of full ion dynamics, have been compared with
global gyrokinetic code results. The GLOGYSTO global spectral code has been run
for two scenarios with different toroidal wave numbers and Larmor radii, but being
isodynamical in the frame of the lowest order ballooning approximation. A
discrepancy between mode growth rates has been found: with the ballooning
representation they are overestimated by a factor 1.7 with respect to the higher
toroidal wave number case and by a factor 3-4 to the lower one. We note that the
ballooning results are not better than those from a local dispersion relation. The
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conclusion is that a global approach is mandatory in order to get a quantitatively
correct prediction.

Several advances have been made in the refinement of the models used in our
global codes. In the context of a time evolution Particle-In-Cell (PIC) approach for
solving gyro kinetic equations, a modified quasi-neutrality equation has been
developed. In the previous version of the code, the finite Larmor radius (FLR) effects
appeared through a second order correction term in FLR in the quasi-neutrality
equation. In order to study microinstabilities in realistic fusion device geometry,
this limit has been relaxed using a more sophisticated correction term. The
algorithm has already been implemented in the case of adiabatic electrons with
electrostatic perturbations. Several versions of the code have been written and they
are currently under test. The next step of this work will be the development of a
similar algorithm for codes solving the same problem in the case of kinetic
electrons and electromagnetic perturbations.

There is mounting experimental and theoretical evidence that the presence of radial
electric fields, generating ExB flows, is an essential ingredient in the appearance of
"transport barriers", which are characterised by both reduced transport and
reduced micro-turbulence levels. Our contribution to this understanding has been
the inclusion of ExB flows in both our spectral and time evolution PIC global codes.
In the linear approach, a prescribed equilibrium radial electric field is given. First
results show a strong stabilising effect on the toroidal ITG mode. One of the most
remarkable findings is that a completely shearless ExB flow seems at least as
effective in stabilising the mode as a sheared ExB flow, Fig.2.2.3. More analysis is
needed to interpret these results fully. The immediate future will see a
benchmarking comparison of spectral and PIC codes before analysis of some
experimental cases.

GYGLES EXB cons!9 M008

0 0.01
Mach

Fig.2.2.3 Left: Growth rate of the most unstable toroidal ITG mode versus
Mach number for shearless ExB flow (filled symbols) and sheared
ExB flows (open symbols). Right: Contour plot of equipotentials for a
shearless ExB flow with Mach=-0.08.

Electron dynamics and electromagnetic effects also play an important role, already
with beta values typical of present-day fusion experiments. While the electrostatic
ITG mode is stabilised by increasing beta, another mode is destabilised: originally
baptised the "kinetic ballooning mode", it is of electromagnetic nature and passing
electrons play an important role in driving it unstable.

As a first step, a new code has been developed which solves the general
electromagnetic kinetic dispersion relation for microinstabilities. This local code
can solve the full electron dynamics and includes the effects of trapped electrons,
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trapped ions and of the Shafranov shift. In a second step, the GLOGYSTO global
spectral code was modified to include finite beta effects. The approximation of
quasi-adiabatic electrons is used and so far only passing particles are taken into
account. First results show a similar stabilising influence of finite beta on the
toroidal ITG mode, in qualitative agreement with the local dispersion relation. More
numerical work is needed to find electromagnetic modes, in particular the
inclusion of the drive of passing electrons, which was so far neglected.

In a parallel development, we are developing the time evolution, finite element, PIC
approach with the aim of treating the electron dynamics and electromagnetic
effects. The difficulty, compared with the previous purely electrostatic and
adiabatic electron response, is twofold. Firstly, the electron transit time must be
resolved. Secondly, the presence of Alfvenic or quasi-electrostatic high frequency
modes, which are physically stable but unfortunately destabilised by the explicit
time integration scheme adopted so far, must be handled. Therefore, as a first step,
a time-implicit scheme has been introduced into the electrostatic linear gyrokinetic
code in order to treat the drift-kinetic electrons, instead of using the simple
Boltzmann distribution for all the electrons. Benchmarking of the code has already
been accomplished. The results show that: (1) there is a limitation of the timestep
to values smaller by a factor of 10 at least than the passing electron transit time,
although the same implicit method is "unconditionally stable" in a simple uniform
unmagnetized plasma and (2) the complex frequencies practically do not depend on
the mass ratio mi/me for values above about 200. The electromagnetic effects
should be included next.

2.2.4 Microinstabilities in stellarators

Drift waves are commonly held responsible for anomalous transport in tokamak
configurations and in particular for the anomalously high heat loss. On the other
hand, the next generation of stellarators should be characterised by the much
smaller neo-classical transport and by particle confinement close to that of
tokamaks. There is nevertheless a strong interest in the stellarator community to
study the properties of drift waves in 3D magnetic configurations. To satisfy this
interest we have developed the first global gyrokinetic code aimed at the
investigation of linear drift wave stability in general toroidal geometry. As a first
application, two configurations have been studied, the Quasi-Axisymmetric
Stellarator with three fields periods (QAS3) currently developed at the Princeton
Plasma Physics Laboratory and the Helically Symmetric experiment (HSX) which
started operation at the University of Wisconsin last summer. The QAS3 is
characterised by a tokamak-like field in the outer part of the torus. In this
structure the drift waves are mainly affected by the skewness of the field lines (the
magnetic shear) and hardly at all by the shape of the plasma. The results are very
close to those obtained for a tokamak. On the other hand, results for the HSX
configuration, which is characterised by a dominantly helical magnetic field, show
a clear 3D effect, namely a strong toroidal variation of the drift wave mode
structure. This variation is a clear function of the 3D plasma shape, Fig. 2.2.4.

2.2.5 Neo-classical theory

We have developed the standard kinetic approach of neo-classical theory to obtain
a set of relatively simple kinetic equations suitable for implementation in a
numerical code to compute all neo-classical transport coefficients within the same
general formulation, in particular those related to perpendicular transport. These
equations have been implemented in the Fokker-Planck code CQL3D, which uses
the full collision operator and a realistic axisymmetric configuration of the flux
surfaces. All the coefficients have been computed in the banana regime for a wide
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variety of equilibrium parameters. The kinetic approach, the numerical results and
a set of fitting formulas which allow to easily compute all the neo-classical
transport coefficients at all aspect ratios, in general axisymmetric equilibria, have
been collected together in a single paper for convenience.

0.2
Y[m]

X[m]

Fig. 2.2.4 Contour plot of an ITG mode in the quasi-helically symmetric
stellarator HSX computed with the global gyrokinetic code EUTERPE.
Only one of the four field-periods of the device is shown.

2.2.6 ID fluid transport

The PRETOR ID transport code is used to simulate TCV discharges with very
different plasma boundary shapes, in order to validate the most commonly used
transport models over a wide range of plasma parameters.

The MMM95 (Multi Mode Model 1995) and IFS/PPPL (Institute for Fusion
Studies/Princeton Plasma Physics Laboratory) are two almost completely
theoretical transport models and have been implemented in PRETOR. First
applications of these two transport models in the simulation of the electron
temperature profile of TCV Ohmic discharges have given satisfactory results.
However, a model validation analysis over a large domain of plasma parameters
needs a reliable ion temperature diagnostic, which will be available on TCV in the
near future.

Simulations of ECH and ECCD discharges with the RLW (Rebut-Lallia-Watkins)
empirical transport model are in very good agreement with the experimental data.
In particular, in PRETOR calculations, sawtooth stabilisation has been identified as
responsible for the central electron temperature enhancement during counter EC
current drive experiments.
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2.2.7 RF wave heating and destabilisation by fast particles

We have started the development of a novel RF global wave code applicable to 3D
systems. Plasma heating by electromagnetic waves in the Alfven and Ion Cyclotron
range of frequencies in 3D configurations is studied using the wave propagation
equation in potential formulation written in Boozer magnetic co-ordinates. This
equation has to be solved numerically with finite elements for discretisation in the
radial variable and Fourier decomposition in the poloidal and toroidal co-ordinates.

Analysis of JET discharges in which Alfven Eigenmodes (AE) of intermediate
toroidal mode numbers (n=5-10) were observed by the passive detection system,
implying they were unstable, have been performed using both the fully kinetic
PENN model and the hybrid fluid-kinetic LION model. The emphasis has been on
finite beta effects in hot-ion mode discharges heated by NBI and minority ICRH.
The modes are observed at frequencies consistently 10%-20% below the centre of
the gap. Both LION and PENN predictions agree with the experimental results for
the eigenfrequency and also for the stabilising role of finite beta, the underlying
physical mechanism of which is, however, quite different.

In the LION computations, the modes correspond to core-localised Toroidicity
Alfven Eigenmodes (TAE). Their eigenfrequencies are close to the lower gap edge
and gets closer and closer as beta increases. The eigenmodes get more and more
radially peaked, which results in an increase in the parallel electric field and
therefore in electron Landau damping. These LION results are in agreement with
the observations that, as beta rises, the highest n TAEs disappear first, because
the damping is proportional to n2 while the drive, proportional to n, does not vary
much with p.

While the kinetic results also predict a stabilisation of TAEs with increasing plasma
beta, detailed analysis reveals a completely different mechanism. Contrary to the
fluid prediction of a core-localised TAE becoming increasingly peaked with beta,
there is substantial mode conversion to the kinetic Alfven wave which extends far
from the plasma core region. This extension actually increases with beta and when
the kinetic wave reaches the high shear region near the separatrix it is heavily
damped.

We have also started an investigation of strongly reversed shear configurations
characterised by a high q value at the centre. This makes the AE eigenfrequencies
drop to values in the drift frequency range. Preliminary computations with the
PENN code indicate that AEs are then much more unstable than in standard
scenarios.

2.3 Materials for fusion

The main objective of the materials group is to study the effects of radiation on
materials and their implications for the degradation of their mechanical properties.
Initially, the fundamental aspects of irradiation damage are investigated with
experiments on pure materials and model alloys as well as with computational
models. In the frame of the study of irradiation damage production and
accumulation, results on irradiated pure fee and bec metals and on model alloys,
computer simulations of irradiation induced defects and of transmission electron
microscopy images are presented in Section 2.3.1. Investigations on technical
alloys have been undertaken on low activation steels (OPTIMAX series and F82H) in
non-irradiated and irradiated conditions. The results obtained on these low
activation steels are presented in Sections 2.3.2 and 2.3.3. Titanium alloys are also
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candidate low activation materials and in Section 2.3.4 it is shown that the cc-
phase alloys are relevant candidates. Since Irradiation Assisted Stress Corrosion
Cracking (IASCC) of steels is an important problem for structures operating in an
irradiating environment, IASCC has also been studied for stainless steels and the
results are presented in Section 2.3.5.

2.3.1 The early stages of damage

Defect microstructure and tensile properties of pure fee and bec metals and
model alloys after low dose irradiation

The effects of the crystal structure on the defect microstructure produced by high
energy recoils in pure metals and model alloys, their dose dependence and
resulting mechanical properties have been studied. The metals and alloys
considered here are: pure Cu, Pd, Au, Fe, Mo and the model alloy Fe-12Cr with and
without C. The irradiation matrix included doses from 10"5 to 10'Mpa at
temperatures between 0.2-0.3TM (where TM is the melting point of the material),
that is, below the stage at which vacancies start to evaporate from defect clusters.
These low doses allow the study of the behaviour of the material in 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:

• While the observed defect distributions have comparable mean sizes (1.5-3nm)
in all the materials irradiated in this range of doses, in Cu, 90% of the defects
observed are stacking fault tetrahedra (SFT's). In contrast, in Pd, both SFT's
and small loops are observed at doses < 10"2dpa. For doses > 10"2dpa only loops
are found. In Fe, as well as in both austenitic (304 and 316) and ferritic-
martensitic (F82H) steels, irradiated with 590MeV protons, the defect
microstructure consists also of loops with mean sizes in the range 2.3-3.2nm.
The most recent set of results is shown in Fig. 2.3.1, which includes alloys of
technological interest and indicates that their behaviour is comparable.
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Fig. 2.3.1 Defect cluster accumulation in pure metals and technical alloys

The accumulation of SFT's in Cu reaches saturation at a dose of ~10"2dpa with a
density of 7xl023m"3. No saturation has been observed as yet for the loop
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accumulation in Pd or, at higher doses, in Fe. In the case of Pd, the highest
value measured for the loop density is 4.1024m"3.

• The mean defect cluster size remains constant with increasing dose in the
defined range of doses and irradiation temperatures. This is true for SFT's in Cu
even beyond saturation. In the case of loops, their mean size has been shown to
increase at doses higher than ldpa in austenitic stainless steels or at higher
temperatures in pure Fe.

• In terms of defect accumulation, fee Cu and Pd show similar behaviour, with an
almost linear dependence of the number density on the dose expressed in dpa.
Although the type of dependence is comparable, in the case of bec Fe a
remarkable difference is found in the accumulation rate: three orders of
magnitude higher doses are needed in Fe to reach the same number density of
clusters as in Cu.

• The tensile behaviour of Cu and Pd is similar. Substantial radiation hardening
occurs in both metals: at saturation, the yield stress in Cu has increased by a
factor of 100. As the dose is increased, a broad yield point develops, followed by
a yield region with strong serrations while the mean stress remains
approximately constant up to shear strains of about 0.15-0.2, at which point
work hardening starts. Work hardening is lowered in the irradiated metal to the
extent that it disappears in Fe irradiated beyond 0. Idpa.

• A strong strain localisation takes place during deformation. Dislocation
channeling is the dominant deformation mode. Deformation twinning is also
observed in stainless steels. The channel has a peculiar scaling, present in all
the materials examined: the width of the channel is limited to lOOnm while the
distance between channels remains at about 1 micron.

• Intergranular cracking has been systematically found in irradiated iron,
austenitic stainless steels and ferritic-martensitic steels at doses of 10"3dpa or
higher. It is believed the intrinsic mechanism for the loss of ductility in
irradiated materials is strain localisation by dislocation channeling or twinning
deformation modes.

The case of Fe and the Fe-12Cr model alloys is of particular relevance in the
understanding of the behaviour of the irradiated ferritic/martensitic steels. The Fe-
12Cr alloy was irradiated at room temperature and 250°C up to a dose of 0.2dpa.
TEM observations show that the defect microstructure produced by 590MeV
protons in the Fe-12Cr alloy consists of small defect clusters, probably interstitial
in character. The structure is comparable to that previously observed in irradiated
Fe. At room temperature, the average defect size is around 3.3nm. Somewhat
higher mean sizes (~4.8nm) are found after irradiation at 250°C. The cluster
density of pure irradiated Fe at room temperature and at 523°K increases with the
dose, but at a slightly different rate. In Fe, it is well established that the
deformation mode at room temperature is dislocation channeling. Such a
deformation mode has now also been observed after deformation of the irradiated
12Cr alloy. The channel width is typically 60-100nm and it develops on {110} type
slip planes, see Fig. 2.3.2.
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Fig. 2.3.2 Channel in the deformed Fe-12Cr irradiated to 0.2dpa at 250°C

Defects and radiation induced phase transformations in intermetallics

Intermetallic thin films of NigAl and NiAl of stoicheometric composition have been
produced by magnetron sputtering onto (100) Si and (110)Ni substrates. The thin
films have nanograin sizes ranging from 50 to lOOnm and exhibit fiber textures in
the <110> and <111> directions when deposited onto Si. The films have been fully
characterised by TEM, secondary ion mass spectroscopy and scanning tunnelling
microscopy. A fully ordered lattice is obtained in both intermetallics. A single
crystalline heteroepitaxial growth relation of (110)[110]L12|| (110)[110]fcc is obtained
in NisAl, while a granular-hetereoepitaxial growth mode exhibiting the inverse
Nishima-Wassermann relation (211)[211]B2 || (110)[110]fcc is observed in NiAl for the
first time.

Both thin films and single crystals of NiAl and M3AI have been irradiated with Ni
ions with energies up to 6MeV and fluences of 1015ions.cm"2. TEM observations
show the presence of defect clusters in densities of up to 1022m'3 but no evidence of
amorphization by the displacement cascades, contrary to what was predicted by
previous modelling.

The image simulation method described here below was tentatively applied to the
study of the defect clusters induced by displacement cascades in NiAl and M3AL
Disordered zones were evidenced in both materials, while amorphous material was
found in NiAl after two cascades were shot in the sample. It was shown that high
resolution imaging mode may be used to visualise radiation damage when the
defocus values far from Scherzer were chosen.

Computer simulation of irradiation induced defects

Previous results in Al have been extended by calculations of the formation and
binding energies of voids, hexagonal, circular and triangular loops and SFT's
containing up to 631 point defects. For clusters of less than 300 vacancies, SFT's
have the lowest formation energy, while voids are favoured at larger sizes. The SFT
formation though, is restricted by their development from Frank type loops, which
have higher energies than voids and become then the predominant defect cluster.
Comparisons between MD (molecular dynamics) atomistic calculations and those
performed using classical elastic dislocation theory, suggests that continuum
theory is applicable down to subnanometer sizes in the case of interstitial loops
while it is approximately a factor of ten higher for vacancy Frank type loops.
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As previously indicated, experimental observations indicate that in Cu, the main
stable defect formed during irradiation is stacking fault tetrahedra (SFT), with a
size distribution that has a maximum at about 2nm. The formation of vacancy
loops (VL's) and SFT's in Cu has been simulated with different potentials as well as
their growth and thermal stability. Two types of potentials were used: a long range
pair potential (LRPP) obtained from generalised pseudopotential theory and a many
body potential (MBP) of the Finnis-Sinclair type. In simulations with the LRPP,
significant atomic relaxation is observed: triangular vacancy platelets relax into
regular SFT's, small hexagonal clusters form Frank loops, while large hexagonal
clusters (with more than 37 vacancies) dissociate into six truncated SFT's, with the
side equal to the <110> side of the hexagon. With the MPB, none of the planar
vacancy platelets relaxes into a VL or SFT, but they remain as unrelaxed
microvoids. Further studies using the LRPP show that while VL's can grow without
limitations, the growth of SFT's containing more than 91 vacancies is difficult. The
growth is based on jog formation and movement and it is shown that although in
small SFT's (36 vacancies, 1.8nm), jog formation and movement at the middle of an
edge or at a vertex is possible, for large SFT's, absorption of a vacancy in the edge
does not provoke jog movement and the system has to store a number of vacancies
before the jog moves. The vacancies so stored have a low binding energy, reducing
the effective stability of the growing tetrahedron and therefore delaying or
preventing the growth.

In order to investigate the effects of bond directionality on the cascades produced
in bcc metals, a new type of interatomic potential, which takes into account the
angular distribution of the electronic density has been used. The so-called
Embedded Defect method has been used by Passianot and colleagues to define an
interatomic potential for Mo. The potential was implemented in MOLDYCASK and
displacement cascades produced by primary knock-on atoms (PKA) of up to 50keV
have been studied. The calculated orientation dependence of the displacement
threshold energy is shown to be in good agreement with experimental values. An
important fraction of the defects are in clusters: the fraction of defects in clusters
of more than two defects increases to be more than 60 to 70% of the total fraction
at PICA energies higher than 20keV. The di-interstitials are <110> dumbells, while
the large clusters are formed by <111> crowdions and they are glissile in this
direction at 300°K. There is evidence of intracascade movement of interstitial
clusters.

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

It is important to relate simulation results to experiments. The main experimental
technique used to study the defect microstructure is their "post-mortem" (meaning
long after their evolution has been completed) observation by transmission electron
microscopy (TEM). Correlating TEM image simulations with those of molecular
dynamics allows the validation of the atomistic models of the simulated defects,
such as dislocation loops and stacking fault tetrahedra, by comparison with
experimental observations. It can also serve the purpose of improving the values
obtained from experimental measurements of defect densities, size and type, by
corrected analysis of the images.

Predefined crystalline defects were simulated using MD in order to investigate: (i)
the visibility of the defect cluster in terms of image contrast, (ii) the limits to which
its type can be identified by its TEM image features and (iii) the correlation between
its real size and its TEM image size. Interstitial-type Frank loops in Al and SFT's in
Cu were analyzed. It appeared that a Frank loop-type cluster defect in Al would in
principle be visible experimentally down to surprisingly small sizes (from 2
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interstitials upwards), provided that sample preparation is optimised, while SFT's
in Cu would be more difficult to identify below a size of 19 vacancies.

Using TEM techniques, we investigated the defect clusters generated by high-
energy displacement cascades obtained by MD simulations. The TEM images are
simulated using a novel approach for conventional images that is based on the
multislice method. The approach was applied to the case of a lOkeV cascade in Al,
a 30keV cascade in Ni and a 50keV cascade in Cu.

The TEM image simulations show that in Al a lOkeV cascade induces diluted
damage that will be difficult, if not impossible, to observe experimentally using
classical weak beam imaging. In Ni, the 30keV cascade induces a number of
defects with some clusters of 10 interstitials or less in size. The weak beam image
shows white contrasts related to the defect clusters, which could in principle be
observed experimentally. The 50keV cascade in Cu induces larger clusters than in
Al and Ni with sizes up to 40 interstitials, some of which would be visible in the
experimental weak beam images. However, many of the clusters and all the
individual point defects remain invisible in the weak beam image acquired from the
three metals. The damage inferred from the weak beam image is less than 20% of
the actual damage in all three metals.

Surprisingly, it appears that high resolution imaging using defocus values different
from the ones giving a strong lattice image might be used to visualise a larger
fraction of the radiation induced defects than that observed with the weak beam
technique.

To summarise, TEM image simulations allow us to close the gap between the
molecular dynamics simulations and the experimental TEM observations. They
provide a unique tool to check the simulation results.

2.3.2 The low activation ferritic-martensitic steels

The low activation ferritic-martensitic steels known as OPTIMAX* steels have been
developed as candidate structural materials for the first wall of future fusion
reactors. They contain about 9wt%Cr and their detailed composition is based on
that of MANET steels where Ni, Mo and Nb have been replaced by the W, V and Ta
low activation elements. A series of casts with different contents of W, Mn and N
have been produced from high purity components under clean processing
conditions. The main difference between the different casts is that the steel
designated as OPTIMAX A contains 0.56wt% Mn and 0.0007wt% N, while the
conditions are reversed in alloy B that contains 0.037wt% Mn and 0.003wt% N. In
OPTIMAX C and D, the W content was raised to 2wt%, with a higher N content in
the alloy D.

Charpy and tensile specimens of OPTIMAX A have been irradiated at a temperature
of 523°K in the Materials Test Reactor in Peten (NL) to a dose of 2.5dpa. In parallel,
a number of tensile specimens of OPTIMAX A, B, C and D have been irradiated in
the PIREX facility, at the Paul Scherrer Institute, with 590MeV protons. These
irradiations were performed at ambient temperature and 523°K to doses up to
about 2dpa and at 623°K to about ldpa.

* OPTIMAX is a low activation steel developed by CRPP in collaboration with Sulzer Innotec
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Testing results

(i) The unirradiated steels

All the specimens were deformed up to fracture. The critical stress was measured
on the various stress-strain curves at 0.2% plastic strain. The strain rate
sensitivity of the stress was investigated by performing load relaxation experiments
all along the stage of plastic deformation of the stress-strain curves. Preliminary
analysis of load relaxation experiments concerned only OPTIMAX A. Charpy tests
were also performed on the four OPTIMAX compositions.

In the tensile tests, the resulting critical stresses range from 402MPa for OPTIMAX
B to 517MPa for OPTIMAX C at ambient temperature and from 298MPa for
OPTIMAX B to 440MPa for OPTIMAX C at 523°K. The OPTIMAX D (resp. A) exhibits
the maximum (resp. minimum) ductility (total plastic strain at fracture) at ambient
temperature, while the OPTIMAX C (or A) exhibits the maximum (or minimum)
ductility at 523°K.

The activation volumes that were deduced from load relaxation appear quite small,
varying between about 40 and 130b3 for OPTIMAX A, depending on the stress
value, where b is the Burgers vector magnitude of a 1/2<111> dislocation. They
decrease with increasing applied stress, with no significant dependence on
temperature.

Charpy tests revealed that the unirradiated OPTIMAX steels exhibit a ductile-to-
brittle transition temperature (DBTT) between 190°K and 250°K, depending on the
alloy composition, far below room temperature. The lowest DBTT value was found
for the OPTIMAX A.

(ii) Post-irradiation results

The tensile behaviour of the OPTIMAX steels is strongly affected by proton
irradiation at ambient temperature. In particular, a drastic increase in the critical
stress is observed, together with a decrease of the total plastic strain at fracture.
Both phenomena, namely the hardening and the loss of ductility, are strongly and
positively dependent on irradiation dose. The effect of irradiation at 523°K is
similar, at a lower level of hardening, the tests having been performed at the same
temperature as that of the irradiation.

In terms of composition, after proton irradiation at ambient temperature to a dose
of ldpa, the OPTIMAX C exhibits the lowest critical stress and the highest ductility,
while at the opposite the OPTIMAX B (or A) exhibits the highest critical stress (or
the lowest ductility). After irradiation at 523°K to the same dose, the OPTIMAX A
exhibits the lowest critical stress and ductility, while the OPTIMAC C (or B) exhibits
the highest critical stress (or the highest ductility).

Taking the relative values with respect to those of unirradiated specimens, the
hardening increase by proton irradiation at ambient temperature (or 523°R) to a
dose of about ldpa is at a minimum for OPTIMAX C (or A) and a relative loss of
ductility that is minimum for OPTIMAX A at both irradiation temperatures.
Although the absolute critical stress values that were measured for proton-
irradiated OPTIMAX steels appear much smaller than those previously measured
for the F82H steel, their hardening behaves the same way as a function of dose,
increasing with the cube root of the dose, Fig. 2.3.3.
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Fig. 2.3.3 The dose dependence of the radiation hardening (A<7O.2=Go.2rr-cro.2un"r)
offerritic-martensitic steels.

The effects of neutron-irradiation at 523°K to a dose of 2.5dpa on the DBTT of
OPTIMAX A have been investigated. It was found that while the DBTT value of
unirradiated specimens is about 190°K with an upper shelf energy of 9J, it
increases to about 268°K for irradiated specimens, while keeping the same upper
shelf energy value. Hence, the shift of the DBTT appears much smaller for
OPTIMAX A (78°K) than for F82H (141°K), see Fig. 2.3.4. F82H is another
promising low activation material of slightly lower Cr and higher W content with
respect to OPTIMAX A. In addition, and contrary to F82H (326°K), the irradiation-
induced DBTT value of 268°K found for OPTIMAX A is still far below the ambient
temperature.

Fig. 2.3.4 The behaviour of the ductile-brittle transition temperature (DBTT)
after neutron irradiation to 2.5dpa.
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Electron microscopy of LAS

In order to reduce magnetism and radioactivity, sample preparation was optimised
and a new procedure was developed. Samples are punched to produce lmm disks.
These disks are then inserted in a lmm hole punched into the centre of a 3mm
disk of 316 stainless steel. The assembly is then glued with epoxy and
mechanically polished to about lOOum before the final electropolish using 20%
perchloric acid and 80% methanol at 0°C and 18V. Relative to a sample that was
punched to 3mm, no modification of the structure that could have been induced by
the lmm punching could be detected. Time between sample preparation and its
transfer to the TEM is about 10 minutes and samples are kept in water-free
ethanol. Samples older than 4 hours are generally discarded. These are important
steps to minimise oxidation. It showed for the first time radiation damage in ferritic
steels at low doses, such as 0.7dpa (F82H).

TEM observations show that irradiations with protons lead to the formation of few
visible defect clusters with sizes of 1 to 2nm, with no clear difference in size and
density with dose and temperature. The neutron irradiation to 2.5dpa at 250°C
also introduces few visible black dots. This indicates a good resistance to radiation
damage accumulation. A few faceted cavities were shown up. The carbides become
amorphous for the irradiations conducted at room temperature, while at 523°K
they remain crystalline.

The F82H ferritic/martensitic steel developed in Japan is based on a Fe-9Cr-
2W(V,Ta) composition. High energy protons as well as fission neutrons are used to
simulate the irradiation effects that the material will suffer in the fusion
environment. The differences in PKA spectra and in He production rates between
the two types of irradiation may lead to differences in the irradiation damage of the
F82H microstructure. Using TEM we investigated a range of F82H samples that
were irradiated (i) with 590MeV protons, (ii) with fission neutrons and (iii) with
590MeV protons in PIREX followed by fission neutrons in the reactor in Studsvik.
The latter experiment allows us to vary the He production rate for a given dose.
Total doses ranged from 0.3 to lOdpa and temperatures ranged from room
temperature to 310°C.

Clusters are visible in TEM for doses of O.7dpa and above. Defect density and size
increase with dose and apparently they follow a unique dependency with it,
irrespectively of the type of particle, proton or neutron, see Fig. 2.3.1. For the
protons, the defect density does not seem to have reached saturation for the
studied doses (1.7dpa). In the case of the neutron irradiations, defect density has
reached saturation at a dose value between 2.5dpa and lOdpa. Coarsening occurs
above 2.5dpa. At 2.5dpa, the defect clusters have grown enough, relatively to the
case of lower doses, to be resolved as dislocation loops. As in OPTIMAX A, carbides
are amorphised in the case of the room temperature irradiation with protons to a
dose of 1.7dpa. In all other cases it appears that the carbides remain crystalline.
Temperature is the controlling parameter for amorphisation. There are no
observable cavities, even at the highest studied dose of lOdpa. This indicates a
good resistance to swelling.

2.3.3 The constitutive behaviour and fracture properties of
ferritic/martensitic steels.

The constitutive and fracture behaviour of an advanced ferritic-martensitic steel of
the 7-9Cr class was characterised in support of developing physically based models
for accurately predicting defect tolerance in flawed fusion structures, based in large
part on small specimen test methods. Special attention was paid to the modelling
of the constitutive behaviour and to the reconstruction of the fracture toughness
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temperature curve. The constitutive behaviour was investigated over the
temperature range 77°K-723°K at three different strain-rates (2.8xlO"V\ 2xlO'3s"1,
2xlO"V1). It was determined by tensile tests and a multi-term constitutive equation
was derived. Small compact tension specimens (0.2TCT) were used for fracture
toughness measurements in the ductile-brittle transition region. Finite Elements
Modelling (FEM) of compact tension specimens, using the previously determined
constitutive behaviour, was carried out with ABAQUS 5.8, in order to reconstruct
the fracture toughness temperature curve using a critical stress-critical area
model.

The mechanical testing and the modelling were performed for the tungsten-
stabilised F82H steel (8Cr-2W-VTa). It is a fully martensitic steel, investigated as
part of the IEA Fusion Materials program on ferritic/martensitic steels. The steel
was heat-treated by normalising at 1313°K for 0.5h and tempering at 1013°K for
2h.

A "parabolic" type of strain-hardening was found at all temperatures and strain
rates investigated. The overall flow stress, which depends on the plastic strain sp,
plastic strain rate ep and temperature T, can be considered as the sum of the yield
stress, ay, and the contribution from plastic deformation, apI, primarily resulting
from dislocation-dislocation interactions. The increase of rjpl with strain, le. the
strain-hardening 8p=dcypl/dsp, is determined by the evolution of the dislocation
microstructure in the material. It appears that a simple linear relation between 9P
and opl holds for plastic strains larger than 0.01 and at all investigated
temperatures. An exponential type of stress-strain relation results from the
previous linear relation and the temperature and strain rate dependence of apl, if
any, is contained in the parameters which define the exponential law. Simple
relations describing the hardening coefficients and the yield stress temperature
dependence have been proposed. These sets of relations are further used as an
input for the FEM of the fracture behaviour.
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Fig. 2.3.5 Fracture toughness as a
function oj temperature
for the F82H steel

As part of an extensive study of the effect of specimen geometry and specimen size
on fracture toughness, a series of fracture toughness tests were carried out on
fatigue pre-cracked 0.2T compact tension (CT) specimens with a/W=0.5 and a
specimen thickness (B) to width (W) ratio of B/W=0.5. The study was focused on
the low temperature transition region. For temperatures lower than 180°K, all
specimens failed by quasi-cleavage, in some cases after a large amount of plastic
deformation and crack blunting, resulting in the so-called "loss of constraint".
Constraint loss is primarily associated with plasticity encompassing a large fraction
of the uncracked ligament of length b. A method for accounting for the loss of
constraint based on a local criterion for fracture has been used to correct the data,
Fig. 2.3.5. This method is based on FEM and the correction is determined by
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calculating the large scale to small scale yielding ratio of the J/Jssy> required to
produce the same area within a specified non-dimensional principal stress contour
normalised by the yield stress, R=ap/ay. The proposed method can be used to scale
fracture toughness measurements obtained with different kinds of geometries as
well and appears to be a promising technique to deal with small specimens to
investigate fracture properties.

2.3.4 The behaviour of Titanium-base alloys

The attachment of the first wall modules of the ITER FEAT vacuum vessel is made
using flexible connectors made out of titanium alloys. Due to the lack of irradiation
data, an assessment of the tensile and fatigue performance has been carried out at
CRPP using protons for the simulation of the fusion neutrons.

Two candidate alloys have been looked at: a classical two phase Ti6A14V alloy and
a monophase alpha alloy Ti5A12.4Sn. The unirradiated tensile performance of both
alloys is roughly identical, the total elongation being slightly higher in the
alpha+beta alloy. The irradiated performance is very different as shown in
Fig. 2.3.6. The irradiation hardening is much stronger in the alpha+beta alloy
compared with the alpha alloy and the ductility is correspondingly strongly reduced
A precise explanation for the difference in behaviour is not yet available but it is
thought that the chemical composition could be the dominating factor. Despite the
fact that all fractures were ductile over the strain rate range studied, irradiation
embrittlement could be a concern at higher strain rates.
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Fig. 2.3.6 Deformation curves before and after irradiation with 590MeV
protons, tested at room temperature

Two different regimes have been observed in the behaviour of the cyclic stresses. At
a high imposed strain, softening is almost absent in the Ti6Al4V and small in the
Ti5A12.4Sn. At a low imposed strain and for both alloys, during the first period of
life, cyclic softening takes place up to about 800 cycles. Subsequently a transition
occurs after which a regime of cyclic hardening appears. The TEM observations
have shown that the secondary hardening may be due to dislocation interactions
with dislocation debris, but this hypothesis needs to be confirmed by more
observations.

In both materials and for all test conditions, the compressive stress of the
hysteresis loop was found to be larger than the tensile stress. This characteristic
has been observed for all tested conditions, in both alloys. The stress asymmetry
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seems to be triggered by the plastic deformation. The fatigue resistance of the
Ti5A12.4Sn alloy is slightly better than that of the Ti6A14V alloy. The irradiated
fatigue performance of both alloys is acceptable but the fatigue endurance
performance is superior in the Ti5A12.4Sn compared with the Ti6A14V alloy. SEM
micrographs have shown that all fractures were trans-granular and ductile. At this
stage of the study it seems that the monophase alloy is more suitable for ITER,
from the point of view of the resistance to irradiation.

2.3.5 The irradiation hardening of austenitic stainless steels

In the frame of a study in which the effects of the different parameters that can
contribute to Irradiation Assisted Stress Corrosion Cracking (IASCC) in stainless
steels were analysed, the basic mechanisms of radiation hardening in stainless
steels were investigated. The cracking susceptibility of steels is a relevant problem
for the ageing and safety of nuclear power plants and furthermore for any facility
operating under irradiation. However, the amount of data available in the region of
interest is insufficient.

The irradiation induced defect density and size distribution were obtained from
systematic investigations using transmission electron microscopy (TEM). It was
concluded that the irradiation defects are Frank loops and black dots (probably
small loops that are not resolved in TEM) at low doses (<0.2dpa). With increasing
dose, the Frank loop type defects become more prominent in the distribution. The
loops are faulted and no stacking fault tetrahedra were found. The loop density
reached saturation at ldpa. The mean loop size at 0.15dpa is about 2nm and with
increasing dose, the mean loop size increases to approximately 8nm. SS316L
shows systematically smaller loop sizes than SS304L. The loop density is between
1.2-1023nT3at 0.15dpa and 3-10fem"3 at 7.5dpa for SS304L. In SS316L smaller
densities are observed, in the range of 1.7-1022m"3 and 1.8-1023m"3. The increase in
loop density with dose was found to be larger for SS316L than SS304L.

Stress-strain relationships and stress relaxation tests were obtained at different
temperatures. The results show that the irradiation hardening increases linearly
with the dose to a saturation level around ldpa, see Fig. 2.3.7. The saturation level
is higher for SS316L than for SS304L, indicating a stronger hardening in SS316L.
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Fig. 2.3.7 Increase in yield strength as a function of dose for (a) SS304 and (b)
SS316, comparison between present results and those in the
literature. The sources of the data are indicated in the legends.

As indicated in Fig. 2.3.8, both twinning and channelling deformation modes were
found in the stainless steels. SS304L and SS316L show twinning as a mode of



- 43 -

deformation at low doses and room temperature. The twins, free of defects, are very
narrow and the twin density increases with increasing stress. At higher doses
(>ldpa) in high purity SS304L tensile tested at 550°K, dislocation channelling was
observed. At the same temperature, the deformation mode of SS316L is twinning,
like at room temperature. The dislocation channel density is qualitatively smaller
than the microtwin density.
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Fig. 2.3.8 Stainless steels neutron irradiated to 1.5dpa and tested to necking
at 550°K. (a) High purity SS316L, bright field picture shows
intersections of different types of twins, (b) High purity SS304L. The
bright field picture shows the intersection between a grain boundary
and two dislocation channels.

The strain released at the grain boundaries seems to be important in both cases.
However, the high density of microtwins seems to accommodate the strain more
easily. The dislocation channels tend to highly localise the strain at grain
boundaries and induce cracking.

The observation of surface grain boundaries effectively revealed that SS304L shows
microcracking at grain boundaries at lower doses than SS316L. With increasing
dose, the cracking seemed to increase and reached a dramatic level, at which the
entire gauge length is strongly cracked.

The link between these results and IASCC was provided by a comparison with
corrosion studies performed by ABB Sweden on the same steels. It was concluded
that the bad resistance to IASCC of SS304L can be explained by the highly
localised deformation induced by the dislocation channelling mode of deformation.
Furthermore, the hardening by itself seems not to be a good criteria for IASCC
susceptibility, but the deformation mode should be considered.

Small Angle Neutron Scattering (SANS) is a non destructive method to characterise
the irradiation defect microstructure that samples a larger volume than TEM and is
therefore complementary to it. A procedure has been developed to measure the
highly radioactive samples using the SANS facility at the SINQ (PSI).

Preliminary SANS measurements have been performed in stainless steel SS316L
irradiated up to a neutron dose of 1.5dpa. The purpose of this preliminary
investigation was to measure the scattering induced by the irradiation produced
defects. The comparison with an unirradiated sample of the same steel showed a
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clear difference in scattering intensity, which can be related to the presence of
irradiation defects and is shown in Fig. 2.3.9, as a function of the scattering vector.
It can be clearly seen that the scattering intensities diverge around OAnm1 (the
grey zone in Fig. 2.3.9).
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Fig. 2.3.9 Scattering intensity as a Junction of the scattering vector q. The range
of interest is within the grey square, for samples unirradiated and
neutron irradiated to 1.5dpa.

A rough estimation of the defect distribution which could induce such scattering
intensities gave an average size about 1.5nm. The investigation performed using
TEM gave a mean loop size around 6nm. There are several factors that can
contribute to this difference. First, the TEM loop size measurements can lead to an
error of up to 15%, because of the contrast conditions and enlargement.
Furthermore, the mean loop size takes into account loops which are larger than
lnm. The smaller defects are seen as black dots as they are smaller than the
conventional TEM resolution. Furthermore, because of the high loop density, the
black dots can not be correctly measured. It can be concluded that the real mean
defect size is smaller than that measured using TEM. The TEM and SANS
techniques are therefore complementary and will provide a better analysis of the
irradiation induced defect microstructure.

2.4 Superconductivity

The development of the huge superconducting magnet systems for the Next Step
(ITER) is one of the major areas of fusion technology. Globally coordinated by JCT,
a substantial part of the program is contributed by the four leading EU laboratories
in close cooperation. Our part is based on traditional expertise in magnet and
conductor development, our unique large test facilities and corresponding
experience.

CRPP operates SULTAN (SUpraLeiter TestANlage) at PSI-Villigen, a large bore
(60cm), high field (11T) superconducting split coil system with a flexible, high
power (1.4kW) cryogenic circuit and high current DC transformer (lOOkA) as a
reference test facility for full size prototype conductors and their joints developed
by the ITER partners EU, JA, RF and formerly the US, Fig. 2.4.1.
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fef. 2.4. i The SULTAN test facility

According to the resulting relevant expertise, considerable contributions of the
group in conductor R&D provide a useful feedback to the Fusion Technology
Program. These efforts are typified by our joint development (Good Joint) and
stability investigations (SeCRETS) on the experimental side and our stability and
quench analysis calculations on the engineering side.

Recently acquired experience with High Tc (high critical temperature or HTC)
superconductors have enabled us to contribute not only to the development of HTC

Current Leads for ITER with a significant potential for saving on refrigeration power
of the magnet system, but also to the successful development and test of a HTC

Superconducting Cable for Power Transport, SULEIKA (SUpraLEJterKAbel), a
collaborative technology transfer exercise with Swiss industry.

2.4.1 Superconductivity studies

The superconductivity studies have focused on the heat slug propagation analysis
of the ITER Toroidal Field Model Coil (TFMC). A prerequisite to this predictive
analysis has been the validation of the computer code Gandalf vs. heat slug results
of the QUench Experiment on Long Length (QUELL), performed in the SULTAN test
facility. A renewed interest has arisen concerning the question of heat slug
propagation in dual channel cable-in-conduit conductor (CICC), in connection with
the test program of the ITER Model Coils. 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. Whether this
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strategy works or not will depend on the delicate balance between the probably
degraded properties of joint vs. conductor, and the magnetic field dependence of
the current sharing temperature. A similar situation will occur in the test program
of the inner/outer modules of the Central Solenoid Model Coil (CSMC) experiment.
The CRPP studies, performed in collaboration with CERN, have been partially
financed by the EU Fusion Technology Program.

Validation of the QUELL heat slug propagation with the 2-channel model

The Gandalf code was extensively used in the interpretation of the thermal
hydraulic results produced by QUELL. One of the major results of this work was
that the code is able to reproduce general scaling and overall behaviour of the
relevant parameters such as normal zone length, resistive voltage, maximum cable
temperature and pressure, with an accuracy which is acceptable for design
purposes. At the same time this work has shown that a significant discrepancy was
still present on temperature traces especially when slow transients were
considered, such as in heat slug propagation experiments. The cable model used in
Gandalf up to version 1.8 had independent flow conditions, i.e. velocity in cable
bundle and in central cooling channel (hole), but was limited to identical
thermodynamic states (Fig. 2.4.2). Following the development of our model, we
have increased the capabilities of Gandalf version 2.0 to treat fully independent
parallel flows of helium coupled through heat and mass transport at their interface,
i.e. a configuration typical of the dual channel CICC in QUELL and in the ITER
Model Coils.

vbundle
^helium' Phelium

Jstrands

Tjacket

vhole

' vbundle

' vhole

Fig. 2.4.2 Left: Sketch of the improved cable model implemented in Gandalf,
showing schematically a superconducting cable and an insulated
jacket cooled by an arbitrary number of parallel helium flow
channels (arrows). Right, top: 1-Channel model implemented in
Gandalf up to version 1.8. Right, bottom: 2-Channel model
implemented in Gandalf 2.0 (T is temperature, P is pressure and v is
velocity).
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Propagation of a heat slug is a relevant way to assess the thermal hydraulic
characteristics of a CICC with forced flow cooling. The method is based on the
observation of how the conductor reacts to the heat input by an external heater, at
zero current and magnetic field. Simulations of these tests have focused on 2
inductively heated runs with input energy of 39J and 303J, and 2 resistively
heated runs with 175J and 1591J (run 12). Experimental time histories of the
helium pressure at the inlet/outlet were used as hydraulic boundary conditions in
the simulations. The agreement between the experimental and the simulated tem-
peratures is good and the improvement introduced by the full two-channel model
(Gandalf 2.0) with respect to the single channel approximation (Gandalf 1.8) is
remarkable, Fig. 2.4.3. Work is in progress to improve the model still further,
implementing an arbitrary number of parallel cooling channels and a more realistic
electrical description of the cable, considering the current distribution among the
strands.
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Fig. 2.4.3 Validation of the heat slug propagation in QUELL with Gandalf.
Comparison of measured and calculated temperature traces at
several sensors (TA4, TA5, TA7 and TA8) downstream of the heater
during the heat slug run 12.

Predictive heat slug propagation in the TFMC

The TFMC, to be tested in the TOSKA facility at FZ Karlsruhe, Germany, is a
racetrack coil consisting of 5 double pancakes (DPI 1/DP12-DP51/DP52), each
with two joints at the inner and outer sides of the coil. Only the double pancake
DPI 1/DP 12 is equipped with external heaters. The TFMC conductor is a circular
CICC using Nb3Sn strands and a thin stainless steel jacket. The supercritical
helium flows in two channels, namely the central cooling channel and the cable
bundle, separated by a thin stainless steel spiral. The heat slug generated by the
external heater propagates through the joint and downstream to the high field
region of the conductor. Here we present the predicted heat slug propagation and
quench initiation analysis for a single coil test, operating current 80kA, heat slug
in pancake DP11, using simplified models of the hydraulic circuit and the joint.
The analysis is performed with Gandalf version 2.1. The uncertainty in the
presently available set of joint input data is assessed parametrically. The main
components of the model are: conductor, joint, heater and cryogenic system. The
joint electrically connects adjacent pancakes on the same radial plate. Recent
measurements in SULTAN have shown that the electrical resistance of these joints
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is <2nOhm. A detailed definition of the joint hydraulic properties is difficult and an
accurate assessment is in progress. In this analysis, (a) the heat flux generated in
the inner joint is uniformly distributed along the 50cm joint length, (b) the joint
superconducting properties are not degraded and (c) the heat transfer perimeters
are reduced with respect to the conductor values. The complex cryogenic circuit of
the TOSKA facility is simulated with a simplified cold closed-loop system model,
including a volumetric pump, a heat exchanger, a pressure controller and a pipe
hydraulically connected in parallel to DP11, to simulate the remaining 9 pancakes.
The analysis is performed in a realistic range of helium mass flow rates G (6-
18g/s). The heat is generated by the DP11 external heater by means of linear
ramps, with power and duration as inputs.

When only one of the 10 parallel hydraulic channels is heated, an instability of the
cryogenic system occurs referred to as helium choking. The helium temperature
increases and the density decreases near the inlet of DP11; as a consequence the
mass flow in the latter decreases while more helium flows in the unheated
channels. During the heating G keeps decreasing and reaches a minimum at
quench initiation. The global results are presented in the form of the external
heater power necessary to initiate a quench Qqu at a time tqu. For every helium
mass flow rate the quantity Qqu is plotted as a function of the heating ramp slope.
Three characteristic regimes can be identified in Fig. 2.4.4. At low slopes (regime
Rl) Qqu is quasi constant and quenches are initiated in the conductor. At
intermediate slopes (regime R2) Qqu is quasi constant, but at a lower value, and
quenches are still initiated in the conductor. At higher slopes (regime R3) Qqu is
unchanged but the quench is initiated in the joint. The transition between these
limiting cases is continuous. The transition R1-R2 depends on the residence time
of the helium in the coil tres, a function of G (e.g. 80s at 6g/s and 160s at 18g/s).
Regime Rl is typical of quenches occurring at tqU>tres while regimes R2 and R3 are
typical of quenches occurring at tqu<tres.
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Figure 2.4.4 Predicted heat slug propagation in the ITER FT Model Coil Summary
of results using linear heating ramps. Open symbols indicates cases
in which the quench is initiated in the high field region of the
conductor, solid dots indicate cases in the which the quench is
initiated in the joint. Left: Nominal conditions (the joint electrical
resistance is 2nOhm). Right: details at 6g/s, including cases at
nominal/double joint resistance, and cases in which the hydraulic
properties of joint and conductor are the same (HPJ=HPC).

The flow instability between heated and unheated pancakes, stronger at lower
mass flows, should be minimised. During the test of the conductor critical
properties, the heater must be operated using ramps with low enough slopes to
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avoid a quench in the joint, i.e. far away from the transition R2-R3. This transition
is more dependent on electromagnetic and hydraulic properties of the joint when
cooling with low G. The result of this analysis is twofold. Firstly, the range of the
operational regime Rl diminishes considerably when reducing the mass flow, i.e.
the margins are acceptable at 18g/s, marginal at 12g/s and insufficient at 6g/s.
Secondly, the joint hydraulic properties, in particular at low mass flows, are critical
and partly unknown.

Tests of the TFMC are due to start in the second half of 2000. The validation of this
predictive analysis against experimental results, still in progress, will determine
whether an even finer tuning of the model is necessary.

2.4.2 Short sample and joint testing in SULTAN (Good Joint)

A joint layout for the ITER Nb3Sn conductors has been developed, manufactured
and tested at CRPP, based on sections of the CS1 conductor. The design was aimed
at improving the original concept proposed by ITER-JCT, using the lessons learned
by the past development by the Home Team. A CS1 conductor section has been
tested in SULTAN for DC performance, AC losses and transient field stability. The
current distribution in the cable cross section has been varied artificially by
chopping the hairpin joint of the two conductor sections.

The critical current Ic test actually turns into a quench current test, Iq, as early
voltage builds up gradually far away from the irreversible take-off. The formulae in
the ITER design and the scaling law parameters (Bc20m

=32.2T and Tc0m=17.4°K) are
used to scale the strand performance, the dotted line in Fig. 2.4.5, to the SULTAN
test conditions. If the interstrand resistance in the cable is very low, the current
distribution re-adjusts with minimum voltage to the local field distribution at high
field. In this case, all the strands quench simultaneously and only the average self-
field must be added to the background field. In the case of more insulated strands,
the peak self field must be added. Realistically, we may assume that the
interstrand resistance is very low within the individual subcables, and very high
between the subcables wrapped with high resistivity Inconel foils, the "one
subcable" model. The above predictions assume a balanced current distribution

i 140

130

500 :

400-

300-

200-
°— L @ Joint length 400 mm

30
6,5 7,0 7,5
Temperature, K

9,0

Fig. 2.4.5 Quench current with homogeneous current distribution from average
strand data (dashed line), with different assumptions on interstrand
resistance and self-field (solid lines) and test results



50 -

among subcables. However, the joint is shorter than the cable pitch and some
subcables have either poor or no contact to the copper saddle. Figure 2.4.6
summarizes the Iq results for the three joint lengths, with the "one subcable"
prediction corrected respectively by a factor 1.2, 1.35 and 1.48. The model to
estimate the correction factors contains many parameters (transverse conductance,
number of connected strands and resistance of the connections, additional current
re-distribution inside the joint) which can be used or abused to fit the results.
However, the general trend of the predictions confirms that the observed Iq at joint
lengths shorter than a cable pitch is an issue of local current distribution, rather
than a conductor degradation.
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The AC losses are measured by gas flow calorimetry with a sinusoidal transverse
field (AB=0.3T) produced by a set of pulsed coils. From the initial slope of the loss
curve, Fig. 2.4.7, the coupling currents constant is m=3.1±0.3ms. Compared to the
interfilamentary loss for a commercial (VAC) strand (nx=0.62ms), the loss increase
is marginal. The loss is also measured as a function of the background field, up to
10T: after subtraction of the hysteresis loss, the coupling loss is half the value
observed at 2T, suggesting nx(10T)» 1.5ms. The AC losses in a CIC of Cr plated
Nb3Sn strands increase when a transport current is applied with a background DC
field. The same field sweep (f=2Hz, B=0.3T) was applied for different combinations

2 3 4
Frequency, Hz

Fig. 2.4.7 Loss curve for sinusoidal applied field without transport current. The
dots are the average of A and B legs
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of Bdc and I, keeping constant the transverse load Bdcxl (600 and 300kN/m). The
loss results, after subtracting the hysteresis loss, are plotted in Fig. 2.4.8 as a
function of the transport current: the lines interpolate the loss measured at
constant transverse load. The slope of the interpolation lines vs. current is evidence
that the loss increase is mostly due to saturation loss rather than to a decrease of
the interstrand resistance: otherwise the loss should be strictly constant for
constant load. The power dissipated by the saturation loss is supplied by the
current source, not by the applied AC field. The saturation losses are not reduced
by high resistivity barriers, which hamper the interstrand current sharing.
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Fig. 2.4.8 AC loss as a Junction of the transport current for two constant
transverse loads IxB

For the stability experiments, the pulsed coils are supplied by a capacitor
discharge, at a 9Hz resonance frequency. The discharge is cut by a thyristor switch
after one full cycle. For a stability test, the background field and the sample
current are set to a constant value. The operating temperature is adjusted to
obtain a temperature margin AT = Tq-Top, where Tq is the DC quench temperature.
Then the pulsed field is applied with increasing amplitude until a quench occurs.
The peak-to-peak amplitude of the pulsed field is plotted in Fig. 2.4.9 vs. the
temperature margin at 10T background field for two levels of operating current, 50
and 75kA. For the same operating conditions (background field, current and
temperature), the ability of the conductor to withstand a transverse field transient
decreases after having chopped the joint, i.e. after having imposed a strong current
imbalance. The same trend is observed for stability vs. operating current. This
behaviour is consistent with the degradation of the DC quench temperature, Tq,
observed after chopping the joint.
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Fig. 2.4.9 Stability vs. temperature margin, left, and vs. operating current, right.
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The joint resistance results are plotted in Fig. 2.4.10. The quench current at the
joint is always larger or equal to the conductor quench current at the same
background field. The loss curve of the joint is compared to the one of the
conductor in Fig. 2.4.11 and taken at a background field of 2T. From the peak of
the loss curve, occurring clearly above 2Hz, an upper limit for the loss constant
can be drawn. The eddy current loss in the copper saddle can be roughly estimated
to be in the range of 150ms from the size of the largest cell («20 x 18mm). The
coupling loss in the subcables soldered to the saddles is likely to be of the same
order of magnitude.
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Fig. 2.4.10 Joint resistance vs. background field for different joint lengths
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Fig. 2.4.11 Comparison of conductor and joint losses at the same operating field.
The normalization volume is strand + copper for joint and strand for
conductor

A comparison of the joint and conductor stability is shown in Fig. 2.4.12 as a
function of the temperature margin, defined as the difference between quench
temperature and operating temperature. It may sound surprising that both
conductor and joint data can be fitted approximately by the same line. However at
9Hz the joint AC loss is well in the screening range, while the conductor is fully
penetrated; the loss ratio at 9Hz is much smaller than at low frequency. After
chopping the joint, the stability was measured again at the same operating
temperature. The stability remained constant from 400 to 320mm length and drops
eventually after the second chopping, due to the strong current imbalance.
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Fig. 2.4.12
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2.4.3 Preparation of the SeCRETS experiment

The "SEgregated Copper Ratio Experiment on Transient Stability" is a task devoted
to the investigation of the role of the segregated copper in the transient stability
behaviour of Nb3Sn cable-in-conduit conductors. A winding sample was prepared
using two conductors with identical partial cross sections, only differing for the
distribution of the copper stabiliser: either fully included in the Nb3Sn strands
(right in Fig. 2.4.13) or partly segregated as bundled copper wires (left).

Fig. 2.4.13 SeCRETS conductors with Hall sensors for current distribution
measurements
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Fig. 2.4.14(a) The pulsed field coils potted in the steel clamp, left, and the pick-up
coils as detail and attached to the conductors

After winding the SeCRETS sample and heat treatment, the joint, termination and
instrumentation were completed. A set of transverse pulsed field coils for the
stability test were attached to a steel clamp, Fig. 2.4.14(a), and bolted to the main
cylinder after heat treatment. To detect the magnetisation under pulsed field, the
conductors are surrounded by saddle shaped pick-up coils, manufactured by high
precision machining a copper plated glass-epoxy shell, illustrated in Fig. 2.4.14(a),
right. The instrumentation includes 14 sensors for in-flow temperature
measurements, 58 miniature Hall sensors and 26 voltage tap pairs. A main heater,
before the He inlet, and four smaller heaters, glued to the individual conductors are
used to adjust the operating temperature, Fig. 2.4.14(b).

Fig. 2.4.14(b) The winding with current leads and flange, ready for insertion in
SULTAN
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2AA HTC Current Lead

In the frame of the European Fusion Technology Programme, an international co-
operation started between CRPP-FT and Forschungszentrum Karlsruhe (FZK) in
1996. The main goal of the task is the design of a 60kA binary current lead using
High Tc Superconductors (HTSC) for further use in the ITER Toroidal Field Coils.
The project was divided into three sub-tasks. The first one comprised testing
several different HTSC modules at CRPP-FT in 1995/1996. The aim was to find the
most suitable candidate for the application. As a result of the larger safety margin,
reinforced Bi-2223 tape was chosen for the second step of the development
programme, namely the test of a lOkA binary current lead at CRPP-FT. For that
purpose a new test cryostat had to be constructed during 1997/1998. Due to some
specification problems with the first module, the supplier had to deliver a second
one and measurements were finally started at the beginning of 1999.

The module, Fig. 2.4.15, is based on AgAu stabilised Bi-2223 tapes. It consists of a
total of seven stacks, each composed of an appropriate number of together sintered
tapes. The stacks are positioned between a stainless steel supporting tube of
special geometry and a surrounding stainless steel tube. The space between the
two tubes is fully soldered. At the cold and warm ends, special copper end caps are
placed as the interface to the normal conducting heat exchanger at the warm end,
or the copper adapter of the low temperature short cut to the second current lead.
The total number of superconducting wires is chosen so as to have a critical
current of at least 12kA at 70°K. The total length of a module is 60cm. Four
temperature sensors attached at 100%, 90%, 70%, and 50% of the length to
provide the temperature distribution. Four of the stacks are equipped with voltage
taps for current imbalance measurements and to enable power shut down
detection in case of transient measurements.

Copper adaptc
warm end

Transition par
warm end

Stack of HTSC
tapes

Transition par
cold end

Copper adaptc
cold end

Fig. 2.4.15 Longitudinal and cross sectional
view of the lOkA HTSC module.
Cold and warm end caps are
also shown.

The test programme consisted of steady state as well as transient measurements.
The 4.5°K heat load of the current lead is one of the most important properties. We
can distinguish between the conduction heat load and the one generated by the low
temperature contacts. The conduction heat losses for both leads were measured to
be 1.46W and 1.57W respectively. The low temperature contact heat load was
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about 0.22W at 7.7kA and 0.53W at lOkA. Taking into account the refrigerator
power consumption it was concluded that the current leads tested need about 30%
of the value a conventional current lead requires.
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Fig. 2.4.16 Voltage along HTSC stacks and temperature vs. time.

Transient behaviour in the case of a sudden loss of coolant flow of the current lead
plays an important role, Fig. 2.4.16. It took about 29s for the detection voltage to
increase to the limit of 5mV. In total it took more than 70s between switching off
the coolant and power supply shut down, indicating a high safety margin with
respect to the ITER requirement. At present a 20kA current lead composed of the
two lOkA modules is being manufactured at FZK. As an alternative to the Bi-2223
tape modules, reinforced melt cast processed Bi-2212 tubes will be investigated at
CRPP-FT during 2000. The superconducting part of the lOkA current lead will
consist of two 5kA tubes operated in parallel. Beside steady state measurements
the major focus will be directed towards the transient behaviour of the AuAg coated
modules.

2.4.5 Neon gas-cooled superconducting prototype cable for power
transmission"

Power transmission lines are one of the most promising applications of high
temperature superconductors. The use of superconducting cables would allow the
enhancement of the power transmitted. Furthermore, the transmission losses and
the cable cross-sections could be reduced. Therefore an increase of the transmitted
power can be achieved using the existing underground infrastructure of existing
conventional cables, an important economical aspect especially in large urban
areas.

The work described under this Section was not performed within the frame of the
Association Euratom - Confederation Suisse.
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In collaboration with an industr ia l par tner a 5m long, single-phase,
superconducting prototype power cable has been constructed and tested. Design
studies indicate that for a Bi-2223 based power cable with warm dielectric the
optimum operating temperature, with respect to both the transmission losses and
the investment costs, is close to 60°K. For the first time a neon refrigerator has
been used to operate a superconducting cable between 50 and 70°K.

Figure 2.4.17 shows a sketch of a superconducting single-phase cable with warm
dielectric. The main design parameters for the 5m long prototype cable are listed in
Table 2.4.1. To avoid the degradation of the brittle oxide superconductor, the
winding was carried out in a laboratory cabling unit allowing us to wind all 40
AgMg/Bi-2223 tapes of one layer simultaneously. Figure 2.4.18 shows the cabling
process and the finished phase conductor prior to installation in the test assembly.

The cryogenic system is schematically illustrated in Fig. 2.4.19. The cool-down time
to reach cable temperatures in the range of 50-70°K is about 3h. The heat leak
through the thermal insulation has been found to be 0.6W/m. Figure 2.4.20 shows
the cable test set-up with the Ne refrigerator and the operating panel for the
cryogenic system in the centre.

Superconductor
Tape Dimensions
Critical Current (77K, B = 0, luV/cm)
Cable Former Diameter
Outer Cable Diameter
Peak Current/Line Voltage/Power
Operating Temperature

2x40 AgMg/Bi-2223 Tapes
3.6xO.25mm2

30A
53mm
158mm
2.5kA/110kV/112.5MW
60K

Table 2.4.1 Main design parameters of the 5m long single-phase prototype cable.

Spacer
Thermal Insulation

Corrugated Steel Pipes

Shield

Bi-2223 Tapes

Conventional Dielectric
Semiconductors'

Cable Cover

Fig. 2.4.17 Sketch of a superconducting single-phase cable with warm dielectric.
Evacuated superinsulator has to be used to ensure a sufficiently
small heat leak of less than lW/m.



58

Fig. 2.4.18 Winding of the inner layer onto the flexible steel pipe wrapped with
glass-fibre tape (left) and the finished phase conductor prior to
installation in the test assembly (right).

Terminal

N2 Vent

g
15 bar Ne Refrigerator

Fig. 2.4.19 Sketch of the cryogenic system. The Ne refrigerator consists mainly
of 2 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 Ne from 200bar to 5-10bar in the cable
lowering the gas temperature to a minimum of 32°K. The high-
pressure gas is supplied by an air-cooled, oil free Sulzer-Burckhardt
compressor.
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The major results are that a 5m long superconducting prototype cable has been
fabricated without substantial degradation of the critical current of the AgMg/Bi-
2223 tapes. A neon refrigerator developed by the CRPP provided operating
temperatures in the range of 32 to 70°K. At 52°K a cable critical current of 4.9kA
was reached [3xIc(77°K)]. In agreement with the design studies, the AC losses are
inversely proportional to the critical current. Thus, the AC losses at 52°K are
smaller by a factor of 3 than at 77°K. The 50Hz AC losses at the nominal peak
current of 2.5kA are as low as 0.31±0.02W/m at 60K. Based on the test results a
50% reduction of the transmission losses can be expected compared with a
conventional cable with a 2000mm2 copper cross-section at a line voltage of HOkV.
An economical study performed as a part of this project suggests that
superconducting power cables could become economically attractive in the mid
term.

Fig. 2.4.20 Photo of the cable test set-up.

Figure 2.4.21 shows the cable critical currents (0. lju.V/cm voltage gradient
criterion) as a function of temperature. The critical current of a lm long pre-
prototype cable measured at 77°K is also included. Figure 2.4.22 shows the AC
losses in the superconductor measured by the electrical method as a function of
temperature. These are proportional to the third power of the transport current and
inversely proportional to the critical current.

I Cable

(kA)

Uo = 16870 A
Te = 107 K
a = 1.8

I Outer Layer

Fig. 2.4.21 Cable critical current
versus temperature. The
measurements revealed
that only 41% of the
current flows in the inner
layer. The critical current at
52°K is by a factor of 3
larger than at 77°K and
reaches a value of 4.9kA
(0. lpiV/cm criterion).



60

Pac/L
(W/m)

0.5

0.4

0.3

0.2

0.1

2100 A

1835 A

1580 A

1310A

1050 A

Fig. 2.4.22

45 50 55 60 65 70 75 80

T(K)

50Hz AC losses in the superconductor versus temperature for
selected values of the AC current rms.

2.5 Development of a 140GHz gyrotron for the
Wendelstein 7-X stellarator

The Association Euratom-IPP Garching will construct and operate a new large
experimental facility for nuclear fusion research, the W7-X stellarator. Among other
important specific objectives, this stellarator aims at the demonstration of
continuous plasma operation at fusion relevant parameters. A powerful steady-
state heating system is therefore a key component of the device. ECH 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 above mentioned
parameters, is being undertaken in a joint collaboration between CRPP,
Forschungszentrum Karlsruhe (FZK) in collaboration with IPP Garching and an
industrial partner, Thomson Tubes Electroniques. The design phase started in May
1998 and a first prototype has been constructed and was delivered to FZK in
October 1999. First experimental tests are planned to start at FZK in June 2000.

The operating parameters of this gyrotron are listed in Table 2.5.1 and a picture of
the constructed gyrotron is shown in Fig. 2.5.1.
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Parameter

Frequency
Output power in Gaussian Mode
Losses:

converter
non-Gaussian output
cryogenic window system
ohmic (cavity+launcher)
total

Cavity output power without losses
Pulse length
Cavity mode
Cathode voltage
Depresssed collector voltage (collector at ground)
Beam current
Total system efficiency (PHEll/Pebeam)
Maximum wall loading
Monomode operation possible

Design

140GHz
1MW

5%
2%
1%

6.4%
<15%
1.2MW

CW (1000s)
TE28,8
80kV
26kV
40A
50%

2.0kW/cm2

yes

Table 2.5.1 Design parameters of the 1MW/140 GHz CW gyrotron

Ion pump
iconnectors

Collector
@ ground potential

CVD diamond
r window

- water cooling -
connections

,@ ground potential

Depressed voltage V,
' (body) d e p

Main voltage Vb Fig. 2.5.1 Picture of the 140GHz
gyrotron
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2.6 Industrial process plasmas*

2.6.1 Deposition of amorphous and microcrystalline silicon for thin-film
solar cell application

Production of microcrystalline silicon requires the deposition of hydrogenated
silicon and, at the same time, a mechanism for converting, or 'conditioning', the
film into a microcrystalline phase. There are several 'conditioning' mechanisms, but
essentially it entails the removal of energetically-unfavourable Si:H groups by an
etchant species. In plasmas of silane/hydrogen mixtures, this etchant species is
atomic hydrogen. Generally, the silane is completely depleted in the plasma, and
the overall deposition process is rate-limited by the generation of atomic hydrogen.
Rapid deposition of microcrystalline silicon has been optimised for high power, very
high frequency (VHF) plasmas in hydrogen-diluted silane. The deposition rate could
be further improved by using a higher silane flow-rate provided that the supply
and/or etching efficiency of the etchant species could be simultaneously increased.
This could is achieved in two different ways :

• Use an alternative plasma chemistry to the standard silane/hydrogen mixture
by adding gases containing a more effective etchant species. Atomic fluorine is
known to be a strong etchant for silicon, but fluorine gas is extremely
corrosive and special precautions must be used. Silicon tetrafluoride (SiF4)
was chosen as a suitable fluorine-containing additive to silane/hydrogen for
this work, Fig. 2.6.1.

• Use an alternative plasma source with a more efficient production of atomic
hydrogen, while keeping the standard silane/hydrogen mixture. The high
current DC arc at CRPP is known to be a prolific source of atomic hydrogen,
and this reactor was converted for silicon deposition experiments.

Removal of surface Si:H
groups as SiF4

Removal of
surface H HF

Fig. 2.6.1 Fluorine etching
amorphous silicon

on

Alternative plasma chemistry for microcrystalline silicon deposition

The potential of SiF4 for accelerating microcrystalline silicon deposition has been
investigated in our Balzers KAI-1 Plasma-Box industrial reactor (57cm x 47cm), at
the VHF frequency of 70MHz as a function of pressure, power, flow-rate and
concentration in silane/hydrogen mixtures. The excitation frequency of 70MHz was
chosen as a compromise between high deposition rate and voltage non-uniformity
at high frequencies. With a central RF feed, a uniform gas showerhead and single
side pumping, a film thickness uniformity of better than 5% was obtained. Typical
plasma parameters used during this study were, 400W power, 0.05 to 4mbar total

The work described under this section was not performed within the frame of the
Association Euratom - Confederation Suisse.
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pressure, 250QC electrode temperature with 24mm electrode gap, and gas mixtures
of silane, hydrogen, silicon tetrafluoride and argon whereby the individual gases,
binary mixtures and final triple mixture were systematically investigated.

Silicon tetrafluoride plasma was found to deposit veryo slowly (O.lA/s) on
amorphous hydrogenated silicon (a-Si:H), but rapidly etch (3A/s) fiuorinated silicon
(a-Si:F:H). There is therefore a strong substrate dependence for SiF4 plasma, which
further complicates the issue by increasing the number of unknown parameters.
The deposition rate of silane, for the same plasma conditions, is 60 times faster
than for SiF4. Therefore we have an indication, which will be supported and
explained below, that SiF4 contributes only inefficiently to deposition.

Silicon tetrafluoride / silane plasma deposits rapidly (6A/s), but only amorphous
material. Strong powder formation also occurred, probably because both gases are
electronegative gases which give rise to trapped negative ions.

Silicon tetrafluoride / hydrogen plasma gave little or no deposition. There is
negligible conversion of the SiF4 to SiHx-type precursors. We deduce that deposition
originates from silane only, and that if SiF4 dissociation products do deposit, they
are efficiently removed by other SiFx4 radicals. These observations can be
understood by considering the order of bond dissociation enthalpies :

H-F > Si-F > H-H > Si-Si > Si-H > F-F

This shows that silane is preferentially dissociated in silane / silicon tetrafluoride
mixtures, that hydrogen cannot spontaneously replace fluorine in SiFx radicals,
and that SiF4 and HF are stable etch products.

Silicon tetrafluoride / silane / hydrogen plasma was investigated to find the most
rapid deposition of microcrystalline silicon given a constraint on RF power density.
Different pressure, concentration and flow-rate scans confirmed that the deposition
rate was fixed by the silane flow-rate, independently of the other gases, provided
that 100% silane depletion prevailed. Therefore the goal was to increase the silane
flow-rate until microcrystalline silicon could no longer be obtained.

Microcrystalline silicon films were obtained using plasmas in silane / hydrogen /
SiF4 mixtures with flow-rate ratio approximately 1:10:10, Fig. 2.6.2. The deposition
rate limit was reached for 3A/s, which was less than twice as fast as silane /
hydrogen mixtures without silicon tetrafluoride. For certain plasma conditions,
amorphous silicon deposition obtained using a silane / hydrogen mixture could be
transformed to microcrystalline deposition by the admixture of SiF4. However, the
net deposition rate was not greatly improved at these moderate powers (<lkW). One
interpretation is that the high bond energy of SiF4, in comparison with that of
silane and hydrogen, limits the dissociation of SiF4 in the plasma, thus limiting the
etchant supply rate.

In conclusion, the strong bond energy of silicon tetrafluoride means that it is not a
sufficiently effective source of atomic fluorine etchant for microcrystalline silicon
deposition. A more appropriate plasma chemistry would be fluorine, silane and
hydrogen since then the atomic fluorine etchant would be in ample supply; the
deposition rate could then be increased by adding more silane whilst remaining
microcrystalline. This and other possible plasma chemistries are currently under
investigation.
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Fig. 2.6.2 Electron microscopy of the best microcrystalline sample, showing
1 Onm pyramidal structures

Alternative plasma source for microcrystalline silicon deposition

The High Current DC Arc has been used to deposit microcrystalline silicon at
extraordinarily high rates, up to lOOA/s. Only microcrystalline silicon is ever
produced, with no observable amorphous component. The deposition reactor is a
Balzers BAI 450D originally developed for diamond coating processes, Fig. 2.6.3.
The configuration resembles the 'hot wire' device where radicals formed at a hot
wire diffuse to the substrate, except that the tungsten filament is replaced by a
plasma column. Advantages of this plasma over the hot wire technique are the
absence of tungsten contamination and higher temperature and radical density.
Furthermore, the reactor is robust and has the possibility for scaling-up to large
area deposition.

2.6.3 Vieu; into the high
current plasma reactor

DC

Even at these extremely high deposition rates, the film is highly crystallised, with a
mean crystallite size of 12±3nm, Fig. 2.6.4, and there is no observable transition
from amorphous to microcrystalline at the substrate surface, in contrast with other
deposition methods. The hydrogen content is approximately 5%. Film adhesion is
excellent, even for a thickness of several microns, with none of the peeling often
found for RF deposition using substrates which were not carefully cleaned
beforehand.
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The arc is known to be an efficient source of atomic hydrogen, H, which is
undoubtedly the etchant species in this silane / hydrogen / argon plasma. It is
likely that this relatively high efficiency of H production is the reason for such a
great difference between the RF and DC arc methods. Several explanations can be
proposed for this difference: i) the loss of H by recombination on surfaces is greater
in RF parallel plate reactors where the surface-to-volume ratio is larger than in the
DC reactor; ii) the elevated gas temperature in the DC reactor is a reservoir of
thermal energy which supports the stepwise increase in vibrational energy of
hydrogen molecules, leading to efficient dissociation, whereas RF reactors operate
near ambient gas temperatures; and iii) Penning dissociation via argon metastables
will occur in the DC arc reactor.
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Fig. 2.6.5 Electron microscopy of film surfaces obtained at distances of 7, 13
and 16cm from the arc axis

The surface morphology can be influenced by placing the substrate at different
distances from the arc column as shown in the electron microscopy images in
Fig. 2.6.5. The material quality, tested at IMT Neuchatel, suffers from a rather high
defect density, but it must be stressed that these were preliminary tests with no
special attention paid to contamination or impurities. Also, post-hydrogenisation
could potentially passivate defects. This new deposition technique has now been
patented (CH/794/99).



- 66 -

2.6.2 Cubic boron nitride deposition

Cubic boron nitride is an important material with outstanding material properties
comparable to diamond. Cubic boron nitride films would be of great interest for
coatings of cutting and forming tools, in particular for conditions where diamond is
not at all applicable. However the deposition of adherent, pure cubic boron nitride
layers is still in its developmental phase and at present no industrial process exists
at all. Cubic boron nitride (c-BN) is an important technological material with
thermal, electrical, and mechanical properties close to diamond. In addition c-BN
has greater chemical stability with respect to diamond in the presence of oxygen,
iron and nickel at high temperatures. This difference with respect to diamond
makes c-BN an ideal material for machining ferrous materials.

Due to its outstanding tribological properties, diamond coating deposition has been
studied in collaboration with Balzers AG in the frame of the Priority Program on
Materials (PPM). Coatings of tools with interesting tribological properties such as
high hardness, chemical stability, low abrasive coefficient are of great interest for
industrial applications. Increasing the lifetime of manufacturing tools, subject to
extreme requirements with respect to thermo-chemical stability, hardness and
fracture (such as cutting or forming tools, artificial thighbone head) by a protective
coating saves money, time and protects the environment by dry machining. A new
plasma CVD technique of diamond deposition enabling large scale cost-effective
coating is being developed.

In the frame of the present project, a high current DC arc reactor similar to the
commercial Balzers BAI 730 reactor used for the industrial deposition of diamond,
has been adapted to study the deposition of boron nitride, whose cubic phase is
similar to the diamond.

The radicals necessary for the deposition were created in a hot arc plasma column
produced by a large current (typically 140A) and diffuse out of the plasma. The
substrates to be coated were placed in this diffusion region concentric around the
plasma column. The basics of the high current DC arc reactor (HCDCA) are similar
to the well-known hot wire reactor. The advantages of the high current DC arc
reactor are the same as for silicon deposition discussed already.

The basic feature of the reactor is a non self-sustained arc discharge created
between an anode and a cathode 40cm apart. Electrons emitted from polarised, hot
tungsten filaments sustain a low working pressure, DC discharge with a current up
to 340A at a driving voltage of about 50-90V. The typical working pressure is
around 1 -2mbar. Beside argon, different gases such as hydrogen, nitrogen could be
used. A full safety system also allowed the used of highly toxic and corrosive gases
such as diborane, silane and ammonia. The gas fluxes depend on the gas but are
typically of the order of 1000-2000sccm. Two magnetic field coils in Helmholtz
arrangement (0-250G) confine and stabilise the 5cm0 arc plasma column,
Fig. 2.6.6. The substrates are concentrically positioned around the arc plasma and
are heated up to several 100sC mainly due to the recombination of atomic
hydrogen produced by the arc plasma. Measurements performed in the plasma
show that the electron temperature is around 2eV (23'000°K). The electron density
in the arc column is also very high, in the range of 1012-1013cm"3, measured by
electrical probes. The plasma produced in the high current DC arc reactor is a
typical plasma out of thermal equilibrium. Line broadening measurements and
comparison between calculated and measured molecular bands (N2

+) allowed the
determination of the gas temperatures, in the range of about 5000°K for the most
prominent discharge parameters.

The substrates located in the diffusion zone are mainly heated due to atomic
species recombining on its surface. The deposition temperature, varying from 300
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to 900°C according to the films deposited, in the absence of external heating or
cooling is determined by the substrate position, the arc power and the injected gas
mixture and flux.

A 13.56MHz RF generator connected to the insulated substrate holder allowed DC
biasing of the samples if necessary. For some experiments investigating the boron
plasma chemistry also a conventional capacitively coupled RF reactor (13.56MHz,
40W) has been used.

6)

Fig. 2.6.6 Schematic of the DC reactor and its cross-section. 1) reactor, 2)
heated filaments, 3) ionisation chamber, 4) DC supply, 5) anode, 6)
magnetic field coils, 7) plasma column.

For the deposition of boron nitride films, different precursors were used and wide
plasma and reactor parameter ranges were investigated. The extreme difficulties of
synthesising cubic boron nitride films by CVD did not allow stabilising the cubic
phase in this reactor. Most of the coatings resulted in hexagonal or amorphous
boron nitride with a chemical composition close to stoichiometric. Negative biasing
of the samples to increase the positive ion bombardment, commonly used to
stabilise the cubic phases, did not work in this reactor and only a densification of
the films was observed. The lack of cubic boron nitride deposition in the high
current DC arc might be attributed to the absence of ion bombardment, a factor
known to play an important role in the stabilisation of the cubic phase. Studies of
the deposition of boron nitride films were carried out with different precursor
gases, such as nitrogen, ammonia and diborane. Process parameters were varied,
including gas composition, diborane/nitrogen or ammonia, gas pressure, monomer
gas fluxes, discharge current and magnetic field. In all the ranges of deposition
parameters scanned, it was impossible to deposit plasma reactor films in the
HCDCA with interesting tribological properties. Most of the films obtained were
mainly sp2 bonded (hexagonal or amorphous phase), whereas the desired hard
cubic boron nitride phase is sp3 bonded. ESCA measurements showed that in most
of the coatings analysed the necessary 1:1 stoichiometry for boron nitride was
obtained, but in general only little sp3 bonding was found in these layers. From
these experiments it can be concluded that the deposition of cubic boron nitride
needs sufficient ion bombardment.

Even the direct exposure of samples to the hot arc plasma did not result in
deposition of cubic boron nitride. The same conclusion can be drawn from biasing
experiments of substrates located in the diffusion zone of the arc plasma. In this
case the ion density in the radical diffusion zone is too small to favour the cubic
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phase transition. In order to influence the boron chemistry, solid boron-ammonia
was evaporated and was used as an alternative boron precursor with a pre-existing
B-N bonding. With this monomer, no significant sp3 bonding in the coatings was
found either. Additional experiments injecting solid boron nitride powder into the
arc discharge led to no formation of cubic boron nitride.

The plasma chemistry of boron-containing species was studied by infrared
absorption spectroscopy in a capacitively coupled radio frequency reactor and
demonstrated the usefulness of this diagnostic for understanding the various
unknown chemical reactions which occur in this kind of reactive plasma. The
dissociation of diborane, the different reactions of the fragments and new species
created in the gas phase, such as aminoborane, containing important boron-
nitrogen bonding for deposition, reveals the rich chemistry in these reactive
plasmas. The unknown plasma chemistry of boron nitride deposition was studied
by infra-red absorption spectroscopy in an RF capacitively coupled reactor using a
commercial FTIR spectrometer. This study illustrated the use of this diagnostic for
determining 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 plasma only gaseous amino-borane is observed. When
replacing ammonia with nitrogen, no B-N bond formation could be detected at all,
even in the presence of plasma. This diagnostic led to a better understanding of the
importance of the chemical reactions in the plasma borazine-boramine chemistry
and may lead to a better undersanding of the stabilisation of the hard phase of
boron nitride. In the RF reactor used, only coatings with sp2 bonded boron nitride
could be obtained.

2.6.3 Decorative coating

A CTI (Commission pour la Technologie et l'lnnovation) supported project including
a Swiss watch industry partner, investigated the production of decorative coatings.
Bulk zirconium oxide was nitrided by a high density current plasma giving yellow-
golden zirconium nitride, whereas a metallic appearance was obtained by carbiding
the white ceramic in the same plasma reactor. It was found that the plasma
composition is crucial to obtain industrial nitriding of the ceramics. An N2-H2

plasma does not lead to efficient nitriding of the substrate, whereas an NH3 plasma
leads to the yellow-gold zirconium nitride which is a resistive material interesting
for the jewellery and watch industry. Load effects from neighbourhood substrates
and the substrate holder were found to give rise to inhomogeneity of the layer. This
effect can be cured by a modified substrate holder and by optimised substrate
arrangements.

The first scientific and industrial surface characterisation of these plasma treated
zirconium ceramics has been made. X-ray diffraction confirmed the diffusion of
nitrogen and the formation of zirconium nitride. X-photoelectron spectroscopy
showed-up a lOOnm deep gradient layer, in contradiction to the glow discharge
optical emission spectroscopy which indicates a 5000nm thick layer with constant
nitrogen concentration.

Measurements by transmission electron microscopy will be made to understand
the depth concentration profile better, while the plasma-substrate interaction
under different plasma conditions, in particular different plasma compositions,
shall be carried out to clarify the dominant nitriding mechanism in the plasma.
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2.6.4 Plasma spraying

Plasma spray coating is a well-established industrial technology which has
achieved outstanding technological and commercial progress in the aeronautics,
gas turbine, biomedical industries and others. In spite of this success, the
underlying fundamentals are still poorly understood, in particular the behaviour of
the arc inside the torch nozzle which experiences instabilities and restrike giving
rise to "surging" and "whipping" motions of the plasma jet. This fluctuating
behaviour may lead to a non-uniform heating of the injected powder and
consequently adversely affects the quality and yield of the spray deposits.

The atmospheric pressure plasma torch investigated at the CRPP is a Sulzer Metco
F4 without powder injection equipped with a 6mm0 atmospheric anode nozzle and
a thoriated tungsten cathode fitted with either a straight or a swirl gas injector.
Typical parameters are: 500A current, 15-80SLM (Standard Litre per Minute) of Ar
and with 2-4SLM H2. The electrical power is up to 50kW with a torch efficiency
between 30 and 60%. The gun is mounted on a 2-axis displacement table with the
jet axis horizontal.

TOP VIEW
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inside torch
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displacement
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collection
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fast photodiodes
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Fig. 2.6.7 Top and side views of the experimental arrangement

The arc voltage is measured directly at the gun electrodes with a differential
passive voltage probe. The time derivative of the torch current is measured with a
Rogowskii coil. A microphone is positioned 1.2m from the jet axis. A lens positioned
435mm above the plasma jet, focuses the jet light emission onto two optical fibres
with a spatial resolution of about 0.08mm. The fibres placed Ad apart along the
torch axis collect light from two locations separated by Az mm (see Fig. 2.6.7). This
set-up is used for the estimation of the jet velocity by measuring the time of flight
of light fluctuations as they propagate with the flow. The collected light is detected
by fast Si-PIN photodiodes. In addition an optical fibre has been inserted inside the
gun to collect the light emission directly from almost the whole arc length.

Time dependence of the fluctuating signals

Figure 2.6.8 shows a typical time dependence of the torch voltage and jet light
emission on axis lmm from the nozzle exit for two gas mixtures. The voltage
pattern for pure Ar operation exhibits fluctuations of weak amplitude and small
time derivatives (around 120kV/s), which suggests that the arc experiences the so-
called "take-over mode". In contrast the voltage signal for the H2/Ar mixture shows
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a clear sawtooth pattern, which is typical of the "restrike mode". There are two
kinds of voltage drops: the large ones (between 20 and 30V, with up to lOMV/s)
which might be attributed to the "upstream restrikes", for which a breakdown of
the arc occurs with a new arc root closer to the cathode; and the small voltage
drops (typically 5 to 15V at lMV/s) which may originate either from "upstream
restrikes" or from short circuiting of the curved part of the arc at the anode root. In
the latter phenomenon, which resembles a reconnection, the anode root is
maintained at the same position and the arc is not interrupted. This is shown for
some of the small voltage drops in Fig. 2.6.8 by the absence of a subsequent
reduction in the jet emission.

0.2 0.4 0.6 0.8
time (ms)

0.2 0.4 0.6 0.8
time (ms)

Fig. 2.6.8 Typical time dependence of the torch voltage and light emission
collected on the jet axis at lmm from the nozzle exit for two gas
mixtures: a) 50 SLM Ar and b) 4/50 SLM H2/Ar (500A, straight flow
gas injector, sampling time 0.2pis).

The jet emission signals show strong fluctuations for both gas mixtures. This is
because the plasma visible emissivity is a sensitive function of the local
temperature variations in the jet (10-1500°K). The mean light intensity is nearly
doubled by the addition of only 7% of H2 to the plasma gas because the effective
power coupled to the plasma jet increases from 6.8 to 14.4kW. The emission
signals are clearly correlated with the voltage fluctuations, especially for the H2/Ar
case. Systematic analysis of the voltage and light signals shows that the deepest
voltage drops lead to the strongest reductions in the emission. It seems therefore
that the upstream restrikes are responsible for the strongest temperature drops in
the jet. Voltage and emission signals are shifted with an average delay of about
15us corresponding to the transit time of the perturbations from the anode arc root
to the detection point (about 24mm in our case which leads to an average velocity
of nearly 1600m/s inside the nozzle).

Figure 2.6.9 shows the arc emission fluctuations measured inside the torch which
exhibit much smaller amplitude variations than the plume emission, probably
because of the absence of spatial resolution, and the fact that visible emission is
less sensitive to temperature variations at the high arc temperatures (above
20'000°K). Moreover the arc emission signal closely follows the voltage fluctuations,
as opposed to the jet emission signals which are distorted due to turbulence before
the nozzle exit. For the low Ar flow case (Fig. 2.6.9(a)) we observe regular, quasi-
periodic fluctuations of the signals at about 4.3kHz with alternating small and
large drops, whereas for the high Ar flow the fluctuations are much faster and less
regular (Fig. 2.6.9(b)).
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Fig. 2.6.9 Typical time dependence of voltage and emission from inside the
torch for two gas mixtures : a) 4/15 SLM and b) 4/50 SLM H2/Ar
(500A, straight flow, sampling time 5}is).

Except for the current, the pure Ar case shows fewer fluctuations and no clearly
defined frequencies in comparison with the H2/Ar mixture for which the power
spectra of voltage, light and acoustics are dominated by high frequency peaks in
the range 3-12kHz. These fluctuations are due to the arc motion and restrike, a
quasi-periodic phenomenon. The amplitude and frequency of these peaks change
with torch ageing due to electrode wear. On the other hand, the light emission
power spectrum shows a significant continuous background level which increases
at low frequencies. This is attributed to turbulence of the plasma jet and
consequent entrainment of the surrounding air.

Effect of gas injector geometry
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Fig. 2.6.10 Time dependencies (a) and corresponding power spectra (b) of the
voltage fluctuations for swirl (...) and straight (-) gas injection (4/50
SLM H2/Ar, 500A, 0.2us sampling time, 12.2Hz frequency
resolution).

In Fig. 2.6.10 the time dependence and power spectrum of the voltage fluctuations
are compared for swirl and straight gas injection. For swirl flow the voltage signal
shows a similar behaviour to the low Ar flow case, with small fast fluctuations
superimposed on regular larger fluctuations. This could be explained by the
reduced gas axial velocity with the swirl injector (45° helical angle) and the
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consecutive reduction of the gas drag on the anode foot in the axial direction. The
power spectrum shows the dominance of a characteristic frequency around 4kHz
for the swirl flow, whereas multiple higher frequency components are present for
the straight flow.

Velocity estimation by TOF of light fluctuations

The time of flight (TOF) technique has been used to estimate velocity profiles in the
hottest regions of the plasma jet. The technique is based on the assumption of
convective transport of emission fluctuations with the axial velocity of the jet. The
TOF of these successive hot/cold puffs is measured by the cross-correlation of the
emission signals collected by two optical fibres (Fig. 2.6.7). The velocity is obtained
from the ratio of the flight distance to the time shift of the cross-correlation
maximum. A better cross-correlation is obtained if the signals are bandpass-filtered
in the frequency range related to the arc movements and restrike (3-12kHz). Figure
2.6.11 shows a radial velocity profile obtained between 1 and 3.4mm from the
nozzle exit for two plasma conditions. An addition of only 4% H2 nearly doubles the
velocity on axis. The velocity profile is peaked (3 mm FWHM for 6mm nozzle
diameter) which has implications for the powder injection geometry in plasma
spraying applications.
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Fig. 2.6.11 Plasma jet velocity profiles for two plasma condition (2/50 SLM
H2/Ar (o) and 50 SLM Ar (•) at 500A, swirl injector)

2.6.5 Powder production in reactive RF plasmas

Powder or particles are found in deposition and in etching plasmas. However, the
origin of these particles might be of quite different nature. Powder formation in
plasmas used for film deposition in particular in diluted silane RF plasmas, have
been intensively investigated during the last few years. The different features of
powder formation such as the nature of the powder precursors and the
agglomeration and accretion phases have been identified and investigated
experimentally and theoretically.

Besides this very reactive plasma, many other plasma processes applied in
industry show powder formation. In most cases, the powder formation leads to
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problems either in the quality of the film or with process interruptions due to
prolonged maintenance and cleaning of the reactor. Hexamethyldisiloxane
(HMDSO)/helium/oxygen plasmas are used for the deposition of silicon dioxide as
a permeation barrier in the packing industry. Nanometer to micrometer sized SiO2
particles are also formed in these plasmas. Another important category of plasma
where strong powder formation can be observed is hydrocarbon plasmas. These
plasmas find wide applications in plasma polymerisation and in the production of
hard carbon coatings.

Various diagnostics have been applied to investigate powder formation. These
include in-situ particle diagnostics and diagnostics covering the plasma
composition and parameters. Mass spectrometry, infrared absorption spectroscopy
and emission spectroscopy have been applied in order to elucidate the origin and
the different phases of the powder development and powder composition as a
function of various external parameters and monomer types.

From the point of view of the production of nanoparticle-seeded coatings,
diagnostic methods measuring nanometer sized particles and their density are
needed. Besides specialised methods such as the laser explosion technique, no in-
situ methods are available to measure the size and density of sub-nanometer sized
proto-particles. Such a diagnostic would be of great interest for understanding the
transition from large clusters to proto-particles.

In-situ powder diagnostics by cavity ring down techniques

The cavity ring down technique has been applied to investigate powder formation in
pure silane plasmas, diluted HMDSO plasmas and pure methane plasmas. The
change in the ring down time of the cavity originates from absorption of different
origins. Besides photodetachment of negative ions and line absorption due to
electronic excitation, the main losses of the circulating laser beam are due to
absorption by nanoparticles and scattering. The extinction due to small particles is
well described by Rayleigh scattering theory and varies as R6 (R is the particle
radius) whereas absorption depends on R3 (volume fraction) and on the refractive
index. In general, absorption is the dominating effect for very small particles such
as silicon- and carbon-containing particles. However the SiO2 particles must be
treated as non absorbing due to the very small imaginary part of this index of
refraction in the visible spectrum.

The time development of powder formation in diluted Silane, HMDSO and methane
plasmas has been measured. In each case the scattered intensity at 135° and the
single pass extinction of the Ar-ion laser beam were simultaneously monitored. The
appearance of any scattered intensity indicates the presence of powder particles in
the range of about 40-50nm. Figure 2.6.12 shows the formation of particles in a
pure methane plasma. In a cleaned reactor the powder formation lasts for about a
few hundred seconds. In a contaminated reactor, powder appearance is much
faster, since powder formation could be induced by particles deposited on the
electrodes or from contamination from the reactor walls. From our experiments it
can be concluded that contamination may strongly influence powder formation and
care must be taken to avoid artefacts. The particle size and particle number density
were determined by assuming that absorption dominates for very small particles
and constant volume fraction during the development. The particle size can be
estimated from the ratio of the extinction due to absorption measured early in the
particle development, to the measured absorbance proportional to R3 and from this
the number density can finally be obtained. For the case of SiO2 particles this
estimation cannot be applied due to the non-absorbing character of the particles.
In this case only the behaviour of NR6 can be assumed. For larger particles,
scattering is the dominating process. This leads to an increased extinction and



74 -

therefore large particles even at low density might strongly influence the
absorbance and dominate over the contributions from small particulates. In
Fig. 2.6.12 the presence of a few large particles is indicated. These large particles
arrive near the plasma sheath due to rearrangement of the powder, as was
observed visually.
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Fig. 2.6.12 Powder formation in pure methane plasmas. Particle size and
density for cleaned reactor (circles), after two (squares) and four
(triangle) time developments of the powder formation.

Figure 2.6.13 shows the absorbance in an argon-diluted HMDSO plasma. In these
plasmas, first indications of powder formation appear after about 50 seconds.
However, adding 0.7sccm oxygen, very fast powder formation is observed. The
cavity ring down technique was applied to determine the negative ion density in
oxygen plasmas using photodetachment. These investigations show that the
electronegativity of the oxygen leads to a large fraction of negative charge carriers
being negative ions. Therefore a lot of negative charges must be negative ions in a
dusty electronegative plasma. This leads to a further reduction of the particle
charge and its consequences on the coagulation (larger particles) and powder
dynamics (larger neutral forces and smaller electrostatic forces). It was found that
SiO2 particles in these plasmas are in the range of 400-500nm, whereas powder
particles in other reactive plasmas such as silane plasmas are typically only
around 100 to 200nm; this is a consequence of reduced charging of the particles in
these plasmas.

In the case of powder formation in very low power argon diluted silane plasmas,
periodically varying absorbances have been observed. These oscillations are
characteristic of" powder creation/growth/elimination cycles in the reactor as
already shown by other diagnostics. However, at low silane dilutions the cavity
ring-down signal is rapidly lost. The absorbance presented in Fig. 2.6.13 follows an
exponential law. Contrary to SiO2, amorphous silicon shows considerable
absorption at the dye laser wavelength and the beam attenuation is determined
rather by absorption than by scattering losses. The absorbance signal can therefore
be interpreted for particle sizes up to about 40nm (roughly the Mie scattering
onset) as the total volume fraction of the powder in the plasma. An exponential
increase of the volume fraction can be explained by a simple model in which the
total number of particles is influenced by coagulation and growth because of the
dependence of the coagulation process on the volume and the total number of
particles remains unaffected by the coagulation. So far most theories applied to the
coagulation in the plasma assume constant volume fraction. In order to interpret
the measurements, more sophisticated theories including simultaneous nucleation,
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condensation and coagulation in the plasma should be applied. A model including
the simplest particle forming system by gas to particulate conversion allowed us to
describe the dynamic behaviour of such a system. In addition the influence of the
negative ions on the charging of the particles needs clarification since charging
influence not only the coagulation and the expected size, but also the governing
forces on the particles and therefore the powder dynamics. For powder formation
and for powder processing important information on changes in the poiydispersity
due to the coagulation might be obtained.

ay-

2.6.13 Addition of oxygen to an argon diluted HMDSO plasma (15sccm Ar,
2sccm HMDSO) a) attenuation coefficient from cavity ring down
method, b) attenuation coefficient determined from Ar ion laser beam
(single pass).
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Fig. 2.6.14 Extinction coefficient in an argon-diluted silane plasma (500sccm
argon, 15.4 silane, 10W and 0.2T).
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2.6.6 Industrial mandates

Several industrial mandates were concluded during 1999. These mandates involve
essentially basic research and development of new processes or improvement and
control of existing plasma processes. A mandate ordered by BPS (Balzers Process
Systems), one of the world leading manufacturers of CD producing equipment,
aimed the basic understanding of the RF magnetron discharge, in order to increase
the substrate throughput respectively the CD production yield.

The mandate worked on for Balzers Wear Protection was directed toward novel
diamond processing for tribological applications. In the frame of this mandate a
diploma work on advance diamond processing was performed in collaboration with
the Technical University of Vienna.

Plasma processing of SiOx coatings as permeation barrier in packaging was a
mandate for TetraPak R&D Plasma Technology in Romont. Basic understanding of
plasma chemistry and physics and process control were of prime interest. A PhD
student was working partly at Tetra Pak.
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TECHNICAL ACHIEVEMENTS OF THE CRPP IN
1999

3.1 TCV tokamak operation

TCV was operated for 8 months in 1999, with a total of 1626 pulses. Operational
statistics on a monthly basis are shown in Fig. 3.1.1. Operation was interrupted
from July to October for the installation of the ECH launchers of the second cluster
of 3 gyrotrons, which doubled the available heating power to 3MW. Several new
diagnostics, described below, were also installed or upgraded.

Q 0Q

Fig. 3.1.1 TCV operation in 1999. Red: Number of pulses per month. Blue:
Hours of operation of power system. Yellow: Average time interval
between pulses (minutesxlO).

3.2 TCVX2 Electron Cyclotron Wave System

After an extensive experimental campaign with 3 gyrotrons on TCV during 1999,
the second cluster of 3 gyrotrons of the second harmonic ECW system (X2)
operating at 82.7GHz was commissioned in December 1999. The 118GHz gyrotron
tube for heating at the third harmonic in TCV, which is being developed for use on
both TCV and Tore Supra, has reached a total energy output of 6.2MJ per pulse,
which is the highest value achieved worldwide for a high power gyrotron operating
in the frequency range relevant for ECH in tokamaks.

The first cluster of second harmonic gyrotrons has had extensive use at its design
specifications of 2.0s pulses at a total of 1.5MW. A total of 364 ECH discharges
were fired into TCV plasmas, of which three quarters made use of all three heating
sources simultaneously. The implementation of integrated control software has
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greatly simplified the operation of the full cluster. The flexibility and reliability of
the TCV X2-ECW system was instrumental for the success of the 1999
experimental campaign, as detailed in the scientific sections of this report. During
the operating period, one of the gyrotrons developed an internal electrical short
circuit in the cathode heating filament and was returned to the manufacturer for
repair. A replacement gyrotron was installed, aligned and conditioned to its design
operating parameters. Standard operation of the 1.5MW cluster resumed after a
down time of only three weeks, including changes in the control system imposed by
the use of the replacement tube. All mirrors in the matching optic unit (MOU) of
each gyrotron of the second cluster have been aligned and motorised. The
transmission lines up to the last section before the torus were evacuated and
successfully leak tested. The corresponding launchers, which are of an improved
design, were assembled and successfully leak tested, prior to their installation on
the torus during the 4-month summer shutdown period.

The mobile mirror systems of the first cluster were retro-fitted with ZrO2 bearings
which reduce friction and permit baking of the system to 250°C. A full upgrade of
the first cluster launchers is planned, pending successful operation of the second
cluster.

Each of the 6 gyrotron subsystems (gyrotron/MOU/transmission line/launcher)
was tested to determine the overall transmission efficiency, the power coupling to
the power monitors on each line and the rest positions of all the launcher mirrors.
The total power now available into the tokamak is 2.7MW with an average
transmission line efficiency of 95%. These tests were followed by vacuum tests of
the complete ECH system including reconditioning of the gyrotrons, transmission
lines and calorimetric loads. The conditioning tests also provided an opportunity to
verify the measurement hardware as well as the control software of all equipment,
as required for operation with TCV.

The successful completion of the conditioning allowed the injection of 2.3MW of
ECH power into the TCV vessel for a pulse limited to 5ms for machine safety
reasons, using all 6 gyrotrons on the last day of operation of December 1999,
thereby opening a new era of high power ECH operation on TCV.

3.3 X3 System Development

Prototype Gyrotrons (118GHz/0.5MW): The factory acceptance test of the
prototype gyrotron with 5s pulse demonstrated that most of the critical
components reach thermal equilibrium well before 5s. The conditioning of the tube
showed that at full power the tube vacuum was stabilised after Is. Extensive
measurements of the gyrotron behaviour at this pulse length have shown excellent
consistency with the design parameters. The RF beam characteristics in free space
propagation after the sapphire window were determined using a phase
reconstruction technique based on infrared images taken at four different distances
from the window.

Extension of the pulse length beyond 5s was carried out at CEA-Cadarache with a
CW high voltage power supply. Due to a magnetic field misalignment during the
first tests, the cavity and internal converter sections of this prototype gyrotron were
slightly damaged and subsequently did not reach the nominal power level of
500kW. After realigning the magnetic field, a maximum power of 400kW was
reached, but, compared with the factory acceptance test, a 50% increase in the
cavity- launcher power losses was observed. Despite this setback, the installation
of a prototype CW evacuated load allowed an extension of the pulse length from 5s
to 15.5s within 5 working days. The total energy in the RF pulse was 6.2MJ and is
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presently the highest value achieved world-wide for gyrotrons operating in these
frequency and power ranges.

Fig. 3.3.1 Installation ofanX3 gyrotron

TCV series gyrotrons: The first two series gyrotron tubes successfully passed the
factory and onsite acceptance tests in 1999. During the acceptance test the
gyrotrons underwent a rigorous check of their output frequency, output power
efficiency and mode purity. An endurance test consisting of 250 pulses during 4
periods of 4 hours each was performed with a duty cycle of 1.5%. The fraction of
successful pulses not interrupted by a gyrotron interlock signal was 98%. All
interrupted pulses were terminated by a vacuum increase in the tube. Arcs were



80 -

never the cause of a pulse interruption. No reconditioning was required to recover
after an interrupted pulse. The third and last series tube will be delivered and com-
missioned during summer 2000.

TCV transmission lines: The support structures for the transmission lines, the
loads and the pumping system have been designed and manufactured. The
installation of the transmission line system will be completed by the end of 2000.

Launcher: The launcher is essentially composed of a single mirror onto which the
three 0.5MW beams converge. The combined 1.5MW reflected beam is then
vertically injected into the plasma. This mirror has two degrees of freedom for
independent control of its radial position and the injection angle in the poloidal
plane. A prototype launcher was designed and a mock-up constructed. Preliminary
tests on the first prototype identified critical issues that were taken into
consideration for the final design of the launcher. This launcher is presently in
construction and will be mounted onto TCV by the end of 2000.

X3 Power Supply: Since the three 118GHz X3 gyrotrons are of the triode type, two
power sources are required for these tubes. The first power source is used to apply
the main potential on the cathode of the gyrotrons and provides the energy needed
to generate the microwave power. The second source is used to drive and control
this power by applying a potential between the anode and the cathode of the tube.
A fully solid state Regulated High Voltage Power Supply (-85kV, 80A) is used to
apply the cathode potential to the three gyrotrons. This equipment was installed at
the end of 1997. Following an international call for tender, a Spanish company was
selected for the design and the delivery of the three independent anode modulators,
one for each gyrotron. A fully solid state design was again chosen, based on the
"stand alone source" principle (the driving energy is not drawn from the cathode
source). The main output parameters of these power supplies are: -5kV/30 kV,
250mA. An output shut-down faster than 10\JLS is required in the case of arcing in
the gyrotron cavity. The first modulator was delivered at the beginning of 1999 for
commissioning the first X3 tube. The acceptance tests of the third and final power
supply unit were successfully completed in November 1999.

3.4 TCV diagnostics

Diagnostic Neutral Beam: Although TCV is already well equipped with electron
diagnostics and will be even more so with the new ECE systems, the only ion
temperature diagnostic is a neutral particle analyser inherited from TCA, the
previous tokamak operated by CRPP until 1990. Although ions contribute little to
the stored energy of intensely heated low density ECH 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. In 1997 the CRPP ordered a diagnostic neutral injector (1A equivalent
current, 50keV) as a source for active charge exchange recombination spectroscopy
(CXS) from the Budker Institute for Nuclear Physics (BINP) in Novosibirsk. The
system was delivered in 1999 following acceptance tests at BINP and integrated
during the summer shutdown. Two visible Czerny-Turner grating spectrometers
equipped with a 2D CCD array have been brought into service for CXS
measurements in conjunction with this injector. These CXS spectrometers each
have 16 separate viewing chords, which image the neutral beam through a window
and a double mirror assembly mounted inside a TCV vacuum port. The CCD
camera software has been adapted to allow the acquisition of spectra from all 16
chords with a lOOHz repetition rate. The spectrometers are placed outside the
torus hall and are linked to the two camera lenses on the viewport by optical fibres.
Final commissioning of the injector and first results are expected early in 2000. At
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a later stage the injector could also be used for Motional Stark Effect Polarimetry
and Beam Emission Spectroscopy.

Electron Cyclotron Emission measurement of electron temperature: ECE is a
classic and highly sensitive electron temperature diagnostic used in many
tokamaks. Its application to TCV is somewhat complicated by the multiple plasma
shapes that are possible and the low magnetic field, which leads to low cut-off
densities ~41019m"3. With ECH, operation at low densities has become routine,
making the construction of an ECE diagnostic a worthwhile investment. The
radiometer, designed for high-field side observation, has been nearly completed by
a commercial manufacturer, and was due for delivery in October 1999. It features
24 frequency channels in the range 78-115GHz for electron temperature profile
measurements over a radial extent of 30cm, using two tile-embedded receiving
antennae at the inner wall. With an acquisition frequency of 80kHz the system will
allow both high time resolution and high frequency measurements of power
deposition, heat transport and MHD activity in ECH 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, to increase spatial resolution. Band reject filters at the
gyrotron frequencies for receiver protection are under development at the Institute
of Radiophysics in Kharkov, Ukraine. Two antennae, at heights of z=0 and z=20 cm
for operational flexibility, have been installed in the vessel, with fundamental mode
waveguides running behind the inner wall tiles. The ECE signal is relayed from
TCV to the radiometer by several meters of oversized waveguide.

AXUV bolometry: An exciting recent development of the semiconductor industry,
absolute XUV (AXUV) silicon diodes, has considerable diagnostic potential in fusion
plasmas. Thanks to a novel diode architecture these diodes are free of the -0.5
micrometer Si+ "dead layer", which makes ordinary Si photodiodes, such as those
used for X-ray tomography on TCV, blind to photons with energies in the range 3-
lOOOeV. The most appealing of the diagnostic opportunities offered by these
devices is the replacement of the metal film bolometers currently used for total
radiation measurements, to achieve higher temporal resolution. Metal film
bolometers have inherently low time resolution, low sensitivity and are prone to
electromagnetic pick-up, including direct absorption of microwave power from the
ECH system. In order to investigate the potential of AXUV devices, three prototype
cameras equipped with 16-element AXUV arrays were commissioned on TCV in
1999. The camera design is similar to that of the TCV soft X-ray cameras and
features diodes viewing the plasma through a pinhole. The camera interior, with
the diodes, is directly connected to the TCV vacuum. Preamplifying electronics at
atmospheric pressure are connected to the adjacent diode array by a vacuum
feedthrough socket designed at the CRPP. Two of these cameras were installed in
the same toroidal sector which houses the existing 5-camera metal foil bolometer
system for cross comparisons. The outcome confirmed all our high expectations
concerning AXUV bolometric measurements. The prototype system has
extraordinary sensitivity and bandwidth, allowing studies of MHD activity using
bolometers for the first time. It is insensitive to ECH and is simpler and
considerably less expensive than metal foil bolometer systems. In addition, it is
insensitive to low energy neutrals emitted from the edge, which can make up to a
60% contribution to the plasma emission, but can severely compromise metal foil
bolometric tomography because the plasma is opaque to neutrals.

Langmuir probes: A new array of 34 Langmuir probes was installed during the
1999 summer maintenance period. These probes provide measurements both in
limited configurations and at the inner strike zone of diverted discharges.

IR cameras: The existing ageing infrared camera for divertor measurements will be
replaced by a new camera based on solid state technology. Orders have been
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placed for two such devices, one of which will be used to view the central column
tiles, providing surveillance during high power ECH experiments.

Reciprocating probe: Within the framework of a collaboration between CRPP and
the University of California, San Diego (UCSD), a fast reciprocating probe system is
on long term loan to TCV. Installation at the tokamak midplane was completed
during the summer shutdown period. 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
are also planned of fluctuations in poloidal electric field, electron temperature and
particle flux.

Divertor spectroscopy: The recent progress in the development of two-
dimensional spectroscopic observations in the divertor volume of modern tokamaks
is driven by the requirement for better understanding of impurity and neutral
hydrogen transport in these regions. Experimental and analysis techniques
developed at DIII-D, using tangentially viewing CCD cameras, have been adopted at
CRPP in collaboration with General Atomics. Using suitable narrow band
interference filters, the poloidal distribution of emission from the excitation of
neutral deuterium and radiation from carbon impurity ionisation stages (CI, CII,
CM) is being routinely measured using CCD cameras during diverted discharges
and the resulting images numerically reconstructed using an efficient inversion
algorithm developed at CRPP.

Laser ablation of trace impurities: CRPP has a co-operation 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 and the required relay optics were installed below TCV in
1999. The effect of plasma shaping on the transport of injected impurities such as
aluminium will be studied using X-ray and spectroscopic diagnostics during the
2000 operational campaigns.

VTJV survey spectrometer: A broadband Vacuum Ultraviolet Spectrometer
("SPRED") with a flat image plane was delivered in 1999. This spectrometer has
been adapted to fit under the TCV vacuum vessel to observe the plasma along a
vertical chord. It is equipped with two interchangeable ion etched gratings which
disperse the incoming light from 140-10nm 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 CRPP. This broadband survey instrument will be
used for long term continuous monitoring of impurity line radiation from all
impurities in the plasma.

3.5 Data acquisition and handling

Each TCV discharge in 1999 generated in the range 20-50MB of compressed data.
With the advent of new diagnostics this is likely to approach the 100MB mark in
2000.

In order to meet the increased requirements for mass data acquisition, a new line
of PC-based acquisition modules was purchased as a custom development. The
four modules, of which 2 were delivered in 1999, offer 64 to 128 channels of 16-bit
acquisition at a frequency of 200kHz and 2MB of memory per channel. Acquisition
will systematically be at 200kHz, although for diagnostics with lower bandwidth
requirements the data will be digitally filtered and resampled on the host PC before
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being dispatched for archiving on the TCV main computer. The increased
requirements for data interpretation and simulation will be met by three new
computers also purchased at the end of 1999.

3.6 SULTAN Facility

SULTAN, the world wide unique high field large bore test facility located in Villigen,
was built as a European contribution to the development program for ITER. The
facility has primarily been devoted to the qualification of full-size CICC foreseen as
potential candidates for use in the CS and the TF coils of the ITER reactor. Fields
up to 11T can be imposed onto the vertically inserted CICC-Samples. Within the
frame of the ITER full size conductor test programme, several international joint
samples were tested in the facility in 1999. The major technical project realised in
1999 was the upgrade of the cryogenic control system.

Fig. 3.6.1 Screen representation of the SULTAN interactive graphics on the
control and visualisation workstation.

The SULTAN facility consists of a split coil magnet system with a cryogenic cooling
circuit, a superconducting lOOkA transformer also with it's own cryogenic cooling
circuit and a Helium refrigerator connected via transfer lines to the two consumers.
In order to manage the different operation modes for the cryogenic circuits a SPS
control system is used. Communication between the equipment and the SPS is via
296 input signals and 136 output signals. A variety of different sensors are
implemented, for example, 49 temperatures, 32 pressures, 29 mass flows, 3
Helium levels, 6 vacuum levels, 6 current measurements and about 48 valve
feedbacks. About 30 pneumatic driven valves are operated and depending on the
actual operation mode 9 different PID controlling cycles are used. Until 1999 the
SPS consisted of a Sattcon 31-90 system whereas visualisation of the processes
was provided by an AFE monitoring system. In order to avoid 2000 problems a new
SPS based on Sattcon 200 series was implemented in 1999. The control and
visualisation system is based on Sattline. The programme runs on a workstation
PC with Windows NT. Communication between the workstation and the Sattcon
200 controller is via Ethernet. A multiple screen configuration is used to view the
cryogenic layout of SULTAN and the transformer simultaneously, as in Fig. 3.6.1
for SULTAN operation. The windows are organised in a multiple layer concept. The
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alarm system distinguishes between 59 different error sources, whereas each alarm
itself is divided into four classes imposing different actions on the system when
occurring. During the first facility cool-down, at the end of 1999, the new system
proved to be operational and user-friendly.
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INTERNATIONAL COLLABORATIONS

The research activities in magnetically confined fusion plasmas are conducted at
both national and international levels. 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 both as host
institution and sending institution for such bilateral exchanges. The international
activities of the CRPP are summarised in the following paragraphs.

4.1 JET

We took part in the analysis of the Li beam diagnostic used for measurements of
the scrape off layer density profile. This was a continuation of previous work in
JET.

A semi-empirical equation was proposed to simulate the time evolution of the neo-
classical tearing mode width, was successfully used to describe results from DIII-D
and needed confirmation on another tokamak. Using the same coefficients, kept to
within 30%, we were able to model a JET case correctly. However as there are still
several free parameters, a more systematic study was needed to determine these
parameters experimentally with greater precision. For this reason, a Task
Agreement between JET and CRPP was implemented for 1999. In this framework,
we collaborated in the Spring 1999 campaign of JET on neo-classical tearing
modes. This work has already enabled us to simulate a few more cases correctly,
one of which is shown in Fig.4.1.1.
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Fig.4.1.1 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.
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On the 1st January 2000, the management of the JET facilities was totally modified.
One physicist from CRPP has been seconded from the CRPP full-time to the close
support unit (CSU) of the JET-EFDA Associate Leader to contribute to the
management of the EFDA-JET 2000-2002 programme. He has already been
working at the JET site since September 1, 1999. Another member of the CRPP was
selected as Task Force Leader for the MHD Task Force and will be in charge of co-
ordinating the scientific work and experiments related to MHD for the campaigns at
JET in 2000 and Spring 2001. The CRPP organised a JET workshop in March 1999
on the prospects of MHD and Neo-classical tearing mode studies related to the JET
facilities.

4.2 ITER design tasks and voluntary R&LD

Titanium irradiation testing (ITER TASK BL14.2)
The ITER first wall modules are attached to the vacuum vessel by four radial
flexibles. The flexibles are located behind the plasma and will receive a high
neutron and mechanical loading. These parts will be fabricated from titanium. At
CRPP we have tested Ti5AL2.4Sn and Ti6Al 4V before and after irradiation and the
detailed results are given in section 2.3.4

Interferometry and polarimetry (voluntary R&D)
Work has proceeded on calculations of predicted Faraday rotation angles as
contribution to the design of this ITER diagnostic.

Amplitude of Sawteeth as a function of plasma shape with central additional
heating (voluntary R&D)
To answer to the question whether "there is evidence of an increasing effect of
sawtooth activity with increased shaping (e.g. via an expansion of the sawtooth
inversion radius)", we performed experiments varying elongation K and triangularity
8 in a large range (1.1<K<2.1, -0.5<8<0.5), keeping the ECH power deposition inside
q=l to avoid q=l stabilisation effects. To retain only the effect of shape in these
experiments, the normalised q=l radius was kept while shaping, increasing q
within a limited range, 2.5<q<3.5, with increased elongation. In these conditions,
sawteeth are found to be small with short periods at high elongation and negative
triangularity. For these shapes, additional central ECH power further decreases the
sawtooth period. This shape dependence of sawtooth stability is shown to be
determined by the role of ideal or resistive MHD in triggering the sawtooth crash.
Shaping may therefore be an interesting means to avoid sawteeth of large size and
indicates a potential to avoid the triggering of neoclassical tearing modes.

Scaling of sawtooth inversion radius in shaped plasmas (voluntary R&D)
This study, based on a large variety of Ohmic L-modes in TCV was made available
to ITER during 1999, resulted in the following conclusions:

A robust scaling parameter has been found to replace qa in shaped
discharges:
Inversion radius scaling is consistent with simple and robust physics (q(0)«l
and neoclassical resistivity) in wide variety of Ohmic discharges.
Scaling from TCV should be useful for the ITER design. In particular, the
somewhat arbitrary criterion, q95=3, should be replaced by a criterion that the
sawtooth inversion radius should not exceed a certain fraction of the minor
radius.
Much of the current carrying capacity due to elongation is retained (-90%),
even when scaling at fixed value of rinv.
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Although the original scaling was expressed in its natural physics
parameters, it has been translated into conventional parameters (q95, kappa,
delta) for the convenience of ITER.

4.3 Collaborations with other EURATOM Associations

Prof. Joseph Bakos, KFKI Budapest, Hungary, "Impurity transport using Laser
ablation on TCV

Prof. Ettore Minardi, Assoc. Euratom CNR, Milano, Italy, "Comparison of
predictions of stationary magnetic entropy based theory with TCV data".

Dr. V. Piffl, IPP Prague, Czech Republic, "Collaboration on ultrasoft X-ray
spectroscopy"

Prof. F. Porcelli, Politecnico di Torino, Torino, Italy, "Non-Standard Sawteeth in the
presence of powerful localised heating"

Dr. Y. Peysson, L. Delpech, CEN-Cadarache, St-Paul-Lez-Durance, France,
"Measurement of Hard X-ray spectra with a hard X-ray camera"

Dr. T.C. Hender, Dr. D.C. Robinson, Dr. T.N. Todd, Dr. S. Allfrey, Culham
Laboratories, UKAEA, UK, "Spherical Tokamak/Sphellamak hybrid configuration
studies"

4.4 Other international collaborations

Dr. V.E. Lukash, RRC Kurchatov, Institute of Nuclear Fusion, Moscow,Russia and
Dr. R.R. Khayrutdinov, TRINITI, Troitsk, Russia, "Simulation of TCV plasma
control experiments using the non-linear DINA code"

Dr. R. Yoshino, Dr. Y. Nakamura, Naka Fusion Research Establishment, JAERI,
Japan, Prof. D.J. Limebeer, Dr. J. Wainwright, A. Sharma, Imperial College of
Science Technology and Medecine, U. London, UK. "Development of a plasma
response model for JT-60U".

Dr. Y. Nakamura and Dr. R. Yoshino, Naka Fusion Research Establishment,
JAERI, Japan, "Disruption dynamics in shaped tokamaks and the plasma
equilibrium response of the JT-60U tokamak"

Dr. Alexej Sushkov, RRC Kurchatov, Institute of Nuclear Fusion, Moscow,Russia
"Implementation of multiwire proportional x-ray detector for high sensitivity, high
speed, high time resolution measurements during ECH on TCV"

Dr. K.A. Razumova, Dr. A.V. Sushkov, Dr. V.F. Andreev, Dr. N.A. Kirneva, RRC
Kurchatov, Institute of Nuclear Fusion, Moscow, "Modelling of ECRH and ECCD: 1)
Software development for the determination of the power deposition and transport
coefficients from the soft X-ray measurements, 2) ECRH power deposition/coupling
measurements with ASTRA transport code"

Prof. V.D. Shafranov, Dr. M.Yu. Isaev, Dr. M.I. Mikhailov, Dr. A.A. Subbotin,
RRC Kurchatov, Institute of Nuclear Fusion, Moscow,Russia, "3D configuration
optimisation studies and 3D ideal stability"
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Dr. S. Medvedev, Dr. A. Martynov, Keldysh Institute of Applied Mathematics,
Moscow, Russia, "3D equilibrium development based on 3D extension of Grad-
Shafranov equation"

Dr. A. Reiman, Dr. D.A. Monticello, Dr. G.Y. Fu, Dr. L.P. Ku, Dr. G.H. Neilson,
Dr. M. Redi, Prof. R. Goldston, Princeton Plasma Physics Laboratory, Princeton,
USA, "External kink and ballooning stability of the NCSX quasiaxisymmetric
stellarator"
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THE EDUCATIONAL ROLE OF THE CRPP

In the frame of the Physics Department of the EPFL, the CRPP plays a role in the
education of undergraduate and postgraduate students. Advanced education and
training in fusion related topics is carried out in the frame of the research activities
of the Association. Section 5.1 presents the 6 courses which were 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 in front of 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, also in the frame of
the Department of Physics of the EPFL. At the end of 1999 we had 22 Ph.D.
students at the CRPP, mostly in Lausanne but also one in Villigen. Their work is
summarised in Section 5.4.

5.1 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. Baltic, 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- "GeneralMechanics"
Winter semester 1999-2000 (2 hours of lecture and 2 hours of exercises) for the
"Microtechnics and Materials" section. The course covers kinematics and basic
Newtonian mechanics of material points and rigid bodies.
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M.Q. Tran, Professor- "PlasmaPhysics 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.

L. Villard, Assistant Professor - "General Physics I-II-III-TV"
An elementary introduction course in physics for engineering students at the EPFL,
spanning 4 semesters.

5.2 Undergraduate work

EPFL Students

Fabien WERNLI: "Formalism of Langmuir waves." The goal was to train a student
without any prior knowledge of plasma physics in the use of a variety of tools
which are essential for a plasma physicist, linearisation of differential equations
and their analytical and numerical solutions. At the same time he has been
introduced into the fluid theory of Langmuir waves in a hot plasma. He has solved
the eigenvalue problem describing the oscillations of these waves in both a uniform
and a non-uniform plasma contained in a cylinder.

Malko GINDRAT: "Diagnostics of a DC plasma torch by optical emission
spectroscopy: determination of temperature and density of the plasma jet." DC
plasma torches are widely used for deposition of metallic and ceramic materials by
thermal spraying. Determination of the plasma jet parameters is needed to further
improve the spraying processes. In this work optical emission spectroscopy was
used to determine the temperature and density profiles of the plasma jet of a DC
torch operating with argon and argon/hydrogen mixtures. Absolute emission
intensities of neutral and ionised argon lines were measured using a
monochromator fitted with an optical multichannel detector. The system was
calibrated using a spectral radiance standard. Assuming cylindrical symmetry of
the plasma jet, Abel inversion was used to obtain the radial profiles of local
emission. Temperature profiles were obtained from calculated emission coefficients
assuming local thermodynamic equilibrium. The plasma density was estimated
from collisional spectral line broadening measured with a high resolution
monochromator. *

Gilles ARNOUX: "Heterodyne interferometry." This work was an introduction to
interferometry and heterodyne techniques, as used on all high temperature plasma
experiments including TCV. It consisted in assembling a table-top Mach-Zehnder
interferometer using a low power He-Ne laser, a fast time-response photodiode and
an optional photoelastic Bragg-cell 40 MHz modulator with coherent detection. The
simplest experiments aimed at determining the refractive indices of objects such as
sheets of transparent plastic and glass. Similarly, the refractive index of air was
measured by evacuating a short piece of tube in the measurement arm of the
interferometer. A more ambitious experiment was then undertaken in which the
propagation of sound waves (f~15 kHz) in air was measured interferometricslly. To
this effect the output of the 40MHz coherent detctor was further demodulated by a
lock-in amplifier to extract the phase and amplitude of the acoustic wave as its
source was slowly moved with respect to the interferometer. In a final experiment
the student measured the effect of air turbulence produced by a jet of air from a
compressed air nozzle on the interferometer. The student will contine practical
work on the TCV interferometer in the following term.

The work described under this Section was not performed within the frame of the
Association Euratom - Confederation Suisse.
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Exchange students

Benjamin CENSIER: "Interfaces for TCV advanced analysis codes", Ecole Nationale
Superieurede Physique de Strasbourg, France - A graphical user interface (GUI)
using the Matlab software has been developed to enable the connection between
the TCV data and the codes needed to analyse the wave-particle interaction of ECH
waves. The data are retrieved from the MDS server and automatic fits using cubic
spline with tension are performed in order to obtain the electron temperature and
density profiles. The geometry of the plasma equilibrium and of the launcher are
also obtained from the MDS server. Then the equilibrium code CHEASE is used to
obtain the format needed for the ray-tracing code TORAY. Finally TORAY is run
and the output are organised such as to be able to visualise them easily from
matlab also. Thanks to this very user-friendly interface, it is now easy to compute
the waves trajectory and power absorption profiles. This has enabled more
scientists to obtain ray-tracing results and has therefore significantly improved the
data analysis of the TCV experiments.

Tobias GEMPERLI: "Enhancements to the TCV statistical analysis package", ETH-
Zurich - Development of software for TCV databases in Matlab, both reliable and
flexible database manager (MDB 2) and advanced graphical presentation of the
data (DBPLOT 3).

Jan HORACEK: "Improvements to Langmuir probe analysis", Charles University,
Prague, Czech Republic - The first task was to build a Graphical User Interface
using the Matlab software library allowing the many and diverse routines written
for analysis of the TCV Langmuir probe data to be grouped into a common
package. The result, after around two months work is an extremely comprehensive
suite of routines which have rendered analysis and data manipulation considerably
more transparent and which will represent a significant saving in time for the end
user. Using this GUI, the aim of a second assignment was to investigate the origins
of the manifestly erroneous values of electron temperature, Te, measured by the
TCV Langmuir probes in high recycling regimes common during divertor
detachment studies. This is a problem that has long been known in strongly
magnetised plasma research but little progress has been made in understanding
why. He created a suite of simulated Langmuir probe characteristics appropriate to
the low temperature conditions known to be a necessary condition for detachment.
Systematic variation of fluctuation amplitudes and cross-correlations (representing
plasma turbulence) on Te, Vf and Isat, the three important quantities derived from
the Langmuir probe, have clearly demonstrated that turbulence is not at the origin
of the high electron temperatures. In contrast, an alternative explanation, based on
the energy filtering action of the probe electrostatic sheath, does turn out to be a
good candidate, at least in TCV. He used the results of numerical simulations of
density and temperature gradients parallel to the total magnetic field in the TCV
scrape-off layer as input to a recently derived analytic theory describing the sheath
potential (and hence the form of the Langmuir probe characteristic) dependence on
these parallel gradients. The conclusion that this effect can, under conditions of
high plasma edge density, lead to considerable overestimation of Te when using
Langmuir probes is significant and will be reported at a workshop.

Amelie PERRET: "Gaussian beams propagation in the microwave range", Ecole
Superieure de Precedes Electroniques et Optiques, Orleans, France - First, there
was a theoretical part where the student had to understand the physics of free-
space Gaussian beams propagation (both scalar and vector formalisms) and update
an existing computer code to use it in the Matlab environment. The experimental
part consisted of measuring the astigmatism generated by the reflection of a
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Gaussian beam on an ellipsoidal reflector. II was possible to identify a limiting
factor regarding the ratio of the beam size on the mirror to the mirror focal length.

Alexei ZABOLOTSKY: "Analysis of impurity injection radiation", Novosibirsk
University (funded by a Swiss Confederation bursary) - The task was to improve the
interpretation of absolute radiation level measurements from X-ray tomography
and similar systems, for the determination of impurity densities. We upgraded
existing software for determining the carbon density in normal discharge
conditions, as well as the density of Neon and Argon injected into divertor
configurations for the study of plasma detachment. The results which are in good
agreement with Zeff measurements using visible bremstrahlung. The software was
then modified to follow the rapid evolution of impurity densities associated with the
injection of laser-ablated Aluminum. The analysis of non-recycling injected
impurities such as Al gives a direct measure of impurity residence times in the
plasma. Current work is aimed at obtaining local values of transport coefficients in
the plasma core from the density profile evolution of injected impurities.

Pierre BRIANCEAU: "Etude d'un depot rapide de silicium microcristallin par plasma
VHF (60MHz) et haute puissance, a partir d'un melange de SIH4/SiF4/H2", Ecole
Superieure de Procedes Electroniques et Optiques, Orleans, France - Rapid
deposition of microcrystalline silicon for industrial production is most efficiently
obtained at VHF frequencies, although high power densities (several kW per square
metre) are necessary. Plasma chemistries different from the conventional
silane/hydrogen mixture, in conjunction with VHF plasma, could conceivably be
used to boost the deposition rate still further. In this work, the admixture of silicon
tetrafluoride (SiF4) to silane/hydrogen was investigated because the introduction of
fluorine, an efficient etchant, would be expected to supplement the action of atomic
hydrogen in converting the amorphous phase to microcrystalline. A wide range of
plasma diagnostics was applied in this study which demonstrated that a large
flowrate of SiF4, relative to SiH4, was required to achieve any significant effect. The
conclusion was that the bonding energy of SiF4 was too high, compared with silane
and hydrogen, for atomic fluorine to be efficiently generated by plasma dissociation
of SiF4. The report recommends the use of fluorine gas, although it is more
hazardous than SiF4.*

Dirk WOLLHERR: "Improvements to the TCVDPCS and ELM modelling", Technische
Universitat, Miinchen, Germany - The Digital Plasma Control System for TCV
functioned adequately to perform specific experiments validating new control
methodology during 1998. However, some aspects of its operation were
insufficiently reliable for routine use. Work was carried out in 1999 to identify the
weaknesses and some of these were remedied in collaboration with the original
turnkey supplier. A second part of the work consisted of establishing an input-
output transfer function between the signal of visible light emission and the
vertical movement of the plasma during an Edge Localised Mode. Such ELM events
were successfully modelled individually, but a generalised transfer function which
is valid for all TCV conditions was not yet identified. The results were sufficiently
encouraging to be continued.

5.3 Diplomas awarded in 1999

Luc CHEVALLEY: "Optimisation of the deposition of microcrystalline silicon by Very
High Frequency (VHF), high power plasma". Thin films of microcrystalline silicon are
required for large area electronics applications such as flat panel displays and

The work described under this Section was not performed within the frame of the
Association Euratom - Confederation Suisse.



93

photovoltaic solar cells. However, the deposition rate obtained using the
conventional mixture of silane and hydrogen, at the industrial frequency of
13.56MHz, is limited to a few Angstroms per second; this low rate is impractical for
industrial production. The diploma work characterised various plasma parameters
in a 47cm x 57cm plasma box reactor using infrared absorption spectroscopy for
the fractional depletion of the silane gas, microwave cavity interferometry for free
electron density, optical emission for relative excitation rates, and cavity ringdown
absorption spectroscopy for negative ion density. The microcrystallinity of the films
obtained was determined by ellipsometry, infrared absorption, electron microscopy
and X-ray diffraction. Plasma deposition of films with a high degree of crystallinity
required both a complete depletion of the silane and a high flux of atomic
hydrogen. We showed that a VHF plasma dissociates more efficiently than at
13.56MHz, although the deposition rate was still limited by the maximum VHF
power of 500W from a custom-built RF generator. This represents the first
implementation of high power VHF in a large area reactor, and its success has
motivated the purchase of a 2kW, 67.8MHz generator for future experiments.*

Stephane PEQUIOT: "Magnetic electron beam spreader for gyrotron collectors". For
the next generation gyrotrons, generating 1MW of radiofrequency power at
100-170GHz 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 major constraints: first, power density on the copper below 500W/cm2 and
second, for avoiding copper recrystallization 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 on a gyrotron is presently being investigated.

5.4 Postgraduate studies

Postgraduate course in the 3e cycle "Physique et diagnostic des plasmas"

This 64-hour course (including exercises) was given during the second term of the
1998/99 academic year to 15 students, most of whom were doctoral students at
CRPP. The course consisted of three parts given by different lecturers from the
CRPP:

A: Diagnostics of Fusion Plasmas

H. Weisen: Magnetic diagnostics, Plasma electromagnetic emission, Passive and
active spectroscopy, Interferometry, Polarimetry, Imaging diagnostics, Electron
cyclotron emission, Refiectrometry (28 hours).
R. Behn: Thomson Scattering in Fusion plasmas (8 hours)

B: Industrial Plasmas

Ch. Hollenstein: Diagnostics of industrial plasmas (12 hours)

C: Space Plasmas

M. Siegrist: Space plasma measurements (16 hours). This part included a visit to
the Division of Space Research and Planetary Sciences of the Institute of Physics of
the University of Bern.

The work described under this Section was not performed within the frame of the
Association Euratom - Confederation Suisse.
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Doctorate degrees awarded during 1999

Siobhan BARRY: "The extension of the FIR interferometer of TCV to a polarimeter
and measurements of the Faraday rotation caused by poloidal magnetic Field",
thesis presented at the National University of Ireland, Cork, March 1999
Interferometry is a well known technique for measuring the line-integrated electron
density of magnetically confined plasmas. It is based on the phase change that an
electromagnetic wave experiences on passing through a plasma with respect to that
of a vacuum. In addition, the plane of polarisation of the wave is, in general,
rotated due to the birefringence of the plasma. The total rotation angle, which can
be measured by polarimetric techniques, is known as the Faraday rotation and is
proportional to the line-integrated value of the product of electron density and the
magnetic field component parallel to the probing beam. In order to maximise its
information gathering capability the TCV tokamak's multi-channel interferometer
system was modified to include a polarimeter.
The reconstruction of the density profile is difficult for highly shaped plasmas and
requires the line-integrated measurements for a large number or chords.
Consequently, a 14 channel instrument with two possible polarimetry methods was
installed. Both methods are based on an optically pumped far-infrared (FIR) laser
with a rotating polarisation where both the interferometer and polarimeter
information are determined from phase measurements with only one detector
required per probing chord. The feasibility of the methods was verified during
bench tests prior to the installation of the instrument on TCV.
The instrument was used to measure the Faraday rotation of various TCV plasmas,
but this thesis concentrated on highly elongated plasmas where the measured
rotation angles are relatively large and where the inclusion of the Faraday rotation
information was predicted to improve the accuracy of the equilibrium
reconstruction. The polarimetric precision of 2% required for the reconstruction
has not yet been achieved. However, an independent determination of the central
safety factor q0 calculated from the slope of the Faraday rotation profile, the
electron density and some geometric parameters resulted in values of q0 which
were in disagreement with the reconstructed values. This led to a re-definition of
the base functions used during the reconstruction calculations and the attainment
of values of the reconstructed q0 which were in closer agreement with
measurements from other diagnostics.

Bertrand BLAU: "Stability and Quench of Dual Cooling Channel Cable-In-Conduit
Superconductors"These EPFL No. 2076 (1999)
The quench, stability and thermohydraulic behaviour of full-size ITER-type NbTi
cable-in-conduit conductors (CICC) was experimentally assessed for the first time.
The influence of the central channel perforations on the stability margin of large
CICCs was investigated on several samples which varied only by different porosities
of the central channel. No significant differences in stability between conductor
samples with largely different perforations could be found for currents up to 50 kA,
whereas at 60 kA a larger stability margin seemed to appear for the conductor with
smallest porosity. These results suggest that for the kind of disturbances applied in
the experiment and currents exceeding 50 kA the heating induced helium flow
starts to become effective in terms of additional thermal stabilization, which is in
agreement with the theoretical predictions.
Premature quenching was observed in many quench experiments. Sudden voltage
take-offs far below the expected critical current were observed without displaying
any current sharing regime. The quench currents seemed to be determined by the
limiting current, which describes the boundary above which only the marginal heat
capacity of the strands can be utilized. These results were interpreted as an
indication that thermal disturbances are continuously created by current
redistribution processes among the strands due to a largely inhomogeneous
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current distribution over the cable cross section caused mainly by large interstrand
contact resistances.
The results of the heat slug measurements in combination with two-dimensional
model calculations implied that the heat removal capabilities in long dual cooling
channel cable-in-conduit conductors are determined only by the overall flow
velocity or the overall mass flow rate, respectively, independent on the ratio
between the helium flow velocity in the bundle and in the central channel.

David FRANZ: "Deposition assistee par un plasma a. arc a haut courant continu de
couches minces de Nitrure de Bore et de Silicium microcristallin hydrogene" These
EPFL2029 (1999)
A high direct current arc reactor (HCDCA), used for the industrial deposition of
diamond, has been adapted to study the deposition of two types of coatings:
• boron nitride, whose cubic phase is similar to diamond, for tribological

applications.
• hydrogenated microcrystalline silicon, for applications in the semiconductor

fields (flat panel displays, solar cells,...).
Although various boron precursors were used and a wide parameter range was
investigated, cubic boron nitride films could not be produced. The films were
essentially hexagonal or amorphous boron nitride with a chemical composition
close to stoichiometric.
The study of HCDCA for the deposition of diamond showed that this arc efficiently
dissociates molecular hydrogen by way of intermediate vibrationally-excited states.
This efficient dissociation was the key factor for the rapid deposition of highly
micro-crystalline silicon (up to 0.6 microns per minute), in which the atomic
hydrogen was generated by the molecular dissociation of the silane (SiH4) itself.*

Pierre-Andre MANDRIN: "Production de plasma et demarrage du courant du
tokamak TCV avec Vassistance d'onde cyclotron electronique" These EPFL 1951
(1999)
To limit the value of the inductive toroidal electric field to about 0.3V/m,
breakdown of the neutral gas and current ramp-up require the assistance of
electron cyclotron heating (EC). This method has been applied on the tokamak
TCV. First harmonic ordinary mode launched from low field side allows a reduction
of the inductive electric field by a factor of two (~lV/m) with only 15kW of EC
power, and enhances the neutral gas prefill pressure range allowable for successful
breakdown (lower limit reduced by a factor of two with ~80kW injected). Start-up
can also be assisted with second harmonic extraordinary mode launched from the
low field side. Strong wave absorption is observed on the upper hybrid absorption
layer.

Ph.D. Theses underway at the end of 1999

Clemente ANGIONI: "ID transport modelling"
MMM95 (Multi Mode Model 1995) and IFS/PPPL (Institute for Fusion
Studies/Princeton Plasma Physics Laboratory) are two almost completely
theoretical transport models. They have been implemented in the PRETOR
transport code, which is now regularly used in the simulation of TCV discharges.
First applications of these two transport models in the simulation of the electron
temperature profile of Ohmic TCV discharges have given some satisfactory results.
Model validation analysis over a large range of plasma parameters needs a reliable
ion temperature diagnostic, which will be available on TCV in the near future. The
simulations of ECH and ECCD discharges using the RLW (Rebut-Lallia-Watkins)
empirical transport model are in very good agreement with the experimental data.

The work described under this Section was not performed within the frame of the
Association Euratom - Confederation Suisse.
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In PRETOR simulations, sawtooth stabilisation has been identified as responsible
for the central electron temperature enhancement during counter ECCD
experiments.

Juliette BALLUTAUD: "A large-area and high output coating system (PECVD) for
silicon thin-film solar cells"
The goal of this project is the design and development of a large area and high
throughput coating system for silicon thin-film solar cells, based on Plasma
Enhanced Chemical Vapor Deposition (PECVD). Balzers Process Systems has
experience with the development of in-line coating machines for architectural glass
and with PECVD technology. We will work on the modelling and scale-up of the
plasma reactor and contribute to the process development by applying various
plasma diagnostics and we will optimise the plasma process on the 30 x 40 cm2

intermediate-size KAI reactor. This includes investigations of the effect of the
electrode gap distance on the deposition and of the influence of excitation
frequency. The aim of these investigations is to optimise the process and to
increase the deposition rate up to a maximum value of 15 A/s while respecting
device quality."

Patrick BLANCHARD: "Electron cyclotron emission measurements from TCV
plasmas"
This aim of this project is a measurement of local electron temperatures with high
spatial and temporal resolution in TCV, for studies of ECH, MHD activity and
transient transport. The project is in the hardware procurement waiting for the 24-
channel high field side heterodyne radiometer.

Paolo BOSSHARD: "Charge exchange spectroscopy measurements of ion
temperature and impurity ion density"
The aim of this project is to measure the ion contribution to stored energy and
pressure profiles. Although the contribution is arguably negligible in ECH plasmas
at the very low densities currently required for X2 heating, this will no longer be
the case for X3 at high density, where electrons and ions can approach
equipartition. We have purchased a 50keV, 2A diagnostic injector of neutral
hydrogen for CXS spectroscopy and have brought into service a visible
spectrometer with 16 fibre-optic input channels from the observation optics on
TCV.

Alberto BOTTINO: "Modelling of magnetically confined plasmas"
In the context of a time evolution Particle-In-Cell (PIC) approach for solving
gyrokinetic equations, a modified quasineutrality equation has been developed. In
the previous version of this code, the finite Larmor radius (FLR) effects appeared
through a second order correction term in FLR in the quasineutrality equation. In
order to study micro instabilities in realistic fusion device geometry, this limit has
been relaxed using a more sophisticated correction term. The algorithm has already
been implemented in the case of adiabatic electrons with electrostatic
perturbations. The next step of this work will be the development of a similar
algorithm for codes solving the same problem in the case of kinetic electrons and
electromagnetic perturbations.

Thierry DELACHAUX: "Study of carbiding and nitriding plasmas in a high current
arc reactor, with application to zirconium coating"
The aim of this project is to study nitriding plasmas for the surface treatment of
zirconia, the goal being to obtain a yellow-gold colour surface (ZrN) with functional
wear resistance properties. After designing an adequate experimental set-up, we
are studying the possibility of nitriding by ammonia and nitrogen-hydrogen

The work described under this Section was not performed within the frame of the
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plasmas. We have found that both options lead to the desired treatment and chose
to perform a first set of experiments in nitrogen-hydrogen plasmas in order to avoid
the safety problems associated with the use of ammonia. An investigation of the
reactor parameters showed that the optimum range exists for zirconia nitriding
with respect to its colour, is a function of the surface temperature. If it is too high
we obtained a grey-yellow colour; if it is too low we were not able to efficiently
nitride due to a barrier in the activation energy. A characterisation of the plasma
by optical emission spectroscopy and by mass spectroscopy is underway. However,
the plasma parameters do not seem to have a strong influence on the surface
treatment, except for the temperature setting. In contrast, we showed that pre-
treatment of the zirconia can improve the nitriding. *

Christian DESCHENAUX: "Dust Growth mechanisms in hydrocarbon plasmas"
Mass-spectrometry, Cavity-Ring-Down Spectroscopy (CRDS) and infrared
absorption have been applied to RF-plasmas of methane and acetylene, used for
deposition of thin layers. Large ions with masses up to 300 amu were detected and
analysis of the composition of the most abundant masses shows that the number
of cyclic structures increases with mass, corresponding to some theories of
fullerenee formation. For a given power, pressure and flux, formation of
particulates is observed. The appearance of these powders depends strongly on the
surface state of the reactor. This was observed with other gases such as silane or
mixtures of Hexamethyldisiloxane (HMDSO) and Oxygen, which are studied for the
formation of powders. The current model of homogenous growth of powders by
trapping of negative ions in the plasma does not explain our observations. New
experiments are under way to distinguish between powders enhanced by surface
contamination and powders grown by homogeneous process. *

Gloria FALCHETTO: "Electromagnetic effects on microinstabilities in tokamak
plasmas"
Results from a ballooning instability eigenvalue code, which solves the gyrokinetic
electrostatic equation for the case of full ion dynamics, have been compared with
global gyrokinetic code results. The GLOGYSTO code has been run for two
scenarios having different toroidal wave numbers and Larmor radii, but being iso-
dynamical in the frame of the lowest order ballooning approximation. A
discrepancy between mode growth rates has been found: with the ballooning
representation they are overestimated by a factor 1.7 with respect to the higher
toroidal wave numbers case and by a factor 3-4 to the lower one. In order to study
the effects of finite beta on electrostatic drift modes, a new code which solves the
general electromagnetic kinetic dispersion relation for microinstabilities has been
developed. This local code can solve the full electron dynamics or make use of the
quasi-adiabatic electrons approximation and allows us to model the effect of
trapped electrons, trapped ions and the Shafranov shift. For the electrostatic case
with trapped ions, good agreement is found with ballooning code results. Finally,
the GLOGYSTO code has been modified to include finite beta effects. The
approximation of quasi-adiabatic electrons is used and, as a first step, only
circulating particles have been taken into account. First results of electromagnetic
effects on ITG instabilities are in good agreement with the local ones, obtained from
the dispersion relation.

Jean-Yves FAVEZ: "Non-linear control of a tokamak plasma"
This work is aimed towards developing methods for the control of tokamak plasmas
treating non-linearities as important rather than incidental. The dominant non-
linearities are the voltage and current limits of the power supplies, as well as the
total required power for control. Control simulations of TCV have been carried out

The work described under this Section was not performed within the frame of the
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for high growth rates using the fast internal coils and studies have begun on
different algorithmic approaches, particularly sliding mode control. This work is
targeted at both the TCV and ITER tokamaks. Work has so far concentrated on
understanding the modelling of the tokamak.
(In collaboration with the Institut d'Automatique at the EPFL)

Olivier FISCHER; "The behaviour of magnetic field lines and drifts in 3D
configurations"
The study of the magnetic field lines and the behaviour of the particle drift orbits
have been investigated in a reversed shear tokamak configuration that is subject to
a weak three-dimensional magnetic perturbation. We have observed that a robust
Kolmogorov (KAM) barrier with respect to the perturbation occurs near the
maximum of the safety factor of the underlying unperturbed equilibrium state. This
is a consequence of the non-applicability of the KAM theorem. Concerning the
particle drift orbits, we have defined the notion of a radius of confinement for which
all particles that are launched within it are almost perfectly confined. This radius
decreases with increasing particle energy but saturates as the safety factor q
approaches its maximum value. For this reason, we have interpreted this
phenomenon as a transport barrier for the particles.

Ivo FURNO: "Transient transport events in TCV"
We are studying MHD related transport events such as sawteeth and heat pulses in
relation to plasma conditions, especially plasma shape, using fast, multichannel
broadband radiation diagnostics. These include the 200-channel X-ray tomography
system, a novel fast bolometry system and an X-ray temperature array. The
tomography system has revealed a variety of non-standard sawtooth phenomena in
ECH plasmas, ranging from large amplitudes for axial deposition to vanishingly
small crash amplitudes for a deposition footprint straddling the sawtooth inversion
radius. The fast bolometry system was brought into service early in 1999. Beside
revealing ELMs and sawtooth heat pulses for the first time with this kind of
diagnostic, we overcome the limitations of standard metal foil bolometry, namely
speed, dynamic range, sensitivity to neutrals, sensitivity to microwave pickup.

Guillaume JOST: "Particle simulations of drift waves in 3D magnetic configurations"
Drift waves are commonly held responsible for anomalous transport in tokamaks
and in particular for the anomalously high heat loss. The next generation of
stellarators should be characterised by the much smaller neo-classical transport
and by particle confinement close to that of tokamaks. There is nevertheless a
strong interest in the stellarator community to study the properties of drift waves
in 3D magnetic configurations. We have developed the first global gyrokinetic code
aimed at the investigation of linear drift wave stability in general toroidal geometry.
As a first application, two configurations have been studied, the Quasi-
Axisymmetric Stellarator with three fields periods (QAS3) currently developed at
the Princeton Plasma Physics Laboratory and the Helically Symmetric experiment
(HSX) which started operation at the University of Wisconsin in 1999. The QAS3 is
characterised by a tokamak-like field in the outer part of the torus. In this
structure the drift waves are mainly affected by the skewness of the field lines, the
magnetic shear, and barely by the shape of the plasma. The results are very close
to those obtained for a tokamak. On the other hand, results for the HSX
configuration, which is characterised by a dominant helically magnetic field, show
a clear 3D effect, namely a strong toroidal variation of the drift wave mode
structure. This variation is a clear function of the 3D plasma.

Laurent KLINGER: "3D numerical simulation of a plasma torch using a finite volume
method"
In the framework of a collaboration with Sulzer-Metco AG, we are studying
experimental and modelling aspects of plasma torches. In order to obtain a
macroscopic model of a plasma torch working at atmospheric pressure, and in
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particular of the electric arc column, we based our work on a fluid dynamics code
dealing with the complete Navier-Stokes equation. We added a Poisson equation for
the electrical potential to this code. The fluid system and the electrical part are
coupled through an Ohmic heating source term and the temperature dependence
of the electrical conductivity, which assumes that local thermodynamic equilibrium
is valid. We obtain a stationary solution by means of an iterative procedure. In
order to avoid dealing with the full geometric complexity of a real torch, we are
considering, as a starting point, the simple test case of an arc established in a
crossflow in a rectangular duct. The present version of the code uses an implicit
scheme and parallelisation and converges with an acceptable rate.*

Matteo MACCIO: "Effect of ExB Flows on the Linear Stability of Ion Temperature
Gradient Modes, Using a Global and Spectral Gyrokinetic Model"
Strong electric fields generate an ExB rotation of the equilibrium plasma.
Experiments have shown that this effect might reduce the anomalous transport in
tokamaks. Study of the effect of these flows on the linear stability of ion
temperature gradient (ITG) modes, which are widely held responsible for
anomalous transport, has therefore been undertaken. We use the gyrokinetic
formalism to solve the full 2D poloidal plane of a tokamak, in a spectral approach.
Results show a strong effect of ExB flows: they stabilise the ITG modes and reduce
the extent of the convective cells. Studying different profiles of the flow shows that
while the shear of ExB flow does stabilise the ITG modes, it is the magnitude of the
flow which produces the strongest stabilising effect.

Adriano MANINI: "Dynamic response of plasma temperature to additional heating"
The dynamic response to ECH power excitations of the electron temperature
inferred from the soft X-ray emissivity has been studied to determine of the power
deposition profile. Several excitations have been analysed, such as square wave
modulations and time evolution at the turn on/off of the ECH power. To diminish
the pollution of the signals due to the sawtooth instability, a method based on the
Generalised Singular Value Decomposition (GSVD) has been developed. It was
possible to reduce the sawtooth contribution on average by a factor of 10. Together
with the diamagnetic loop which allows us to calculate the power absorbed by the
plasma, the GSVD has also been successfully applied to treat the signals at the
shut off of the ECH, with the purpose of developing a fast guess power deposition
localisation procedure to be applied after each discharge.

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, TEOS, TMOS, non-toxic and requiring
less stringent safety installations. The aim of this study is to characterise the
plasma in a mixture of HMDSO vapour, oxygen and helium or argon gases. During
1999 a publication was prepared on the results obtained in 1998 in collaboration
with Bari university. Technology transfers were made with an industrial partner.
Future work is focused on particle formation in HMDSO+oxygen plasmas*

Andrei MARTYNOV: "MHD activity of tokamak plasmas"
Several MHD codes have been installed in the CRPP: the non-linear resistive code
XTOR (K. Lerbinger, J.F. Luciani, J. Comput. Phys. 97, 444,1991) in collaboration
with H. Lutjens (Ecole Polytechnique Palaiseau, France), the linear non-ideal code
PEST3 (Pletzer, Bondeson & Dewar, J. Comput. Phys. 115, 530,1994), the new
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version of ideal KINX code (Computer Physics Communications 103, 10-27,1997) -
in collaboration with S. Medvedev (Keldysh Institute, Moscow, Russia).
The codes were tested and are now used for the analysis of MHD stability of TCV
discharges and for studies of the dependence of the MHD stability of tokamak
plasmas on plasma shape. Several TCV shots with different shapes have been
analysed by XTOR and KINX codes and the strong dependence of the ideal kink
mode growth rate on shape parameters has been found.
Preliminary calculations of suppression of the internal kink mode by diamagnetic
rotation have been performed using XTOR code.

Petri NIKKOLA: "Simulations of electron cyclotron wave propagation in TCV"
The linear electroncyclotron wave ray-tracing and current drive code TORAY has
been modified to permit interpolation of the results to the grid used in the
equilibrium reconstruction of TCV plasmas. In addition, the dissipated power for
each ray, as well as the influence on the non-inductive driven current, are
separated. A graphical user interface was developed as a compact tool to exploit the
results. This GUI is linked to a functional interface for running the TORAY code.
Furthermore, a small modification of TORAY allows calculations for waves at the
3rd harmonic of the electroncyclotron frequency.

Pavel POPOVITCH: "Electromagnetic waves propagation in 3D plasma
configurations"
The heating of plasmas by means of electromagnetic waves in three-dimensional
configurations is considered. It is being studied using the wave propagation
equation in a potential formulation written in Boozer magnetic coordinates. This
equation is to be solved numerically with the application of finite elements for the
discretisation in the radial variable and Fourier decomposition in the poloidal and
toroidal angles.

Holger REIMERDES: "[3-limiting phenomena in shaped TCV plasmas »
We are focussing on pressure driven instabilities in TCV, in particular the influence
of the plasma shape on MHD stability. Instabilities are observed with fast
fluctuation measurements, such as magnetic pick-up coils and soft X-ray diodes.
In order to identify the experimental mode structure, a code which simulates the
magnetic perturbation at the location of the magnetic probes has been developed.
Pressure driven magnetic islands, so-called neoclassical tearing modes (NTM), have
been observed in TCV discharges with more than 1MW of additional ECH power.
The importance of high local pressure gradients at the resonant flux surface for the
destabilization of NTMs has been demonstrated. Furthermore, the shape
dependence of sawteeth, which are deemed important for the onset of NTMs, has
been analysed in systematic scans of elongation and triangularity. The sawtooth
period can increase or decrease with additional heating power depending on the
plasma shape. This shape dependence has been related to the role of ideal or
resistive MHD in triggering the sawtooth crash.

Pedro Miguel RODRIGUES DE ALMEIDA: "TEM measurements of irradiation
damage"
Irradiation induced order-disorder and microstructure evolution have been
systematically assessed by transmission electron microscopy (TEM) using both
dark field and weak beam imaging modes. These observations have been coupled
with a molecular dynamics (MD) codes and a novel image simulation (IS) technique
based on the multislice approach (MS). In diffraction contrast imaging mode it has
been possible to demonstrate the observability of disordered regions induced by a
single ion and to correlate the geometry of these regions of disorder with the loci of
the surviving defect clusters. Damage accumulation has been also simulated and
observed using IS tools. Phase contrast image simulation has been deployed as
means of comparison with published results in related fields. Although extremely
powerful, phase contrast requires stringent experimental conditions to be able to
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compare TEM and IS due to the low level of image contrast. It appears that
irradiation induced amorphization in NiAl is not driven through a direct reaction of
type crystalline-to-amorphous. Instead, a defect accumulation mechanism might
be in operation.

Edgar SCAVINO: "Impurity transport measurements using laser ablation of
impurities"
The major effort during 1999 was devoted to the installation of the hardware and
software components of a laser ablation system. This system, now operational,
includes the laser, the optical path which focuses the beam on a target plate made
of a thin Al film and vacuum pumping. The necessary electronics have been for the
computer control of the equipment. The first tests of laser ablation have been
successful. The properties of impurity transport in TCV plasmas are obtained by
evaluating raw data from existing diagnostics. A code which was used for Ne
transport analysis has been upgraded and is ready for the study of the transport of
injected impurities of various species.
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ITERP1/14 (1999)

B.2 Seminars presented at the CRPP in 1999

L. Empacher, Inst. fur Plasmaforschung, Stuttgart, Germany, "The multi-beam transmission
line for the ECRH on W7-X"

Dr. M. Victoria, CRPP-TF, Villigen-PSI, "The mechanisms of radiation hardening in metals
and alloys"

Academician V.D. Shafranov, RRC Kurchatov, Nuclear Fusion Inst., Moscow, Russia,
"Development of fusion research and the prospect for the future"

Dr. M. Carrard, Lab. de Physique des Solides Semi-cristallins, DP-EPFL, "Ordre et desordre
dans le bore"

Dr. M.Yu Isaev, RRC Kurchatov, Nuclear Fusion Inst., Moscow, Russia, "Pseudo symmetry,
water and NCSX"

P. Martin, Consorzio RFX & Dept. of Physics, Padova, Italy, "Non chaotic states and
improved confinement in the RFP'

Prof. F. Porcelli, Politecnico di Torino, Italy, "Filaments and transport barriers"

Dr. H. Weisen, CRPP-EPFL, "Not (at all) about profile consistency"

Dr. A. Jaun, Alfven Laboratory, Royal Inst. of Technology, Stockholm, Sweden, "Mode
conservation: from ICKF down to Alfven and resistive wall modes"

Dr. Y. Peysson, DRFC, CEA Cadarache, France, "Recents progres dans la comprehension de
la dynamique des electrons rapides pour le controle du profil de courant dans Tore Supra"

Dr. P. Garin, DRFC, CEA Cadarache, France, "CIEL, a major improvement of Tore Supra"

Prof. E. Minardi, 1st. di Fisica del Plasma, ENEA-CNR, Milano, Italy, "Priviledged tokamak
equilibria in the light of the magnetic entropy concept"

Dr. R. Narkovic, Semiconductor Phys. Inst., Vilnius, Lithuania, "In-plane propagation of
millimeter waves in periodic semiconductor structures"

P. Mandrin, CRPP-EPFL, "Production de plasma et demarrage du courant du tokamak TCV
avec I'assistance d'onde cyclotron electronique"

Dr. B. Scott, IPP Garching, Germany, "Electromagnetic gyrofluid turbulence in realistic
tokamak geometry"

F. Imbeaux, DRFC, CEA Cadarache, France, "Propagation et absorption de Vonde hybride
dans Tore Supra: etude experimental et modelisation"

P.A. Popovitch, RRC Kurchatov, Nuclear Fusion Inst., Moscow, Russia, "Plasma
confinement in the magnetic field of an internal ring current'

C. Fenzi, DRFC, CEA Cadarache, France, "Interplay between edge and core fluctuations in
Tore Supra"

Dr. J.A. Snipes, PSFC, MIT, USA, "Fast particle driven modes in Alcator C-Mod"

P. Gomez, DRFC, CEA Cadarache, France, "Dynamique de Vabsorption de I'onde hybride vue
par I'emission cyclotronique electronique dans des plasmas de Tore Supra"

Prof. T. Okada, Graduate School of Information Service & Electrical Engineering, Kyushu
Univ., Japan, "Imaging diagnostics of laser ablation plume used for thin film deposition and
nano-particle formation"
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Dr. P.D. Morgan, JET Joint Undertaking, Abingdon, UK, "Optical spectroscopy of the JET
divertor exhaust using a penning gauge"

Dr. H. Klostermann, Equipe Turbulence Plasma de Provence, Marseille, France,
"Dunamique des instabilites basses frequences d'un systeme double plasma"

I. Condrea, Centre Candadien de Fusion Magnetique, Varennes, Quebec, "Ion temperature
and plasma rotation velocity measurements using visible spectroscopy on TdeV"

T. Lho, Dept. of Engineering Physics, Wisconsin, Madison, USA, "Azimuthally symmetric
pseudosurface and helicon wave propagation in an inductively coupled plasma at low
magnetic field"

A. Degeling, Plasma Research Lab., ANU, Canberra, Australia, "High density plasma
production and associated relaxation oscillations in a large volume Helicon discharge"

S. Hacquin, Lab. de Physique des Milieux Ionises, Univ. Henri Poincare de Nancy I, France,
"Propagation d'une onde electromagnetique dans un plasma: applications d la mesure du
profil de densite et a I'etude des fluctuations de densite dans un tokamak"

V. Grandgirard, DRFC, CEA Cadarache, France, "Calcul de Vequilibre plasma: Application a
I'etude des scenarios"

S. Allfrey, Imperial College, London, UK, "Stabilisation mechanisms for the resistive wall
mode"

Dr. R. Nakach, DRFC, CEA Cadarache, France, "Current drive generation based on
autoresonance and intermittent trapping mechanisms"

O. Fischer, CRPP-EPFL, "Transport barrier in a reversed shear TEXTOR tokamak driven by
the dynamic ergodic divertor"

Dr. R. Bartiromo, Consorzio RFX, Univ. Padova, Italy, "Reversed field pinch physics at the
RFX experiment"

Dr. R. Khayrutdinov, TRINITI, Troitsk, Russia, "The DINA simulation code"

Dr. H. Weisen, CRPP-EPFL, "Profile consistency strikes back"

B.3 Seminars presented externally in 1999

Cooper W.A., National Institute for Fusion Science, Gifu-ken, Japan, September 1999, "A
compact quasiaxisymmetric magnetic confinement system"

Cooper W.A., CSCS, Manno, September 1999, "A quasixvcisymmetric confinement system"

Howling A.A., Grangeon F., Hollenstein Ch., Brianceau P., Chevalley L., Faibella B.,
IMT, Neuchatel, September 1999, "VHF plasma deposition of microcrystalline silicon using
admixture of silicon tetrafluoride, SiF4"

Lister J.B., JAERI, Naka Fusion Research Establishment, Japan, August 1999, "Plasma
equilibrium response identification on TCV and JT-60U"

Lister J.B., JAERI, Naka Fusion Research Establishment, Japan, November 1999, "Plasma
equilibrium response on JT-60U"

Miiller H., Balzers AG, Balzers, Liechtenstein, "Final report of magnetron project'

Pietrzyk Z.A., Dept. of Physics, University of Oregon, Corralis, USA, October 1999,
"Influence of plasma shape on tokamak performance"

Pochelon A., RRC Kurchatov, Inst. Of Nuclear Fusion, Moscow, Russia, February 1999,
"Energy confinement in shaped TCV plasmas with electron cyclotron heating"

Pochelon A., Politecnico di Torino, Dip. di Energetica, Torino, Italy, May 1999, "Electron
Cyclotron Heating of Fusion Plasmas"

Reimerdes H., Institut fur Plasmaforschung, Universitat Stuttgart, Germany, June 1999,
"Einfluss der Plasmaform aufdie MHD Stabilitdt im TCV Tokamak"
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Vecsey G., Forschungszentrum Karlsruhe GmbH, Germany, November 1999, "SULEIKA -
Test eines hoch-Tc-Supraleiterkabels in der Schweiz"

Victoria M., National Institute of Science, Washington, USA, July 1999, "Defect-dislocation
interaction in irradiated materials"

Victoria M., Politecnico of the Carlos III University, Madrid, Spain, October 1999, "The
deformation of irradiated materials"

J3.4 Conferences and meetings organised by the CRPP

Workshop on "FRONTIERS IN LOW TEMPERATURE PLASMA DIAGNOSTICS in"

This workshop was organised by the CRPP from 15 to 19 February 1999 in Saillon in the
canton of Valais and was the third biennial meeting in the series following Les Houches,
France (1995) and Bad Honnef, Germany (1997). The theme was "Diagnostics of Industrial
Plasmas". The targets of 10, internationally-renowned invited speakers and 60 registered
participants were reached, and industrial sponsorship was obtained. The scientific
committee, speakers and participants represented a mix from university and industrial
backgrounds to discuss the specific question of university/industry exchange and transfer.
The workshop proceedings of 67 papers are available as Lausanne Research Paper
LRP629/99 and on the conference website http://crppwww.epfl.ch/LTPD99.

First Swiss Plasma Meeting

The First Swiss Plasma Meeting was organised by the CRPP and held at the EPFL on 1
December 1999. The meeting brought together 23 industrialists and 22 university and
technical school members to consider the possibility co-ordinating industrial plasma
research and applications in Switzerland. It is planned to have follow-up meetings
alternately hosted by industry and academia.
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APPENDIX C External activities of CRPP Staff

c.i National and international committees and ad-hoc groups

MEMBERSHIP

K. Appert EFDA* JET Sub-Committee

F. Hofmann JET Scientific Council

J.B. Lister ITER MHD, Disruption and Control Expert Group

M. Q. Tran Extended JET Facilities Working Group
JET Executive Committee
Fusion Technology Steering Committee — Implementation
Consultative Committee for the Fusion Programme
Consultative Committee for the Fusion Programme / Consultative
Committee for the Euratom Specific Research and Training Programme in
the field of Nuclear Energy, Fusion (CCE-FU)
Fusion Physics Committee
EFDA* Steering Committee
EFDA* Technology Sub-Committee

F. Troyon Chairman of the JET-Council
Fusion Technology Steering Committee — Planning
Fusion Technology Steering Committee - Planning / Fusion Technology
Committee
Consultative Committee for the Fusion Programme
Consultative Committee for the Fusion Programme / Consultative
Committee for the Euratom Specific research and Training Programme in
the field of Nuclear Energy, Fusion (CCE-FU)
Member ITER Technical Advisory Committee (TAC)
Member ITER Special Working Group (SWG)

L. Villard Fusion Physics Committee

H. Weisen Member of the International Advisory Board of the IPP Prague, Czech
Republic

OTHER PARTICIPATION

B. Duval JET-Abingdon, December 17, 1999
Workshop on remote participation for JET under EFDA

D. Fasel JET-Abingdon, June 24, 1999
Review Meeting - Neutral Beam Power Supplies Upgrade

Y.R. Martin Meetings of the ITER Confinement Database and Modelling Expert Group
Garching, 12- 16 April, 1999
Abingdon—JET, September 29 - October 1, 1999

P.J. Paris Munchen-Obermenzing, November 22 - 23, 1999
ITER Workshop for opinion makers

R.A. Pitts IPP, Garching July 26 - 29, 1999

* EFDA: European Fusion Development Agreement
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Meeting on Divertor and SOL physics to prepare JET Operation in 2000
and later

Abingdon—JET, November 15-24, 1999
Work on JET in view of future contribution to the task Force E (edge and
PSI physics) for 2000

Naka, 13-19 December, 1999
ITER Divertor and Scrape-off Layer Expert Group Meeting

A. Pochelon IPP-Garching, October 18 - 19, 1999
Meeting on "Advanced tokamak Operation at JET Task Force S2
Programme"

ERM-Brussels, October 22, 1999
3rd Meeting of the EFDA JET-Sub-Committee

O. Sauter Garching, 25 - 28 January, 1999
ITER Point Design Meeting

Culham, June 23 - 25, 1999
Meeting on MHD, Disruption and Plasma Control

Cadarache, September 13 - 16, 1999
Workshop of the ITER Energetic Particles, Heating and Steady State
Operation Expert Group

Abingdon—JET, September 20 - 22, 1999
and October 12 - 13, 1999
EFDA - JET Task Force Meetings

M.Q. Tran Garching, April 6, 1999
EU Task Area Leader — Meeting on EC Waves to JCT,

ERM-Brussels, November 10, 1999
Advisory Committee for the nomination of the l'EFDA Leader and EFDA
Technical Associate Leader

Munchen-Obermenzing, November 22-23 , 1999
ITER Workshop for opinion makers

IPP-Garching, December 13, 1999
Commission d'Evaluation pour l'Alimentation Haute Tension pour le Stellarator
W7-X

JET-Abingdon, December 15, 1999

1st Ad-Hoc Group Meeting on JET Enhancement

L. Villard Chairman of JET Remote Participation ad'hoc Group

H. Weisen Garching, April 12-16, 1999 and
Abingdon—JET, September 29 - October 1, 1999
Workshops of the ITER Edge and Pedestal Physics Expert Group

C.2 Editorial and society boards

S. Alberti Member of the Committee of the SSP (Swiss Society of Physics)
Responsible for Applied Physics (since March 1999)

Ch. Hollenstein Secretary of the Swiss Vacuum Society
Member of the Committee URSI (Union Radio-Scientifique Internationale)
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Member of Editorial Board of Plasma Chemistry and Plasma Processing

J.B. Lister Member of the Editorial Board of Plasma Physics and Controlled Fusion
Member of the European Physical Society Plasma Physics Division Board
and representative of this board at the APS

Y.R. Martin Chairman of the AVCP (Association Vaudoise des Chercheurs en Physique)

P. J. Paris Manager of Fusion EXPO 2 supported by the DG XII
Project Manager : Interactive Model of ITER and start of Fusion Power Plant
Virtual Reality
Member of the Fusion Expo Consortium Committee

A. Pochelon Member of the Committee of the SSP (Swiss Society of Physics)
Responsible for Applied Physics (until February 1999)

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

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

C.3 EPFL committees and commissions

Ch. Hollenstein
H. Weisen

X. Llobet

K. Appert

Commission de Recherche du Departement de Physique, EPFL

Commission Technique d'Informatique

Commission d'Informatique
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APPEJVDIXD

D.I Lausanne Reports (LKP)

Angioni C, Sauter O., "Neoclassical transport coefficients for general axisymmetric equilibria
in the banana regime"
LRP 644/99

Barry S., "The extension of the FIR interferometer ofTCV to a polarimeter and measurements
of the Faraday rotation caused by the poloidal magnetic field"
LRP 638/99

Blau B., "Stability and quench of dual cooling channel cable-in-conduct superconductors",
(These EPFLNo. 2076 (1999))
LRP 651/99

deAlmeida P., Schaublin R., Almazouzi A., Victoria M., Levy F., "Microstructure and
growth modes of stoichiometric NiAl and Ni3Al thin films deposited by rf-magnetron
sputtering"
LRP 661/00

Dorier J.-L., Hollenstein Ch., Salito A., Loch M., Barbezat G., "Characterization of
fluctuations in a DC plasma torch used for thermal spraying"
LRP 634/99

Dorier J.-L., Hollenstein Ch., Salito A., Loch M., Barbezat G., "Characterisation and
origin of arc fluctuations inaF4 DC plasma torch used for thermal spraying"
LRP 649/99

EPS participants, Papers presented at the 26th EPS Conference on Controlled Fusion and
Plasma Physics, Maastricht, The Netherlands, June 1999
LRP 635/99

Falchetto G.L., Vaclavik J., Maccio MM Brunner S., Villard L., "Applicability of the
ballooning transform to trapped ions modes"
LRP 648/99

Fischer O., Cooper W.A., Villard L., "Magnetic topology and guiding cneter drift orbits in a
reversed shear tokamak"
LRP 636/99

Franz D., Grangeon F., Delachaux T, Howling A.A., Hollenstein Ch., "High growth rate
deposition of hydrogenated microcrystalline Silicon by a high current DC discharge"
LRP 640/99

Franz D., "Deposition assistee par un plasma a arc a haut courant continu de couches minces
de Nitrure de Bore et de Silicium microcristallin hydrogene"
LRP 645/99

Furno L, Weisen H., Mlynar J., Pitts R.A., Llobet X., Marmillod P., Pochon G., "Fast
bolometric measurements on the TCV tokamak"
LRP 632/99

Henderson M.A. , Goodman T.P. , Behn R., Coda S., Hogge J.-P., Martin Y., Peysoon Y.,
Pietrzyk Z.A., Pochelon A., Sauter O., Tran M.Q., TCV Team, "Recent results in ECH and
ECCD experiments in the TCV tokamak" (Invited paper for the 4th Int. workshop on Strong
Microwaves in Plasma, Russia, August 2-9, 1999)
LRP 643/99
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Hofmann F., Favre A., Isou P.-F., Martin Y., Moret J.-M., Nieswand C, "Vertical position
control in TCV: comparison of model predictions with experimental results"
LRP 653/99

IAEA-TCM on ECRH &, ECU Participants, Papers presented at the, IAEA Technical
Committee Meeting on ECRH Physics and Technology for Fusion Devices and EC-11, Oh-
ari, Japan, October 4-8, 1999
LRP 646/99

Jaun A., "Review of mode-conversion calculations in toroidal plasmas"
LRP 647/99

Jaun A., Fasoli A., Vaclavik J., Villard L., "Stability of Alfven Eigenmodes in optimized
tokamaks"
LRP 652/99

Lister J.B., Martin Y., Fukuda T., Yoshino R., Mertens V., "Control of modern tokamaks",
Paper presented at the 7th Int. Conference on Accelarator and Large Experimental Physics
Control Systems, Trieste, Italy, October 1999
LRP 655/99

Lister J.B., Bruzzone P.L., Costley A.E., Fukuda T., Gribov Y., Mertens VM Moreau D.,
Oikawa T., Pitts R.A., Portone A., Vayakis G., Wesley J., Yoshino R., "Technical issues
associated with the control of steady-state tokamaks", , Paper presented at the 2nd IAEA
Technical Committee Meeting on Steady-State Operation of Magnetic Fusion Devices,
Fukuoka, Japan, October 1999
LRP 656/99

Maccio M., Vaclavik J., "Effect of E x B flows on the linear stability of ion temperature
gradient modes, using a global and spectral gyrokinetic model"
LRP 637/99

Mandrin P., "Production de plasma et demarrage du courant du tokamak TCV avec
I'assistance d'onde cyclotron electronique", (These EPFL 1999)
LRP 641/99

Pitts R.A., Chavan R., Moret J.-M., "The design of central column protection tiles for the
TCV tokamak"
LRP 631/99

Pochelon A., et al., "Energy confinement and MHD activity in shaped TCV plasmas with
localised electron cyclotron heating"
LRP 633/99

Porcelli F.t Angioni C, Behn R.? Furno I., Goodman T., Henderson M., Pietrzyk Z.A.,
Pochelon A-, Reimerdes H., Rossi E., Sauter O., "Nonstandard relaxation oscillations of
magnetically confined plasmas"
LRP 650/99

Sansonnens L., Howling A.A., Hollenstein Ch., "A gas flow uniformity study in large-area
showerhead reactors for RF plasma deposition"
LRP 642/99

Sauter O., Angioni C, Lin-Liu Y.R., "Neoclassical conductivity and bootstrap current
formulae for general axisymmetric equilibria and arbitrary collisionality regime"
LRP 630/99

Weisen H., "Optical diagnostics for plasma density fluctuations"
LRP 639/99

Workshop on "Frontiers in low temperature plasma diagnostics III", Saillon, Switzerland,
February 1999
LRP 629/99
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D.2 Internal Reports (INT)

Chavan R., "A thermomechanical analysis of the central column tiles ofTCV"
INT 195/99

Mlynar J., Furno I., Joye B., Refke A., "Bolometry on the TCVtokamak"
INT 196/99

Jerjen I., Mlynar J., "BmM0: The software package used for the bolometry on the TCV
tokamak"
INT 197/99
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APPEiVDIX E 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 normally generate natural
profiles of plasma current and plasma
pressure. Using external non-inductive
current drive and local control of the
current and pressure profiles can allow
access to enhanced regimes and even
steady state operation, generally referred
to as Advanced Tokamak Scenarios.
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, e.g. 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 He4: 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 cc-
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 oc-
particles as they slow down due to
collisions is essential for achieving
ignition.

Alternative lines: Magnetic confinement
development other than the tokamak.

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.

ASDEX-Upgrade: Medium-sized Tokamak
at Garching (Association Euratom-IPP,
Germany) with an elongated, diverted
plasma.

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

Auxiliary heating: See additional heating.

Ballooning instability: A local instability
which can develop in the tokamak when
the plasma pressure exceeds a critical
value; it therefore constrains the
maximum p 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
determine the cost of the field coil that
generates it; since fusion reactivity
increases with the square of the plasma
pressure, a high value of J3 indicates good
performance. The highest values achieved
in tokamaks reach 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
observed experimentally.

Blanket: A structure containing lithium
or lithium compounds surrounding the
plasma core of a fusion reactor. Its
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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 poloidal 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 advanced tokamaks.

Breakeven: The fusion performance of a
power plant is denoted by Q, which is the
ratio of the power released by fusion
reactions to that used to heat the plasma.
As a convention, scientific breakeven
corresponds to Q=l and ignition to
Q=infinity. A fusion power plant would
operate at Q~50.

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: The fusion process of consuming
DT fuel in a reactor, releasing energy.

CCE-FU: The Consultative Committee for
the Euratom Specific Research and
Training Programme in the field of Nuclear
Energy, Fusion. Formerly the CCFP.

CCFP: Consultative Committee for the
Fusion Programme. Advisory body to the
Commission (in French CCPF, in German
BAPF). Renamed under the 5th
Framework Programme as the CCE-FU
(q.v.).

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.
Renamed under the 5th Framework
Programme as the "Key Action Fusion".

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 flexible heliac stellaratorTJ-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.

Collisionality: N o n - d i m e n s i o n a l
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 in which no material
elements (coils, conductors or walls) need
to link through the bore of the plasma
torus. Thus the vessel of compact tori can
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. 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 and is a
measure of how fast a plasma would cool
if there were no heating.

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

Current drive (non-inductive): In a
tokamak, plasma current can be driven
inductively, with the toroidal plasma
acting 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
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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.

Current ramp-up (down): The increase
(decrease) of plasma current either at the
start of operation or during operation.

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 (28 GHz per
Tesla), and for ions, a few tens of MHz (7.5
MHz per Tesla for deuterium).

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
intended 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 Research (DG RTD): The Directorate-
General of the European Commission,
Brussels, responsible for Research and
Development. Formerly DG XII.

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 (nTx)
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.

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
magnetic 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 used to
compress a target pellet.

DTE: The deuterium-tritium experiment
at JET which in 1997 set new records for
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fusion power production. Followed the
Preliminary Tritium Experiment of 1991.

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.

EFDA: European Fusion Development
Agreement. The new organisational
framework of the EU fusion activities on
the exploitation of the JET Facilities,
international collaboration (including
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.

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
thermal particles are 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.

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 (RFP)
at the Royal Institute of Technology,
Stockholm (Association EURATOM-NFR),
built for RFP transport and shell
stabilisation studies in support of RFX.

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
e l e c t r o m a g n e t i c , 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.

FDR: Far infra-red (e.g. wavelength ~ 0.2
to 1mm). 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
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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.

FPC: The Fusion Physics Committee, a
sub-committee of the CCE-FU which
reports to it principally on the physics
aspects of the programme. Formerly the
Programme Committee (PC).

FTC: The Fusion Technology Committee,
a sub-committee of the CCE-FU which
reports to it principally on technology
activities and contributions to
international collaborations. Formerly the
Fusion Technology Steering Committee
(FTSC).

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 cc-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 Jiilich GmbH,
Germany. Partner in the Association
EURATOM-FZJ, operating the tokamak
TEXTOR.

G S I : G e s e l l s c h a f t 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: Optimised s t e l l a ra to r
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.

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.
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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 a-particles (helium nuclei),
which heat the plasma as they slow down.
Once this has happened, the a-particles
have no further use: they constitute
helium ash, which dilutes the fuel and
must be removed to maintain a burning
plasma.

High beta ((3): 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 p.

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 in
the very short time before the fuel
expands under its own pressure. The
inertia of the pellet's own mass
determines the time scale during which
fusion reactions occur, hence the name
inertial confinement.

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.

Ignition condition: Condition for self-
sustaining fusion reactions: heat provided
by fusion a-particles replaces the total
heat losses. External sources of plasma
heating 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".

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.
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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.

IPP: M a x - P l a n c k - I n s t i t u t fur
Plasmaphysik, Garching, Germany.
Partner in the Association EURATOM-IPP,
operating the tokamak ASDEX-Upgrade
and the stellarator Wendelstein VII-AS.
Also has sites in Berlin and in Greifswald,
where the construction of the large
superconducting stellarator Wendelstein
VII-X is in progress.
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, 1992-2001).
TAC, Technical Advisory Committee. See
also Next Step.

JAEC: Japan Atomic Energy Commission,
Tokyo, Japan.

JAERI: Japan Atomic Energy Research
Institute. Headquarters in Tokyo, Japan.

JET: Joint European Torus. The largest
tokamak in the world, sited at Abingdon,
UK. Operated as a Joint Undertaking (JET
Joint Undertaking), until the end of 1999.
The scientific exploitation of the JET
facilities is now guaranteed by the
Euratom fusion Associations within the
EFDA framework. The operation of the
facility is the responsibility of the
Association Euratom-UKAEA.

JT-60U: Japanese tokamak at Naka. The
largest Japanese tokamak and second
largest operating experiment after JET,
but not designed for use with D-T fuel.

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. Began operation in
1999.

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.

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 fine scale
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 bottlenecks.
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
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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-P lanck- Ins t i tu t 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 neutralised 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 were organised by
the NET team, until its replacement by
EFDAin 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.

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 a European activity as a
fall-back option. The generic name for an
experimental reactor with a long pulse
burning plasma at high fusion gain.

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 at Princeton,
USA. A similar size to MAST, but of
different design. Started operation in
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.
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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,
ViUigen, CH).

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 (PTE):
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. Followed by the more
ambitious DTE in 1997.

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, q9B: See Safety factor.

Q: Ratio of fusion power to total additional
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.

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.
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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
maybe 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
current and pressure for a given external
magnetic field. They require a conducting
shell close to the plasma for stabilisation.

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.

RTP: Rijnhuizen Tokamak PETULA, for
study of transport in a plasma, at
Nieuwegein (Rijnhuizen), the Netherlands
(Association EURATOM-FOM). Ceased
operation in 1998, the activities of the
Association being transferred to TEXTOR,
as part of the Tri-lateral Euregio Cluster.

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.
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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.

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
equilibrium 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 showed
experimentally a lesser tendency to
disruptions and is efficient in its use of
magnetic energy. Ceased operation in
1998, replaced by MAST.

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.

Steady state 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 toroidal 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
t ransfer the i r 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: An 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
(Assoc ia t ion 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).
IT = lVs/m2 = 10,000Gauss.

TEXTOR: Torus Experiment for
Technology Oriented Research. Tokamak
at Julich, Germany (Association
EURATOM-FZJ). Refurbished and
upgraded, in 1994, asTEXTOR-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 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
Maxwellian distribution which is
described by a single temperature
(typically l-30keV 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 was a torsatron at CIEMAT, built
and operated in preparation for TJ-II).

Tokamak: Magnetic configuration with
the shape of a torus. The plasma is
stabilised 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.

TORE SUPRA: Large tokamak with
superconducting toroidal magnetic field
coils and a circular plasma cross-section
at the Association EURATOM-CEA in
Cadarache, France.

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
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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.

Tri-lateral Euregio Cluster (TEC): A
collaboration between the Associations
Euratom-FZJ, -FOM and -Etat Beige, to
exploit the TEXTOR tokamak at FZJ,
Julich, Germany.

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.

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 MAST. Also charged with the
operation of the JET facilities under
EFDA.

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 in
progress at Greifswald, Germany
(Association EURATOM-IPP) with first
operation scheduled for 2006.

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 from the "Glossary of fusion terms" by UKAEA
Culham, UK, and from the glossary of "Fusion programme evaluation", 1996, EUR 17521,
European Commission
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