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Foreword

The rejection of the EEI by Switzerland on December 6,1993 has not
had any adverse consequences for the Association's programme since the
•Accord Cadre» regulating the Swiss participation in the European Fusion
programme continues to be in force. At most it could be feared that, if the
current bilateral negotiations between Switzerland and the E.U. stall or
fail, the European partners would stick to the letter rather than the spirit
of the «Accord Cadre», although to date relations have been marked by a
magnificent sense of partnership with each partner on equal treatment.
One can only hope that this close integration can be maintained
independently of the outcome of the negotiations.

The discussion underway for several years regarding a reorganisation
of the Association was made substentive on August 1, 1993 by the
incorporation of the PSI personnel of the Association into a fusion
technology group attached to the CRPP-EPFL. This group uses large
facilities at the PSI and therefore continues to work at Villigen as a
technology branch of the CRPP. The rights and obligations of the CFPP and
PSI were the subject of long discussions, due to this unusual situation and
a wish to avoid creating new problems by ?. poorly-thought- out agreement.
The final agreement between the PSI and EPFL was signed on October 11,
1994. The Association welcomes this transfer, which has given new
momentum to the technology programme and confirmed our long-term
committment to this field, in particular, our determination to fully
capitalize on the Association's facilities in the service of the European
scientific programme and ITER The results were not long in waiting, as
indicated by the SULTAN and PEREX results given in this report.

After many events, the research programme, and in particular its
fusion sub-programme, were finally approved by all of the community
authorities at the end of 1994 following the guidelines of the Maastricht
Treaty. The overall programme to be carried out and the global community
budget available to the end of 1998 are therefore known, and the work
schedule can now be carried out with a certain peace of mind. After the
uncertainties and hesitations provoked by the constitutional conflict
between the European Parliament and the Commission, which caused
unforeseeable budget holdbacks, sudden austerity measures and the
impossibility of planning even on short term, this event is extremely
welcome. It is also a good sign that the new CEE members. Finland and
Austria (Sweden was already a programme member) immediately expressed
their wish to set up an Association to participate in the fusion programme.

On the national level, these last two years have seen the start of TCV
ohmic operation with some encouraging results and the beginning of the
construction of its electron cyclotron heating system. If all goes well, in
1996, we should be able to celebrate simultaneously the beginning of
experiments with the Electron Cyclotron Heating and the unification of the
CRPP ensemble in its new building in Ecublens.

The only negative point is the continual loss of staff due to natural
loss or retirement, who are not replaced, particularly for permanent
employees, even though we are operating larger and larger devices. Our



Association Is certainly unique In Europe due to Its small proportion (33%)
of personnel having permanent status. This constitutes a real and
immediate threat for the Association, even more dangerous than a possible
European discrimination after rejection of the EEI. This has led to more
and more concentration on the large facilities, the abandonment of physics
experiments which would have otherwise been very useful for the education
cf young scientists, and a total block of new doctoral students. We can cr2y
hope for a trend reversal revealing the true worth of the huge construction
effort of these last years by suitable capitalizing on CRPP's large research
facilities.

Prof. F. Troyon, Director
Lausanne, April 1995



Préface

Le refus de l'Espace Economique Européen parle peuple suisse le 6
décembre 1993 n'a pas eu de conséquences négatives pour le programme
de l'Association, l'Accord Cadre régissant la participation suisse au
programme fusion européen continuant à déployer ses effets. Tout au plus
pourrait-on craindre, au cas où les négociations bilatérales en cours entre
la Suisse et l'Union Européenne traîneraient ou échoueraient, que les
partenaires européens s'en tiennent rigoureusement à la lettre plutôt qu'à
l'esprit de l'Accord, alors que jusqu'à présent les relations ont été empreintes
d'un formidable esprit de partenariat avec une totale égalité de traitement.
On ne peut que souhaiter que cette étroite intégration puisse se maintenir
quelle que soit l'issue des négociations.

Les discussions en cours depuis plusieurs années au sujet d'une
réorganisation de l'Association se sont concrétisées le 1er août 1993 par
le rattachement du personnel travaillant au PSI dans une équipe de
technologie de la fusion rattachée au CRPP-EPFL. Cette équipe utilise des
installations lourdes au PSI et continue donc à travailler à Villingen comme
antenne technologique du CRPP. Les droits et obligations du CRPP et du
PSI ont fait l'objet de discussions prolongées ce qui s'explique par le
caractère inédit de cette situation et le souci de ne pas créer de nouveaux
problèmes par un accord mal pensé. C'est le 11 octobre 1994 que l'accord
final a été signé entre le PSI et l'EPFL. L'Association se réjouit de ce
transfert qui a donné une nouvelle impulsion au programme technologi-
que et confirmé notre engagement à long terme dans ce domaine, en
particulier notre détermination d'exploiter pleinement les installations de
l'Association au service du programme européen et de ITER Les résultats
ne se sont pas faits attendre longtemps comme en témoigne la lecture des
résultats des groupes SULTAN et PIREX dans ce rapport.

Après moult péripéties le programme cadre de recherches et en
particulier son sous-programme fusion ont été finalement approuvés à fin
94 par toutes les autorités communautaires suivant la procédure du traité
de Maastricht. Le programme global à effectuer et l'enveloppe budgétaire
communautaire à disposition jusqu'à fin 1998 sont donc connus et la
planification du travail peut maintenant s'effectuer dans une certaine
sérénité. Après les incertitudes et les à-coups provoqués par le conflit
institutionnel entre le Parlement Européen et la Commission et qui se sont
traduites par des retenues budgétaires imprévisibles, des mesures d'aus-
térité soudaines et une impossibilité de planifier même à court terme, cet
événement est extrêmement bien-venu. De bonne augure également est le
fait que les nouveaux pays de l'Union Européenne, Finlande et Autriche (la
Suède était déj à membre du programme), aientt immédiatement manifesté
leur désir de créer une Association pour participer au programme fusion.

Sur le plan local les deux années écoulées ont vu le début de
l'exploitation de TGV en régime ohmique avec des résultats encourageants
et le début de la construction de son système de chauffage cyclotronique
électronique. Si tout va bien nous devrions pouvoir célébrer en 1996 à la
fois le début des expériences de chauffage cyclotron électronique et le
rassemblement de l'ensemble du CRPP-Lausanne dans ses nouveaux
locaux à Ecublens.



La seule fausse note est la perte continuelle de positions suite à des
départs naturels ou à la retraite non remplacés, en particulier d'employés
permanents, alors que nous opérons des appareillages de plus en plus
lourds. Notre Association est certainement unique en Europe parla faible
proportion (33%) de personnel ayant un statut d'employé permanent. Ceci
constitue une menace réelle et immédiate pour l'Association autrement
plus dangereuse qu'une éventuelle discrimination européenne après le
rejet de l'EEE! Cela se traduit par une concentration de plus en plus forte
sur l'exploitation des installations lourdes, l'abandon des expériences de
physique pourtant très utiles pour la formation des jeunes scientifiques et
l'arrêt complet d'engagement de doctorants. On ne peut qu'espérer un
revirement de tendance permettant une valorisation du formidable effort
de construction des dernières années par une exploitation convenable des
grandes installations de recherche du CRPP.

Prof. F. Troyon, Directeur
Lausanne, avril 1995



Vorwort

Die am 6. Dezember 1993 zum Ausdruck gebrachte Weigerung des
Schweizeivolkes, dem europaischen Wirtschaftsraum beizutreten, hatte
keine negstiven AusTv^knngen a«f d?.s Programm der AssoTiatton. Das
Rahmenabkommen, das die schweizerische Mitarbeit am europaischen
Fusionsprogramm regelt, zeigt weiterbin seine Wirkung. Es bleibt zu
hoffen, dass sich im Falle einer Verzôgerung oder des Scheiterns der
gegenwârtig stattfindenden bilateralen Verhandlungen zwischen der
Schweiz und der Europaischen Union die europaischen Partner
vorzugsweise an den Sinn des Abkommens halten, anstatt es wortwôrtlich
auszulegen. Bis anhin wurden die Beziehungen in der Tat von einem
aussergewôhnlichen Partnerschaftsgeist und volliger Gleichberechtigung
getragen. Es bleibt nur zu hoffen, dass diese enge Integration beibehalten
werden kann, unabhângig vom Ausgang der Verhandlungen.

Die sich schon uber einige Jahre erstreckenden Diskussionen
betreffend einer Reorganisation der Assoziation haben am I.August 1993
konkrete Formen angenommen durch die Eingliederung des Personals am
PSI in eine dem CRPP-EPFL unterstellte Gruppe fur Fusionstechnologie.
Diese Gruppe benutzt grosse Installationen am PSI und arbeitet weiterhin
in Villigen aïs technologischer Ausleger des CRPP. Bedingt durch die
Neuartigkeit der Situation und die Sorge, môglichst keine neuen Problème
durch einen schlecht durchdachten Vertrag zu schaflfen, wurden die
Rechte und Pflichten des CRPP und des PSI wàhrend langwierigen
Diskussionen geregelt. Schliesslich konnte das endgûltige Vertragswerk
zwischen PSI und EPFL am 11. Oktober 1994 unterzeichnet werden. Die
Assoziation 1st von diesem Transfer sehr befriedigt, gab es doch dem
technologischen Programm neue Impulse und bestàtigte unser langfristiges
Engagement auf diesem Gebiet, insbesondere unsere Absicht, die
Installationen der Assoziation im Dienste von ITER und dem europaischen
Programm voll auszuschôpfen. Resultate liessen nicht lange auf sich
warten, wie die hier wiedergegebenen Berichte der Gruppen SULTAN und
PIREX bezeugen.

Nach langem Hin und Her wurde das Rahmenprogramm fur
Forschung, und im Speziellen das Tellprogramm Fusion gegen Ende 94
von alien Unionsbehôrden genehmigt, gemâss der im Maastricht Vertrag
geregelten Prozedur. Das gesamte Programm und der bis Ende 1998
verfugbare finanzielle Rahmen sind daher bekannt, und die Arbeitsplanung
kann sich deshalb in einer einigermassen entspannten Atmosphàre
abspielen. Dies 1st âusserst willkommen nach den Unsicherheiten und
Erschûtterungen, die durch den institutionellen Konflikt zwischen dem
europaischen Parlament und der Kommission hervorgerufen wurden und
die zu unvorhersehbarenbudetaren Kùrzungen und plôtzlichen Engpâssen
fuhrten. was selbst eine kurzfristige Planung zeitweise verunmoglichte.

Als gutes Vorzeichen 1st auch die Tatsache anzusehen, dass die
neuen Unionslànder Finnland und Oesterreich (Schwedenwar bereits ein
Mitglied des Programms) sofort ihrern Wunsch Ausdruck gaben, eine
Assoziation zu grunden. um am Fusionsprogramm teilnehmen zu kônnen.

In den vergangenen zwei Jahren haben die Expérimente mit TGV



begonnen. Im ohmschen Bereich wvurden ermutlgende Resultate erzielt.
Gleichzeitig wurde mit der Konstruktion des Elektron-Zyklotron-
Heizsystems begonnen. Wenn sich allés planmâssig weiterentwickelt,
werden wir in 1996 gleichzeitig die Inbetriebnahme des Heizsystems und
die Wïedervereinigung' des gancen CRPP's in Lcusarme unter einem Dach
in den neuen Gebâuden in Ecubîens feiem kônnen.

Die einzlge falsche Note 1st der kontinuierliche Verlust von Stellen
auf GrundvonnatûrlichenAbgângen odernicht ersetztenPensionierungen,
was vorallein permanent Angestellte betrifft, wahrend wlr gleichzeitig
immer umfangreichere Apparaturen betreiben. Unsere Assoziation ist
sicher elnzlgartlg in Europa in bezug auf den Antell von permanent
Angestellten (33%). Dies 1st elne unmittelbar bedrohliche Situation fur die
Assoziation, die schwerer wlegt aïs eine éventuelle europâlsche
Dlskriminierung nach Ablehnung des EWR Die Folge davon 1st elne
zunehmende Verlagerung der Schwerpunkte auf die Ausbeutung grosser
Installationen, elne AbkehrvonPhyslkexperlmenten, diefùr die Ausblldung
junger Wissenschafter àusserst wertvoll sind, und ein kompletter
Anstellungsstop von Doktoranden. Man kann elnzlg auf elne Umkehrung
dieser Tendenzen hoffen, damit die aussergewôhnlichen
Konstruktlonsanstrengungen der letzten Jahre durch elne entsprechend
intensive Betriebsphase dergrossen Installationen ins rechte Licht geruckt
werden kônnen.

Prof. F. Troyon, Dlrektor
Lausanne, April 1995



INTRODUCTION

1.1 Main fusion reactions

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

D2 + TS -» He4 + n + 17.6 MeV

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 94000 kWh, which is 10 million times more than with the same mass
of oil. Most of this energy (80%) is in the form of fast neutrons carrying an
energy of 14 MeV. while the remaining 20% is carried by the helium
nucleus. All this energy will eventually become heat to be stored or
converted by conventional means into electricity.

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

Another reaction of interest is

D2 + Hea -» He4 + p + 18.8 MeV

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

Fusing together deuterium nuclei according to the two possible
reactions

D2+ D2 -» TS + p + 4 MeV 50% probaoility

D2 + D2 -* He3 + n + 3.2 MeV 50% probability

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



1.2 The fuels

Deuterium is very abundant on the earth and can be extracted from
water (0.034g/l) . Tritium does not occur naturally but it canbe regenerated
from lithium using the neutrons produced by the D-Tfusion reactions. The
two isotopes of natural lithium contribute to this breeding of tritium
according to the reactions:

Lie + n -> He4 + Ts + 4.8MeV

Liy + n -> He4 + TS + n - 2.5 MeV

The global reaction then becomes:

D + Li -» 2 HC4 + energy + neutrons ...

The relative abundances of the two lithium isotopes Lig and Liy are
7'4% ̂  92"6%« respectively. The geological resources of lithium in the

needed by our planet for several earth are laree enough to provide energy for several thousand years
thousand years. without counting the lithium in the sea water.



1.3 Attractiveness of fusion as an energy source

The Inherent advantages of fusion as an energy source are:

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

While potential advantages are:

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

FUSION REACTOR
SCHEMATIC

Steam
Boiler

Heal
Exchanger



1.4 The main approaches

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

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

In an inertially confined reactor a small mass (fraction of a gram) of
solid D-T f"el placed in the middle of a large cavity is compressed and
heated to tue required temperature in a very short time (pico to micro
seconds) by intense beams of energetic photons or particles. The reaction
proceeds explosively, releasing much more energy than used for the
heating, if the mass is sufficiently large. The pressure reaches about 1011

bars which lead to rapid désagrégation (nanoseconds) of the mass of fuel.
The helium and unspent fuel are then removed and the process is
repeated, maybe a fexv times per second.

In magnetic confinement a very large volume (order of one thousand
m^ or more) of fuel at a pressure of a few bars reacts at a relatively slow and
steady rate. To keep the reaction going, helium must be constantly
removed and replaced by fresh fuel. To ignite the reaction a heating system
is needed to bring the temperature to the right range. This heating system
can be removed if and vrhen the heat generated by the fusion reaction is
sufficient to maintain the required temperature.

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

Magnetic confinement is the main line pursued in the world and the
European programme is concentrated exclusively on this line. Only a
watching brief is kept on inertial confinement. The link of inertial
confinement with military programmes in the major countries has so far
prevented it from developing into a coordinated international programme.

On the other hand, the ITER - International Thermonuclear
Experimental Reactor- proj ect designed on the basis of a tokamak (highest
performance magnetic confinement device) concept should demonstrate
ignition in a large plasma volume and maintain fusion reactions for quasi-
steady conditions. ITER is ajoint project between Japan, USA, Russia and
the Euratom-fusion programme (European Union plus Switzerland) and
is in its design phase.

10



1.5 Activities of the Swiss-Euratom Association

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

Tokamak physics, Including both theoretical and experimental work
at CRPP, is complemented by contributions to J oint proj ects. A programme
on plasma heating, on the TGV tokamak, using powerful millimeter-wave
sources was approved In 1993, the construction of the ECRH system has
started. Some of the other main activities carried out at CRPP are the
improvement of plasma diagnostics for TCV, the long term development of
a powerful infrared source, based on a gyrotron (in the range of 300-
1000 GHz) for diagnostics, the development of powerful gyrotrons for use
on TCV and Tore Supra (jointly with CEA, KfK (now FZK) and Thomson-
Tubes Electroniques), the development of coating techniques for plasma
facing components (PFC) with low atomic number materials (Jointly with
the University of Basel and KfA, through a IEA Implementing agreement).

The fusion technology R&D part of the Swiss Association, located at
the PSI research center in Villigen, became attached to CRPP in August
1993 (agreement finally ratified in 1994). The activities which are carried
out In the PSI are mainly: the development of superconducting coils for
ITER, the testing of superconducting conductors In the large test facility
SULTAN and the study of radiation damage to fusion relevant materials,
as a short term service to ITER (irradiation in the PEREX installation) and
with the long term objective of developing low activation materials.

Many of these activities are carried out in collaboration, with Swiss
and other European industries, with other laboratories within the European
fusion programme and with other laboratories in Russia, Czechoslovakia
and the USA. Details of these activities are discussed further in the relative
sections.
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Tofcamofc Magnetic Field Con-
/îgu ration
This toroidal device was proposed
in the 50's by Russian physicists,
a hasproued to be success/id, and
many laboratories have chosen this
Magnetic Field Configuration for
fusion research. In order to confine
the plasma, three main magnetic
field components are added. The
toroidal magnetic field, which
circulates around the majoraxisof
the machine, is generated by a set
of coils surrounding the torus
(vacuum vessel). The poloîdal
magnetic field is produced by the
current circulating in the plasma,
this current being generated by a
transformer. When added, these
two components of magnetic field
produces a twisted resultant
(helical) whichconftnedthe plasma
and keeps it away from the vessel
inner wall Finally a thirdmagnetic
generated by vertically placed
coils, inside andoutside the torus,
shapes and stabilizes in position
the plasma.

TCV TOKAMAK

2.1 Machine parameters and objectives

The TCV (Tokamak à Configuration Variable) is very unique in the
World, due to the possiblity of widely varying the plasma shape (cross
section). This versatility allows the study of plasma performance on
plasma shape over a wide range of parameters, including low level studied
of promising working ranges. High power gyrotrons for electron cyclotron
resonance heating will be used to complete the investigation. These studies
should contribute to the definition of an optimal plasma configuration for
a fusion reactor based on the tokamak concept.

During 1993-94, the research activities were centered on:

the formation and evolution of plasmas of different shapes, with a
material limiter and with a divertor
the dependence of operation limits on the plasma shape and the
current
disruption studies
the transition from L-mode to H-mode confinement
ELM studies

A maximum current of 810 kA was obtained during 1994. The
plasma configuration and the evolution of the plasma shape during this
discharge are shown in section 2.6.1.

A schematic and the parameters of TCV are shown below.

TCV parameters

Plasma current 1.2 MA
Plasma major radius 0.875 m
Plasma radius (small) 0.24 m
Plasma half height 0.72 m
Plasma elongation (mar.) 3
Aspect ratio 3.6
Toroidal magnetic field at the torus center 1.43 T
Transformer flux 3.4 Vsec
Volt/turn max. (transformer) 10 V/turn
Plasma pulse length 2 s
Vessel width 0.56 m
Vessel height 1.54 m
Wall electrical resistance 55 |iQ
Time constant of the vessel 6.7 ms
Heating temperature 350 °C
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Fig. 1 • Schematic view of TCV. The
current (Ip) of the plasma (P) of section (S)
isgeneratedbyacou(A),conftnedbythe
toroidal coils Cn and the vertical cous (B,
C, D, E, F). (G) are the internal coils for
fast stabilisation of axisymmetric,
vertical instability. The vacuum vessel
(V) has many quenches (Q) and 2
manholes (M) to work in the chamber.

G
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2.2 Power Supply System

2.2.1 Motor-Generator System

Since the EPFL povrergrid is insufficient to deliver the pulsed power
(100 MW during 4 sec every 5 min.) and energy required by TCV tokamak
experiment, a motor-generator system has been chosen as an intermediate
energy source for the supply of all the TCV external coils sets, the internal
fast coil set and the additional heating systems (ECRH). As a consequence,
a three phase 120 Hz turbo-generator system has been installed as power
and energy source. During a tokamak pulse, more than 100 MJ kinetic
energy can be delivered in four seconds to the tokamak coils and the other
power systems with a peak power of 220 MVA. At th'e end of each pulse,
a frequency converter supplied from the public grid is used to accelerate
the generator again to its maximum speed in less than five minutes. As in
an energy production plant, the motor-generator is associated with astatic
frequency converter used for generator start-up and speed-up, an excitation
converter for the rotor excitation and all the auxiliaries necessary for
cooling, lubrication and control.

The generator main parameters are listed in the following table:

Generator Type
Generator total weight
Frequency (during pulse)
Speed (during pulse)
Nominal voltage
Max. Power
Extractable Energy
Subtransient short-circuit power
(unsaturated 10 kV, 120 Hz)

Turbo, air cooled
140 tons
120 Hz to 90 Hz
3600 rpm to 2700 rpm
10 kV ± 10 %
220 MVA / 100 MW
138 MJ

1180 MVA

The motor-generator has been operating since 1990 without major
problems. It totalies about 1000 starts up, 5000 pulses and 2000 working
hours , and did imply a major maintaining at the end of 1994.

2.2.2 Standard Power Supply System

The TCV tokamak standard supply system is intended to provide the
pulsed DC currents required in the 19 external coil sets of the tokamak to
produce the various magnetic field necessary for plasma confinement and
cross section shaping. Each of the 19 power supplies is constituted of two
power transformers, a twelve pulse thyristor rectifier and DC connections
to the tokamak coils. Five kilometers of power cables, 38 power transformers,
as more than 1000 thyristors have been put in the TCV building with the
necessary digital control electronics (350 printed boards). The total
installed power of this system is about 250 MVA.

The standard power supplies main parameters are listed in the
following table.
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1 x Toroidal Field Power Supply

2 x Ohmic Power Supply

S x Central Shaping Power Supply

8 x External Shaping Power Supply

626V DC, 78kADC
12 pulse parallel, unidirectional)
1400V DC, SlkADC
12 pulse serial, bi-directional
640V DC, 7.7ÎIADC
12 pulse serial, bi-directional
1250 V DC, 7.7 kA DC
12 pulse serial, bi-directional

From November 1992 to the end of 1994, the power supply system
has now been in operation for thousands of TCV pulses without major
failure.

2.2.3 HV Power Supply for Additional Heating Systems

The TCV additional heating system consists of nine gyrotTons for a
total of 4.5 MW with a duty cycle of about 1:100 (2 s every 5 min.). They
are grouped in three clusters of three gyrotrons, each one being supplied
by a D C high voltage power supply connected to the TCV motor-generator.
The Regulated High Voltage Source (RHVPS) (Fig. 2) is based on a modern
solid state (Pulse Step Modulator) technology used inbroadcastlng systems
rather than on the standard electronic tube one. In our case, a RHVPS is
constituted of two times 40 stages connected in series. Each of the 80
modules is realized by an IGHT (Insulated Gate Bipolar Transistor) switch
supplied by its own DC source through two power transformer having 40
secondary windings. The output of each RHVPS is connected to three
gyrotrons. The RHVPS control is achieved by a high speed computer based
digital electronic system.

The main parameters of these RHVPS are listed in the table hereafter:

Output Voltage
Output Current
Output Voltage Accuracy
Pulse Length
Modulation Frequency: square

sinus
Ripple & Noise
Cutoff time in case of short-circuit

85 kV
80 A (2 s / 5 min.)
better than 0.1%
30 msto2s
1kHz
10 kHz
<0.5%
< 0.5 us

The two first RHVPS systems were delivered during the summer of
1994 and the commissioning was accomplished during the fall. The two
systems are now ready for the commissioning and acceptance tests of the
first gyrotron which is scheduled will take place at the end of 1995.

2.2.4 Fast Power Supply System

Vertical stabilization of the highly elongated plasmas of TCV is not
possible at the largest elongation with the standard power supply system
since the time constant is of the order of a few hundreds of microseconds,
whereas tens of microseconds are requested. This can not be done with the
thyristor rectifiers supplying the external coils. To decrease the shielding
action of the vacuum vessel, fast vertical stabilization will be provided by
a Fast Internal Coll set (FIC) mounted inside the vacuum vessel. The
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Fig. 2 - Partial view of the Regulated
High Voltage Power Source (RHVPS)

Fig. 3 - Schematic: of the Fast Power
Supply System (FPS)

necessary number of Amps-turn has been determined
considering the radial magnetic field (the FIC current)
required to put back the plasma to its normal vertical
position after an initial displacement. The
corresponding voltage per turn was deduced taking
into account that the rated current rise time has to be
less than the plasma instability time constant (0.3
ms). The FIC coil winding structure and location have
been chosen taking into account tokamak constraints
and the power supply technology. The FIC coil set
consists of two toroidal three turns coils located in the
outer corner at top and bottom of the vacuum vessel.
The windings, made of non-insulated copperbars, are
fixed with ceramic rings and are protected from direct
plasma exposure by graphite tiles. The turns are
divided in quarters for easier installation and for an
eventual future control of non axisymetric perturba-
tions with four independent power supplies. A major
constraint for the fast power supply system is
represented by the plasma disruptions. A plasma
disruption is a loss of plasma confinement where a
sudden collapse of the plasma current and its
movement (1 MA - 1 km/s - 1 ms) leads to the
induction of high current (up to 25 kA) or voltages (up
to 2 kV) in all electric circuits in the plasma proximity,
especially FIC coils. A second technical constraint is
the differential thermal expansion between the copper
turns and the stainless steel vaccum vessel during
baking of the the vacuum vessel at temperature up to
350 °C. This difference reaches 3mm per quarter turn
and must be absorbed by the connecting system.

Therefore the quarter turns are linked together with flexible elements
having the form of a two turn spring. The same elements are used to
mechanically separate the coil turns from the vaccum feedthroughs to
protect their ceramic insulation from mechanical constraints. The system
has been successfully tested during standard operation at 200 °C.

A switching mode Fast Power Supply (FPS) (Fig. 3) with a voltage
reaction delay in the range of tens of ps providing a current rise time in the
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range of hundreds of us has been ordered. The FPS consists of two main
parts, a DC Power Source which supplies-a Fast Output Stage. The DC
Power Source, which is connected to the TCV motor-generator, consists of
a fully controllable thyristor rectifier supplied by a power transformer,
followed by a DC filter. The Fast Output Stage is composed cf H-Bridge
IGBT inverter followed by a thyristor crowbar to protect the system in case
a plasma disruption. The FPS output is connected to the Tokamak FIC coil
by a set of power cable connected to a line adaptation filter. The control is
achieved by a computer system and dedicated high speed programmable
digital electronic modules.

The FIC coil and FPS main parameters are listed in the table
hereafter:

FIC Impedance

FPS Output Voltage
FPS Output Current
FPS Switching Frequency
FPS Current Max. Ripple and

controllability

40 |iH to 100 pH - 10 ma to 10O
(mainly frequency dependent)
±566V
± 2000 A(2s /5 min.)
10 kHz to 30 kHz
200 A p-p for 2000 A
40 A p-p for 50 A

The FIC coil is designed and built by CRPP. It has been installed
during the TCV shut-down at the end of 1994. The FPS has been designed
during first half and built during second half of 1994. The factory tests,
delivery, installation and beginning of the commissioning will take place
in the first quarter of 1995.
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Material or magnetic limiter
The edge of the plasma is defined by
the magnetic surface which intersects
a materialized surface, such as a
graphite limiter which then carries high
thermal loads, protecting the inner
wall of the torus. By modifying the
magneticfield configuration, so that it
presents a magnetic separatrix, a
single for doubly' null of th° seprrnfrtv
could then be generated. This single or
double X-point configuration
represents a magnetic limiter

2.3 In vessel components and wall conditioning

The 93-94TCV operational campaigns {see Section 2.5) until the last
major shutdown have seen the production of a wide variety of magnetic
equilibria and have been notably characterized by extensive use of the
central column both as a limiter and as a surface onto which discharges
may be diverted. Single null upper (SNU), lower (SNL) and double null
diverted (DND) equilibria have, almost without exception, employed only
the graphite protection tiles covering the column as zones for deposition
of power conducted to the plasma edge (Section 2.6.1). In addition, several
configurations, including the highest performance discharge with plasma
current, Ip = 810 kAand elongation, K=2.05 (Section2.6.1), have used the
central column as a large surface limiter. A smaller number of discharges
have been attempted using the full toroidal belt as the only limiter but, in
general, the latter has proven rather less useful than originally foreseen
during the design of first wall components when a large, high power
handling surface other than the central column was widely regarded as a
necessary element.

Equilibria in which one divertor strike point is positioned on the flat
zones of thevacuum vessel floor or ceiling have notyetbeenattempted, due
both to the favourable evolution of the TCV programme using the central
column as a power handling surface and to the lack of adequate vessel
protection on these areas. In order to allow for the creation of a wider
variety of (mostly diverted) equilibria and in preparation forthe forthcoming
additionally heated phase of TCV when the power exhausted to the plasma
facing surfaces will increase considerably, new protection tiles for these
zones were designed in early 1994 and have been installed during the 94/
95 machine shutdown. Of the TCV vacuum vessel total internal surface
area (23m2), first operation began with 51.5% coverage by some 1250
graphite elements. This has now been extended to a coverage of 64% using
1500 separate tiles. The status of the vessel wall protection as of the
beginning of 1995 is shown in the photograph of Fig. 4.

. 4 - View of the inside of TCV
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In designing the new floor and ceiling tiles, account has been taken
both of the total power fluxes expected in these zones during full power
operation with the maximum planned ECR heating capacity and the
particular magnetic geometries of TCV diverted equilibria. The protection
tiles, machined from the same, high purity, polycrystalline graphite as that
employed for all other components presently installed, have been designed
to be as small as possible within the restrictions imposed by positioning
rails welded to the torus. This increases the thermal shock resistance of
the tiles to the poloidally localised heat fluxes likely to be encountered witr.
high power heating and reduces the mass of each tile - an important factor
for those components suspended from the vessel roof.

In order to retain good diagnostic access, a series of poloidal slots
(see Fig. 4) have been opened in the divertor zones, the tiles on either side
of which are chamfered to account for the small, but finite angles at which
magnetic field lines in the divertor zones strike the target surfaces. This
prevents particles on field lines passing near the edges of the diagnostic
access zones from intercepting the stainless-steel walls of the vessel on the
other side of the opening and hence should reduce wall damage and avoid
plasma contamination by impurities released from the vessel surfaces.
Unlike other tokamaks, In which the diverted equilibria are largely fixed,
the variable configurations possible in TCV lead to a rather large variation
in these magnetic field line impact angles. The chamfer angle and length
have thus been chosen as a compromise between adequate tolerance of the
worst case power load and sufficient vacuum vessel protection at the
highest field line angles (about 7°). To make the choice, the thermal and
mechanical response of the basic tile geometry to imposed heat flux
profiles was simulated In finite elements using the commercial software
package ANSYS (Version 5.0, CADFEM, GmbH, Grafing, Germany). For
assumed divertor power scrape-off lengths as small as 1 cm and a 2 second
discharge duration, the tiles with largest required chamfer angle (and
hence highest power density) should withstand heat fluxes of 5 MWm'2
without exceeding the maximum tolerable temperature rise or mechanical
stresses. Such values are approximately those expected in the presence of
the maximum foreseen ECR heating power of 4.5MW.

Wall conditioning of the TCV vacuum vessel employs the classic
techniques common to most modern tokamaks. Following a maj or shutdown
or torus vent the chamber is pumped, leak tested and then baked for
several days, typically to 200°C. When the torus vacuum has decreased
sufficiently, a second, more sensitive, leak test and mass spectrometry are
followed by several hours (typically 20) of glow discharge, formerly in
Hydrogen, but latterly in Deuterium. Performed in a heated vessel, this
permits an efficient removal (by chemical and mechanical processes) of
molecular species adsorbed on the first walls. During vessel cooling, a
period of glow discharge in Helium removes, by physical sputtering, the
hydrogenic species Implanted in the walls from the previous glow. In all
cases, the glow is maintained by two antennas, inserted at the outside
midplane on opposite sides of the chamber, to both of which is applied a
DC bias and to only one which an RF potential at 13.56 MHz is added with
a total RF power Into the torus of around SOW. The DC bias is current
controlled and a typical glow discharge would be characterized by gas

Impurities
Impurities are mainly releasedfrom
the plasma Joeing components. Le.
Hmtters. u>all. tiles, coatinas.
antennae,....when interactions
between the plasma and these
components occur. The impurities
cause an increase in the radiation
losses (Bremsstrahlung and line). In
order to reduce this mechanism, TCV
inner watt is recovered by graphite
tiles, this decreases the release of
heavy metal impurtiiesjrom the wall
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pressure of ~ 5.0 x 10"̂  mbar, a DC bias of around 300-400V and a current
to each antenna of ~ l.OA, Under such conditions, the current density to
the vessel walls is of the order of 10 jiAcrrr^ - standard tokamak glow
discharge parameters. Following this cleaning procedure, the torus vacuum
typically settles at a remarkable 5 x 10"̂  rribar.

During the past year three separate vessel boronizations have been
performed using the now standard technique of glow discharge in a 10%
diborane, 90% He mixture with the vessel hot (~ 200°C). A discharge with
similar parameters to those mentioned above is usually maintained for
around2 hours, depositing an amorphousboronlayerofvaryingthickness
depending on location inside the vacuum vessel (zones in the vicinity of the
glow discharge antennas or gas inlet port are characterized by somewhat
thicker layers). Following vessel opening for the 1994/95 shutdown, the
boron layer thickness due to three boronizations (and after several
hundred tokamak discharges) was estimated using the interference
colours on the chamber walls due to the layer to be between 50 -150 nm
(location dependent). Taking into account the glow discharge duration and
gas flow, each boronization would be expected to deposit an average layer
thickness of 50 nm.

Following boronization, several hours of He glow are performed, once
again to purge the boron containing layer of Hydrogen. Vessel boronization
has in each case resulted in remarkable increases in plasma performance,
notably with regard to accessibility to the H-mode confinement regime.
Indeed, the gradual erosion of the boron containing layer by plasma impact
appears to be mirrored by reduced discharge quality. During operational
campaigns, and depending on the details of the programme, periods of He
glow of varying length are often employed to decrease global recycling
before a days operation or even between discharges.

In order to improve the quality, effectiveness and diagnosis of the
boronized layer, several modifications are planned for the 1995 campaigns.
To reduce isotope mixing (and hence eliminate any influence on H-mode
confinement properties), boronization will henceforth be performed in a
deuterated diborane/He mixture (10% D2Be/90%He). Similarly, future
hydrogenic glow discharges for cleaning purposes will use only Deuterium
gas. In order to render the deposited layer thickness more uniform, a
second gas inlet port has been installed on the opposite side of the torus.
Finally, a quartz crystal thickness monitor and a vacuum transfer system
for exposure of silicon samples have been added to help quantify the
content and thickness of the boron layer. Sample analysis will be performed
in collaboration with the University of Basel Physics Department under the
auspices of an existing agreement for collaboration on matters relating to
plasma-wall interaction.
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2.4 Diagnostics for the TGV tokamak

e first two years of operation the number of diagnostics on
TCV has gradually increased from a few diagnostics to include a number
of more elaborate systems such as a 200 channel X-ray tomography
system, a 64 channel multibolometer, the first phase of a 35 channel
Thomson scattering system, a multichannel FIR interferometer, 72 tile-
embedded Langmuir probes, an infrared camera for power deposition
measurements and a neutral particle analyser. Although these Instruments
will be improved and added to, ion diagnostics (impurity densities and ion
temperature) are likely to remain at a very basic level for some time due to
the high cost of the required spectroscopic instrumentation.

2.4.1 Basic diagnostics

These diagnostics include the magnetic pick-up probes and flux
loops required for plasma control and equilibrium reconstruction, visible
light (Da and impurity lines) monitors. X-ray monitors and interferometry.
Although improvements are necessary in some cases, these diagnostics
have operated routinely for the entire campaign.

Four sectors of TCV are equipped with 38 probes placed poloidally
around the inside of the vessel. Two toroidal belts of probes (8 on the high
field side and 16 on the low field side) have been installed to determine
toroidal mode numbers. There are also 38 full flux loops on the outside of
the vessel and 24 saddle loops. For plasma position control and equilibrium
reconstruction, the average signal, from two toroidally opposite sets of
magnetic probes, is used in order to eliminate perturbations due to n=l
modes. After each discharge the plasma equilibrium is evaluated using the
LIUQE code. Presently most data on energy confinement are based on
LIUQE.

The magnetic probes were also used for measuring magnetic activity
such as Mimov oscillations, plasma turbulence and ELMs using a limited
number of fast acquisition modules. The investigation of magnetic activity
will benefit from a large number of fast acquisition modules installed
during the 94/95 shutdown.

The 10 Da monitors have one central, vertical line of sight and 9 lines
of sight viewing the inner wall from three lateral ports. The latter permit
localised light emission from the divertor region to be distinguished from
light emitted elsewhere in the plasma periphery. Central electron
temperature measurements are made using four Si diodes equipped with
Be filters of different thicknesses (50, 100, 250 and 650 pm) . Together with
density measurements by the FIR interferometer, the X-ray monitors also
provide first estimates of the plasma impurity content.

2.4.2 Soft X-ray Tomography

An X-ray tomography system consisting often pinhole cameras with
a total of 200 lines of sight has been completed. The system uses 10 linear
arrays of 20 Si PIN diodes directly mounted on preamplifier boards placed
in 9 ports (Fig. 5a). Beryllium windows of 47 nm thickness serve both to
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TGV XTOMO TCV BOLD

a)

Ftg. 5 - Viewing lines of tomography
systems on TCV
a} X-ray cameras
b) Bolometers

block out visible and VUV radiation and to
separate the machine vacuum from that of
the camera. They are curved in order to
provide equal absorption along all lines of
sight. Nine out often cameras were ready for
mounting on TCV by the end of 1994.

Two prototype cameras were successfully
tested duringTCV operationbetween October
1993 and October 1994. The vertical camera
was at the middle port of the vessel bottom
and the horizontal camera was on the lower
lateral port. Calibrationmeasurements before
and after this period have shown no changes
of detector performance due to radiation
exposure. The two prototype cameras were
not sufficient for tomography of TCV plasmas
produced up to now, most plasmas having
been at least partly outside the field of view of
the horizontal camera. They have however
permitted many useful observations such as

b ) emissivity changes due to sawteeth and ELMs
in the H-mode, or UFO's, as well as rotating

and locked modes identified by estimating the movement of the center of
gravity of X-ray emission.

Anew method for obtaining a precise calibration of silicon photodiodes
for soft X-rays has been developed. Due to the fan-like geometry of the
chords of sight of the pinhole cameras, every element of the planar diode
arrays "sees" the incident radiation with a different angle of Incidence. The
presence of a dead layer below the front surface of the diode and the finite
thickness of the sensitive region leads to a change of diode efficiency with
changing angle of incidence. As a result, diode response depends both on
the incidence angle and incident spectral distribution. The most important
parameters characterising the diode efficiency (thickness of the dead layer
and charge carrier diffusion length) have been determined experimentally
using a commercial X-ray source. Relative calibration factors will have to
be determined from the measured diode parameters and from the electron
temperature Instead of being simple constants.

A software package (written in MATLAB) Implementing various
techniques for tomographic inversion (Cormack/Granetz method, linear
régularisation methods, Maximum Entropy algorithms) has been written,
partly in collaboration with the IPP Prague (J.Mlynar), CEA Cadarache (Y.
Peysson) and the MPG-IPP Garchlng (W.v.d.Linden).

2.4.3 Thomson scattering

The Thomson scattering diagnostic designed for TCV consists of 2
subsystems sharing a cluster of 4 repetitively pulsed (20 Hz) Nd:YAG lasers
which can be independently directed to either of them. The first subsystem
provides measurements of Te and Ne profiles along a vertical laser beam
passing through the plasma at a radial position of R=0.9m (close to the
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location of the magnetic axis in most cases) whilst the second will give
information about radial profiles from observations along a horizontal
chord (Fig. 6b). The height of the horizontal chord has now been chosen to
be at z=-450 mm with respect to the vessel midplane for measurements in
the divertor region with high spatial resolution.

Much of the equipment for the full vertical system, including
collection optics for up to 10 channels on each of three lateral ports, fibre
bundles and data acquisition have been installed. During 1994 ten
spectrometers (from the TCAtokamak) were available. The corresponding
fibre bundles in the lens image planes were arranged to give optimum
coverage for specific plasma configurations (Fig. 6a). Raman scattering in
nitrogen gas at pressures below 100 mbar has been found to be suitable
for alignment purposes and for absolute calibration of the system, as
required for density measurements. These calibration data confirmed that
the signal-to-noise ratio is sufficient for electron densities as low as a few

During TCV operation the system is remotely controlled. A data
acquisition cycle starts with recording the signals generated by a pulsed
LED source, which is distributed to the detectors in order to monitor their
relative sensitivities. About 0.5 s before the plasma breakdown the laser

Fig. 6 - Position of Thomson scattering
observation points in apoloidal section
a] Example of 10-channel set-up used
in 1994
b) Complete system with 25 channels
on the vertical laser beam and 10
channels on the horizontal beam.
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H and L confinement modes
Under some circumstances, theplasma
confinement could be of good or bad
quality. With material limiter, the
confinement is called "Low confinement
mode" (L-mode), in some case with the
magnetic limiter (diuertor) the plasma
behave in a "High conftnentent mode"
(H-rnode).ThetypeofconJmementmode
is relevant to the energy confinement
time.

is fired to permit a determination of the level of stray light. Stray light has
been found to be negligible in our experiment, partly due to mounting the
input and exit windows for the laser beam at Brewster's angle onto
extension flanges.

Detector sensitivities may be changed by about a factor of 2 by
varying the bias voltage on the Si-avalanche photodiodes. Nevertheless the
dynamic range was not always sufficient to cope with the large variations
in signal levels between different modes of operation, leading to frequent
signal saturation in early high-density H-modes. This problem will be
overcome when amplifiers with remote gain control will be available.
Examples of measurements for two types of TGV discharges are given in
Figs. 7 and 8. In Fig. 7b comparison of L- and H-mode temperature and
density profiles is shown. Figure 8 shows the time evolution of central and
edge parameters in a double-null diverted (DND) configuration, in which
ELMy and ELM-free intervals were induced by switching the active X-point
alternately from top to bottom.

1000

time [s]
pos [m]

Fig. 7 -a) Te and ne profiles in H- and
L-mode plasmas as Junction ofjlwc
coordinate (1-(Y/YO )l/2). The
measurements cover the lower half of
the poloidal plasma cross section.

x10'
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Fig. 7-b)ProfuesofTeandneforH-and
L-mode conditions. The discharge was
in the H-mode at t=0.4 s and in the L-
mode at t=0.55 s.

Fig. 8 - Evolution of Te and Neprofties
during a DND H-mode discharge with
repetitive toggeling of the active x-point.
leading to repetitive transitions from
ELM-free to ELMy H-modes and back.,
a] Time evolution of Da emission b} line
averagde density from FIR
interferometer c) central and edge (r:'a
- 0.95) temperature and d) central and
edge (r/a - 0.95) density.
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2.4.4 Far Infrared Interferometer

Fig. 9 - Set-up of the FIR interferometer
atTCV.
Bl ,...B4 : Boxes containing the optical
elements, S : Support structure. WG :
waveguide for the laser beam coming
from the laser room.

Fig. 10 - Electron density profile
changes during a discharge with a
transition from L to H-mode.
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A multichannel FIR interferometer is used for electron density
profile measurements with presently 0.5ms temporal resolution.
(Fig. 9) At the chosen laser wavelength of 21-Î.G inr.. obtained frcm
an optically pumped FER laser with 70mW continuous outpower,
only minor refraction effects could be observed even at veiy high
density (up to 2.2-lO20!^3).

The vertical probing beam of the interferometer is widened to
the radial plasma diameter. Four chords were equipped with
pyroelectric detectors during 1994. The most central chord is used
for density feedback. Using the poloidal flux distribution y provided
by the equilibrium recontruction code density profile parameters
could be determined asuming that the electron density is a simple
function of \j/. Profile changes during transitions from L to H-mode
plasmas, during the development of H-mode plasmas and during
sawteeth and ELMs could clearly be observed (Fig. 10). The total
particle content of the plasma is also obtained.

A collaboration between the Department of Electrical
Engineering and Microelectronics of the University College Cork,
Ireland, has been established to upgrade the instrument to a
combined interferometer/polarimeter to measure the Faraday
effect induced by the poloidal magnetic field. Including polarimetric
measurements into the equilibrium reconstruction code improves
the precision of this reconstruction remarkably. For this purpose
the instrument will be equipped with a 15 channel InSb hot electron
detector which has a better sensitivity, a lower noise figure and a
higher bandwith (up to 200kHz) than the present pyroelectric
detectors. The optical setup will be modified in order to modulate
the polarisation of the laser beam according to a method similar to
a sheme developed for an experiment performed on the MTX device
at Lawrence Livermore National Laboratory. USA.
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2.4.5 Plasma radiation and purity •

In addition to basic visible light monitor diodes TGV is equipped with
a digital video acquisition system which can record the images from 3
synchronised CCD cameras for up 1.5 s. This system will benefit from a
wide angle view through a tangential port installed during the 94/95
shutdown.

Spectroscopy on TGV is still in a phase of implementation. With the
recognition that wall conditions are paramount for the achievement of high
performance plasmas and the advent of evermore refined techniques for
wall conditioning, the importance of comprehensive spectroscopic dia-
gnostics Is undisputed.

AUltrasoftX-rayspectrometerbasedonmultilayermirrortechnology
has however been installed and operated successfully in 1994 in colla-
boration with the Institute of Physics of the Czech Academy, Prague. It
allows the monitoring of the main resonance lines of hydrogen-like and
helium-like light impurities (B. C, N, O) which are in the range 200-800 eV.
A spectrum in the range 300-400 eV with 2 carbon Unes, obtained on a
shot-to-shot basis, is shown in Fig. 11. A determination of absolute
impurity levels is possible in principle. Relative abundance measurements
are easily obtained, as was seen when the TGV vessel was reboronised. CVI
and CV lines dropped by a factor of 5-10 on the first discharge following
reboronisation while BV emission increased fourfold. After one week of
operation Carbon was still reduced by a factor of 2, while Boron remained
at 3 times its level before reboronisation.

USX CHANNEL 1 SPECTRUM

O: ne = 10e20m-3 (H-mode)
+: ne = 4*10e19m-3 (L-mode)

300 310 320 330 340 350 360 370 380
Energy (eV)

390 400

A visible Cherny-Turner spectrometer and a VUV grating
monochromator are also installed. An X-ray pulse height analysis system
for the range 1-100 keV is under development in collaboration with the
CFN at the Institute Superior Technico at Lisbon. For a comprehensive
survey of impurities a SPRED VUV/XUV spectrometer for the range 10-
100 eV is ideally suited. Efforts are under way to obtain such an
instrument on a collaborative base.

Fig. 11 - Spectrum obtained using
multuayer mirror spectrometer
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A 64.channel bolometer system for radiation profile measurements
has been built (Fig. 5b).

The bolometer detectors are metal resistor bridges developped atMTP
Garching and now used on several tokamaks. 16 arrays of 4 channels each
have been obtained in 1994. The absolute calibration was performed in
vacuum after baking at 100 °C. During the last opening of the vacuum
vessel 3 pinhole camera out of 5 have been installed in three lateral
portholes in the same vertical plane, enabling to see the entire plasma
cross-section. Each camera is water cooled and comprises 16 channels
viewing the plasma through a 4 mm aperture. The space resolution is thus
3 cm in the center of the plasma and the signals are acquired at a sampling
frequency of 2 kHz. The electronics build at the CRPP is based on the
principle of an AC-excited bolometer bridge (50 kHz) with synchronous
demodulation and filtering of the output signals. The amplifier gain can be
remotely selected between 30 and 4000. This system effectively reduces
any electromagnetic perturbation to a very low level, and no pick-up was
observed even with the highest amplification.

2.4.6 Plasma boundary diagnostics

With regard to the programme for study of the TCV edge plasma, the
last full year of tokamak operation has proven extremely valuable for
commissioning of the two diagnostic systems forming the basis of these
observations. The diagnostics have been designed for the study of divertor
physics and comprise arrays of Langmuir probes mounted in the graphite
tiles protecting the lower half of the TCV vacuum vessel, together with a
scanning Infra Red (IR) camera used for thermographie analysis of tile
surface temperatures, from which the power flux deposited by the plasma
on the divertor target zones can be computed.

Machined from the same graphite as that used for the protection
tiles, 44 Langmuir probes are arranged in a poloidal array (Fig. 12a)
covering the lower half of the central column, the chamber floor and the
tiles protecting the lower internal stabilisation coils. They are of domed
design, with the probe head protruding a maximum of 0.8mm above the
tile surface. This geometry minimizes the variation of probe collection area
with total magnetic field angle, thus allowing more operational flexibility
in TCV where this angle can vary considerably compared with other
tokamaks. A dedicated probe amplifier has been designed in-house and a
full complement of software for automatic fitting of the non-linear probe
characteristic written under Matlab. Figure 12c shows an example of the
ion flux profiles obtained with the probes for a TCV double null diverted
equilibrium (Fig. 12b). During the 94/95 shutdown, a further array of
central column probes has been installed to allow for tile geometrical
factors which can lead to probe shielding effects when the direction of the
toroidal magnetic field is reversed.

The TCV IR camera is a scanning device in which a the image of a
single, thermoelectrically cooled HgCdTe detector is swept by orthogonal
oscillating mirrors over the object space to generate a 2D video picture
mapping the object surface temperature. The Inframetrics series 600
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Fig. 12. Compilation of edge physics results from TCV. a) Poloidal probe
array installed in the lower divertor; b) Plasma parameters and magnetic
equilibria for a DND discharge in which the ion flux profiles shown in (c)
were measured with the probes; d) Schematic showing several belt limiter
tiles viewed by the scanning IR camera and e) the resulting IR image
indicating overheating of one tile due to the toroidal field ripple; f) Power
flux computed along a single poloidal line of the overheated tile in (e) using
the measured surface temperatures and g) the simulated power deposition
for the same tile computed from the real tile and magnetic field line
geometries and using the characteristic lengths for radial power fall-off in
the scrape-off layer estimated from the power deposition deconvolution.
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Fig. 13 - Layout of the Neutral Particle
Analyser showing the alkali ion source,
the gas cell and the pumping
arrangement.

camera provides images at standard video rates which are captured and
stored using a copy of the PC based data acquisition system developed for
the TGV CCD camera observations. Camera calibration is performed using
both a black body source and in-situ during vacuum vessel bakeout
employing thermocouples Installed in certain graphite tiles within the
camera field of view. A full 2D finite difference code has been written and
fully tested for deconvolution of the plasma power flux arriving at the tile
surface from the measured temperature distribution.

First tests of the camera have been performed for a view incorporating
several of the TCV toroidal belt limiter tiles (Fig. 12d), although the camera
has now been repositioned for divertor viewing. Figure 12e shows part of
the IR Image obtained during a 350kA belt limiter discharge whilst in Fig.
12f, the computed power flux is plotted for a poloidal line along the surface
of a single tile. The IR image clearly shows the effect of the toroidal field
ripple in enhancing the power deposition on one of the tiles. The shape of
the deposition also Illustrates the Influence of the polygonal form of the belt
limiter combined with the magnetic field line angle across the tile surface.
Asv shown in Fig. 12f, the basic features of this form can be reproduced by
using the characteristic length for decrease of the power flux in the edge
plasma calculated from tile poloidal heat flux profile and proj ecting it back
onto the tile surface accounting both for the real tile and magnetic field line
geometries.

2.4.7 Neutral particle analysis (NPA)

The Neutral Particle Analyser (NPA, see Fig. 13) is destined to
determine. In principle, the central ion temperature In TCV by energy-

a.b,c.d: pressure gauges

0.1. VI valves

U.Hl.IV.V:vilvM for N2 supply

S1.S2.S3: slits

So: source

Cl-5: analysing condensers

EM 1-5: electron multiplier lubes

VC: voltage to condenser plaies

VA: voltage to analysing plates
FC: faraday cup
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resolved detection of the charge-exchange neutral particle flux. The NPA
has been used previously, but has undergone some modifications to suit
better its present purpose.

An. alkali ion source inside the NPA was used to calibrate the
functioning of the measurement channels in the electrostatic analysing
mode. It allowed us to determine :

1) the detector response as a function of the applied high voltage and
discriminator threshold voltage,

2) the optimal ratio between the applied voltages to the deflection and
analysing plates, and

3) the energy resolution of the five channels, by changing the energy of
the ion beam.

NPA performance proved satisfactory and essentially the same as
during previous operation.

One of the necessary improvements concerning the NPA operation
is to establish a reproducible gas pressure inside the gas cell, which
stabilises immediately after admitting the gas. An other improvement Is
sought in sweeping the potential to the deflection plate and the analysing
condenser plates.

A symmetric power supply (HV-10, Data Design Corp., Gaithersburg,
MD) was successfully tested at 2500 Volt p-p with a sweep frequency up
to 8 kHz. A slave was built for remote-control and read-out of all NPA
functions.

The NPA is now been installed under TGV. A meticulous 2-stage
alignment of the system had to be performed, because of the large distance
between vorus and NPA.

31



2.5 TCV Operation

Since TCVs first plasma was produced on November 26th 1992, the
years 1993 and 1994 have mainly been devoted to investigate the
operation domain cf the ickamok. At the beginning of 1993. limited
circular plasmas with current around 100 kA were achieved, while at the
end of 1994, discharges in limited, single null and double null configura-
tion were obtained. The plasma current reached over 800 kA, shapes were
widely explorated and Ohmic H-mode discharges were reproduced in the
three configurations.

The history of TCV operation during 1993-1994 can be summarized as
follows:

• January - June 1993
Improvements in plasma control, feedback and reliability.

• July - October 1993
Progresses in plasma current and shaping.

• November 1993 - January 1994
Major opening, installation of carbon tiles and diagnostics.

• February - October 1994
Progresses in plasma current, shaping and H-mode.

• November - December 1994
Major opening, installation of carbon tiles and diagnostics.

January-June 1993 50 days of operation

In the initial shots, the plasma current reached around 100 kA and
lasted less than 100 ms due to the lack of feedback. Many improvements
have been done in order to control the whole machine and the plasma. The
feedback loop was implemented and tested. New control parameters were
Introduced and the matrices gains were calculated, tested and ameliorated.
In addition the control of both the motor generator and the power supplies
became more reliable. Ameliorations in other parallel system were also
performed, and some "bugs" in the data acquisition system were fixed. At
the end of this period, the operation was reliable enough to start the
investigation of the plasma currents and shapes.

July - October 1993 72 davs of operation

Before July 1993, circular plasmas with current of 150 kA were
controlled. Since then, the performances of the machine rapidly increased,
reaching already 700 kA at beginning of November. Figure 14 shows the
maximum of the plasma current reached every day, summarizing the
progresses done in controlling the TCV. It is worth to notice that 700 kA
plasmas to have elongation of about 2.

Different configurations (SNU, SND, DND) and shapes (0.9 < K < 1.9,
-0.2 < 8 < 0.9) were achieved in the same time period. We also studied the
plasma control system in order to optimized the control of elongated,
vertically unstable, plasmas.

Figure 15 shows a summary of the distribution of shots between
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different technical and physical goals and results. For the time period
under consideration, around 150O shot sequences were performed, in
which -280 (19%) were technical shots, i.e. acquisition tests, power
supplies tests, etc. -1020 shots were attempts to create a tokamak plasma
i'69"/6j. In 6S7 cases (57% of the attempted plasmas) the pbsms current
exceeded 100 kA and the plasma was considered as good. 63 % of theses
good discharges did not present any disruptions. The 12 % missing
represent shots without acquisition, which group mainly acquisition
troubles and shots aborted before firing. Moreover, non interesting shots
have been deleted in order to gain some space for data acquisition storage, operating data)

Fig. 14- Maximum value of the plasma
current obtained daily (against
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Disruptions
A dismpticn occurs when thp plnsmn
con/inement is suddenly destroyed and
the plasma current falls to zero in a
short period of time. Then high level of
mechanical and thermal stresses are
produced on the machine. This can
happen when the maximum ualue of
the density which could be contained
for a given current is exceeded.

fVg. 16 - Plasma triangularity and
elongation operating domain (March
94 - October 94)

November i9u3 -January 1994

A major vent of the torus was planned in order to install some
diagnostics and carbon tiles inside the vacuum vessel.

February - October 1994 114 davs of operation

Operation started February 1st and the tokamak was routinely
operated 4 days a week '.ill the October 21st, leaving one day per week for
maintenance and upgrading the control system and diagnostics. The
plasma current record was increased to 810 kA, in limited configuration
at an elongation oi 2,05. The too low frequency response of the poloidal
shaping systeir presorted us to generate more elongated plasmas which
are necessary for achA^'ing higher plasma current values. However, awide
range of planna current was already available in order to investigate the
configurations {limited, single null and double null) and the shape
parameters, mair-jy u:e elongation and the triangularity. These two latter
parameters have Seen recorded and put Into a database for all the good
shots since March -TQth 1994 (shot number > 5000). Figure 16 presents the
range covered for cuese two parameters.

1

0.8

.fr 0.6
Si 0.4

-0.2

-0.4
0.8 1.2 1.4 1.6 1.

Plasma elongation

2.2

The inversion of the ohmic heating coil currents allowed us to almost
double the plasma duration (from -Is to ~2s). Figure 17 shows this
improvement of the plasma duration (time spent with plasma current over
100 kA in one discharge) as a function of the date.

In order to ameliorate the recycling conditions of the first wall inTCV,
boronisation has been performed 3 times during this time period. Helium
glow has also been done many times between every boronisation.

Another achievement was the obtention of Ohmic H-mode discharges
in deuterium after a boronisation. This result opened a wide field of
investigation such as: threshold to get the H-mode as a function of the
plasma current, configuration and shape. Edge Localised Modes (ELM)
behaviour as a function of these parameters. More than 250 shots present
H-mode characteristics.
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During this time period, as shown on Fig. 15, the total number of
shot sequences was over 2000. The number of technical shots reached 360
representing 17% of the total shot number (-1.6% from 93 to 94). 9 % of
the shots have no data stored (-3.5 %). We tried 1545 plasmas (+526) in
which 82.9 % lead to good plasmas (+ 15.5 %). These numbers are
summarized in the following table.
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November - December 1994

The second major opening of the TCV was dedicated to install some
new Carbon tiles at the ceiling of the vacuum vessel. We also installed some
new diagnostics and changed the orientation of the toroidal magnetic field.

Summary

TCV in its first two years of operation has shown its flexibility in
producing plasmas of different shapes (limited or diverted, variable
elongation and triangularity). Currents of 800 kA and elongation of 2.1
have been achieved.

Moreover, the reliability of the discharge scenario increased: 83% of
the attempts to create a tokamak plasma were successful.

The installation in 1995 of a system of internal feedback coils will
allow the exploration of the operating regimes at higher elongation and
current and the associated physics.

A summary table is shown next page.
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Summary of the distribution of the
p/asma shots

Operation dates
Nb operating days
Total nb of shots
Nb shots no acq.
Nb test shots

without Pow. Supp.
with Pow. Supp.
Total

Nb of plasma attempts
successful
failed
total

Nb of successful plasmas,
attempted plasmas
Nb of disruptions,
succeeded plasmas

1993
1 JUL / 5 NOV

\ 72

102
177

687
332

1482
184

279

1019

1
3

2551

12.4%

6.9%
11.9%
18.8%

46.4%
22.4%
68.8%

67.4%

37.1%

1994
2FEB/21OCT

162
198

1281
264

499

114
2091

186

360

1545

8.9%

7.8%
9.4%

17.2%

61.3%
12.6%
73.9%

82.9%

39.0%

The TCV tokamdk



2.6 TCV Results

2.6.1MGAMS (Plasma shape control in TCV)

The Method

Plasma shape control in tokamaks involves basically four steps: (a)
Identification of the plasma shape in real time, (b) Comparison of the real
plasma shape with a preprogrammed shape, (c) Evaluation of coil current
corrections such as to bring the the real shape as close as possible to the
preprogrammed shape, (d) Evaluation of coil voltages which are necessary
to produce the desired coil current corrections.

In MGAMS, the first step is achieved by reconstructing the plasma
current distribution in the form of a finite element matrix. The current
elements are fixed in space, and their amplitudes are determined such as
to produce the best fit to the magnetic measurements (magnetic field
probes, flux loops, coil currents and vessel currents). Once the plasma
current distribution is known, one can then dérive the plasma shape either
in terms of global shape parameters (vertical position, radial position,
elongation, triangularity, etc.) or in terms of flux errors at the plasma
boundary, ha the first case, the global shape parameters are compared with
preprogrammed parameters, and coil current corrections are applied in
the form of moments (vertical field, radial field, quadrupole field, hexapole
field, etc.). The strength of these moments depends on the deviation of the
real plasma shape from the preprogrammed shape. If, on the other hand,
the plasma shape is expressed in terms of flux errrors at the preprogrammed
boundary, the coil current corrections are evaluated in such a way as to
minimize the flux errors. The fourth step, i.e., the computation of
instantaneous coil voltages, is basically straightforward, but it is complicated
by the perturbing effect of the vessel currents.

User Interface

In order to use the MGAMS algorithm in TCV, the operator has to
specify a certain number of input parameters: The plasma current must
be given as a function of time (rampup phase, flattop and rampdcwn
phase). The shape evolution must be specified, either in analytic form or
in the form of trajectories of a number of discrete boundary points. X-point
coordinates must also be prescribed as functions of time. The rampdown
phase is usually assumed to be the exact inverse of the rampup phase.
However, in many cases, it is advantageous to program the rampdown
phase slightly differently in order to avoid disruptions during rampdown.
Finally the proportional, differential and integral gains have to be specified
for the various feedback loops (plasma current, vertical position, radial
position, plasma density, shape parameters, etc.)

Once the operator has set the various parameters described above.
MGAMS computes the coil currents and voltages as functions of time, and
it generates the control matrices. The matrices are then loaded into the
TCV hybrid computer and the machine is ready for triggering a discharge.

flfCAMS
(Matrix Generator And Measurement
Simulator)
TCV tokamak allows the creation of
various plasma shapes and magnetic
configurations. For this purpose, the
shape and position control algorithm
MGAMS was developed specifically
for TCV. with the aims of versatility,
accuracy and ease of operation. The
basic idea is that the operator only
specifies the plasma shape and
plasma current evolution and
everything else is done automatically
via the software.
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Results

The MGAMS algorithm has allowed the creation of many different
plasma shapes inTCV. Atypical plasma evolution is shown in Fig. 18. The
accuracy of the algorithm can be judged from Fig. 19. which show?
preprogrammed and measured shape parameters fortwo typical discharges.
Figure 20 shows a number of plasma shapes that were produced in TCV,
using MGAMS. The sequence is ordered chronologically, it starts in
September 1993 and ends in October 1994. Each image is taken from a
different shot, and in each case, the shape is shown at the time when the
plasma current has reached its maximum value. The shapes shown here
were not just produced for testing the algorithm, but in most cases, the

Fig. 18 - Plasma current and shape particular shape was a necessary condition for reaching a certain physics
evolution during the 810 kA discharge.

LIUQE Equilibrium Reconstruction SHOT: 5559 FBTE12
0.063 sees 0.116 sees 0.169 sees 0.222 sees 0.275 sees 0.328 sees 0.381 sees 0.434 sees 0.487 sees 0.540 sees

0.699 sees 0.752 sees 0.805 sees 0.858 sees 0.911 sees 0.964 sees 1.017 sees 1.070 sees

2.6.2 Ohmic H-mode experiments In TCV

Ohmic H-modes have been obtained in several different configura-
tions [P31, LI 8, P38, L24], including Single Null diverted discharges (SND,
such as shown In Fig. 2 la). Double Null plasmas (DND Figs 21 c,d & e) and
plasmas limited on the inner wall (Fig. 21 f.g &h). Confinement times up
to 80 ms and normalised Pn=PtoraB/Ip UP to 2.0 were obtained in diverted
ELM-free H-modes, about twice the values obtained in L-modes at high
density. Prolonged ELM-free H-modes invariably lead to disruptions at the
density limit. The highest line average density obtained up to date is
2.25-1020 nr3, corresponding to 1.05 times the Greenwald limit
<ne>GL = 0.27 Ip/a2. Stationary conditions lasting for the entire current
flat top havebeen obtained in ELMy H-modes. In DND plasmas the H-mode
was made to switch between ELMy and ELM-free by a controlled toggle of
the active X-point between the top and the bottom.
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Density and power threshold

Prior to the first boronisation (May 1994), there was some evidence
of an Ohmic H-mode transition in a SND configuration, but no sustained
H-mode was observed. Following boronisation and a glow discharge in
helium, a clear Ohmic H-mode was observed in SND-U deuterium
discharges, an example of which is shown in Fig. 22. Ohmic H-modes were
regularly obtained with deuterium working gas, inboth SND-U discharges
and discharges limited on the inner wall. A clear density threshold was
observed for the H-mode transition. A plasma current scan in the SND-U
configuration demontrated that the transition is accessible at the relatively
low input power corresponding to a minimum current to obtain H-modes
in the range 210-240 kA. The density threshold, <ne>thr = 4-1019m-3,
remained constant for the entire range of the scan (210-340 kA).

The H-mode was not obtained in the SND-L (lower) configuration
(Fig. 21b), even with 30% more ohmic power than that required for the
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3S31: isi PLASMA WITH K>).6 (37SkA)

4071: Is: DOUBLE-NULL DIVERTOR (350kA)

4527: 1st PLASMA WITH K>2 (707kA)

453S: Z( AXIS) = 0.23m (319kA)

4524: Is: SINGLE-NULL DIVERTOR

4D4S: SND (2SlkA)

5191: 1st H-MODE LN TCV (309kA)

52SO: SND WITH Rx=0.77m

5559: 1st PLASMA WITH Ip=S12kA. K=2

5613: 1st LIMITER H-MODE (613kA)

5650: 1st INVERTED SND

5777: LIM. H-MODE

6041: 1st DOUBLE-NULL H-MODE (SOSkA)

6067: 1st 1.3 SEC ELMY H-MODE (330kA)

6402: 1st ELM-CONTROL (394kA)

6626:1st 1 SEC PLASMA ON BELT (331kA)

6763: 1st PEAR-SHAPE AT450kA

Fig.20-Varioitsplasmashpaesobta.tned corresponding SND-U transition, with similar density evolution and
in TCV for different currents impurity behaviour prior to transition. This is in agreement with observa-

tions on other tokamaks that the configuration with ion Grad-B drift
towards th'e X-point (SND-U in TGV) has a lower H-mode power threshold
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Fig.21 -Magnetic configurations for H-
mode experiments in TCV.
a) Single Null plasma with ion-grad-B
drift towards X-point
Ip= 340 kA, qgs = 2.2, K95= 1.5.
6a= 0.44.
b) Single Null plasma with ion-grad-B
drift away from. X-point (no H-mode).
Ip = 330 kA, q95= 2.1, K95 = 1.47.
5a=0.42.
c) Double NuR plasma
Ip= 510 kA, qgs = 2.85. K95 = 1.8.
8a = 0.76.
d) Double NuE plasma
Ip= 390 kA, qgs = 2.6. K95 = 1.6.
6a=0.63.
e) Double Null plasma
Ip= 250 kA. qgs = 2.66, K95 = 1.34.
5a = 0.67.
f) Limiter H-mode configuration
Ip= 610 kA. qgs = 2.5. K95 = 1.9.
5a=0.5.
g) Limiter H-mode configuration
Ip = 370 kA. qgs = 3.15. K95 = 1.7.
5a= 0.42.
h) Limiter H-mode configuration
Ip = 410 kA, qgs = 2.5, K95 = 1.62.
5a = 0.26

e) g) h)

than the corresponding configuration with the ion Grad-B drift away from
the X-point (SND-L in TCV).

Limiter H-modes were obtained at high elongation (K= 1.6-1.9) and
plasma currents in the range 270-600 kA. These discharges had an X-
point well outside the last closed flux surface (9-17 cm). The poloidal flux
between the X-point and the LCFS amounted to 4-12% of the flux inside
the LCFS, depending on the configuration. These H-modes had fairly high
threshold densities of 7 -8 • lO1^ m-3. in the limiter H-mode experiments
the transition was sensitive to plasma triangularity. Figure 2 Ig shows a
configuration with a triangularity of 0.4, and a plasma current 370 kA,
which underwent a transition to H-mode. When the triangularity was
reduced to 0.25 the transition no longer occurred at 370 kA, but with a
slightly larger current of 410kA the limiter H-mode reappeared (Fig. 21h).

The H-mode thresholds are generally within a factor of less than 2
of the ASDEX threshold scaling P/S=0.044<ne>BT [F. Ryter et al. (1993),
EGA. Vol. 17C, 1-23] Unlike auxiliary heated discharges however, the H-
mode is obtained by ramping up the density and established H-modes
usually are below the above mentionned threshold [INT 187/94].

Evolution of ohmic H-modes

The typical SND-U discharge shown in Fig. 22 demonstrates most of
the features of the Ohmic H-mode in TCV. The plasma current is shown

41



Fig.22 - Euolution of an H-mode
discharge
a) Plasma current
b) D-aJpha emission along a vertical
chord
c) Line average density from FIR
interferometer
d) Confinement time from LIUQE
ej X-ray photocurrent from monitor
diode with 50 jam Befûter
J) X-ray temperaturefromX-rays (50 &
250 urn Be filters)
e) ZefffromX-rays assuming carbon to
be the only impurity

TCV shot # 5645
400

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

together with the Da emission, the line averaged electron density, the
confinement time from the LIUQE equilibrium reconstruction, the soft X-
ray flux from a central chord, the core plasma electron temperature and
effective charge fromX-ray measurements. Following the establishment of
the final magnetic configuration at 250ms, the H-mode transition occurs
at the density threshold after a period of hesitation which often includes
ELM-like pulses of Daradiation. There is an initial ELM-free period, a short
period of divertor localized modes (DLMs) causing low amplitude ("mossy")
fluctuations on the Da signal, followed by several Large ELMs and a final
period of DLMs. During the period with Large ELMs the density rise is
halted and there is a marked decrease in energy confinement time. The
plasma density rises strongly in the absence of Large ELMs. The DLMs do
not appear to noticeably affect the density rise or the energy confinement
time. The discharge terminates in a high density disruption after a
transition back to L-mode. In TCV, there is a large dispersion in the
duration of the ELM-free and ELMy phases, depending on the wall
conditioning, the gas puff programming and probably other parameters.
including details of the configuration. ELMy periods of up to 1.3 seconds
and ELM-free periods of up to 0.4 seconds have been recorded in which the
density disruption occurred at the Greenwald limit. In many cases the
disruption was preceded by a brief return to the L-mode. High density
disruptions in the H-mode have also been observed. In these cases a strong
decrease of centralX-ray radiation has been observed despite a continued
density increase, suggesting a radiation collapse of the discharge.

MHD activity in ohmic H-modes

MHD activity is measured using a subset of the magnetic pick-up
coils in the TCV vessel. Data from 20 probes in a poloidal section were
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digited at a frequency of 20 kHz and 4 toroidalfy spaced probes in the
midplane (high field side) at 50 kHz and used to determine the toroidal
mode number n. In addition, broadband turbulence and ELM precursors
[C33, INT 186/94J were also inferred from data digitized at 250 kHz rate.

L-H transition

The L-H transition can take several forms (Fig. 23). There may be a
single transition to an Elm-free H-mode (Fig. 23a) or there may be a few
(Fig. 23b,c) or many hesitations (Fig. 23d) between the L-mode and the H-
mode. In these dithering cases the level of Da light oscillates between its
L- and H-mode values. Long dithering phases often acquire an ELMy
character (Fig. 23 e,f) in which the maximum values of the Da emission
clearly exceed the L-mode level. These pulseshave corresponding magnetic
signatures (Fig. 24), thereby qualifying as ELMs. They are most prominent
in the divertor region. The pulses are preceded by a burst of magnetic
fluctuations with frequencies in the range 5-10 kHzbeginning typically 0.3
ms before the Da rise.
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D-alpha transition signatures
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time [s] Fig.23 -D-alpha signatures during
L-H transitions

At the L-H transition the level of low frequency (4 - 30 kHz)
broadband magnetic turbulence is observed to drop by an order of
magnitude on a time scale of 100 us. This decrease is observed on all
pickup coils with exceptions at the divertor legs, where a slight increase is
seen at the time of the L-H transition. Amarked decrease of the amplitude
of Mirnov oscillations (m > 2, n=l. f - 5 kHz) is also observed.
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Fig. 24 - Magnetic signatures of ELMs
observed at L-H transition
Top: magnetic probe signal from high
Jleld side plasma midplane
Middle: low field side plasmamidplane
Bottom: Da emission from vertical line
ofsight

Magnetic activity in ELM-free H-modes

When detectable after the transition, Mirnov oscillations often occur
as short bursts synchronized with the sawtooth cycle, coherently with
m= 1, ri= 1 oscillation observed onX-ray signals from the plasma core. Their
magnetic amplitude is greater on the low field side than on the high field
side. The frequency of the oscillations (f - 5 kHz) does not appear to be
affected by the transition.

A high frequency (15-40 kHz) mode is often observed during ELM-
free H-modes, usually together with a double frequency harmonic,
simultaneously with a 10% increase in divertor Da emission. Hardware
limitations have prevented us from determining its mode structure.

ELM's mode
An ELM (Edge Localized Mode) is an
edge instability which occurs during
H-mode regime. As it is localized at the
pîasma surface, it is a source ofparticles
and energy losses.

Edge localised modes

Together with the above mentionned ELMs occurring at the transition,
three kinds of ELMs have been observed in TCV ohmic H-modes.

The largest ELMs are observed after an ELM-free phase of 20 ms or
more. They are seen on the magnetic probes as strong coherent magnetic
pulses. The coherent component appears as a dominant m=l, n=0 (fast
vertical plasma displacement) together with a less intense m=2,3, n=l
mode. There also is a superimposed incoherent burst of broadband
turbulence beginning 0.5-1 msbefore the rise of the Dapulse detected along
a vertical line of sight (Fig. 25). In the case of the first ELM following a
prolonged ELM-free period this precursor is usually coherent.
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Akind of low amplitude ELM with relatively high repetitionfrequency
(0.3-5kHz) was also observed. Such ELMs cause modulations in Da

amplitude of order 10% on the vertical line of sight of the visible light
monitor diodes and modulations of order 50% on diodes viewing the active
x-point. Magnetic pulses are observed near the X-point(s) (Fig. 26). These
divertor localized modes (DLMs) may appear spontaneously after an ELM-
free phase or briefly while the active X-point in a DND magnetic configuration
is switched. They have also been observed when the gas feed was reduced
as the plasma density exceeded its pre-programmed value. The modes
have never been observed at line average densities Iowerth.an4.9- 101^m~3
or just following an L-H transition. At high density (rie > 1 • 1020m~3), their
repetition rate increases and theirappearance becomes irregular. Contrary
to Large ELMs, these divertor localised modes appear not to cause any
reduction in confinement time and do not prevent the density rise
characteristic of Large-ELM-free H-modes.

Fig. 25 - Large ELM turbulent precursor
Top: magnetic probe signal from high
field side plasma midplane
Middle: low field side, 15 cm above
plasma midplane
Bottom: Da emissionfrom vertical line
of sight

Fig. 26-Divertor Uxalisedmodes(DLM)
Top: Da emission from vertical line of
sight
Middle: high field side magnetic probe
signal
Bottom: X-ray signal from plasma core
(650 nm Be fUter) showing sawteeth
and Mimov oscillations which are
uncorrelated with DLMs.

ast yertical.Dralph.a intensity, lau]

XTe Be 650 um [au]

0.645 0,65 0.655 0.66

time [s]
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Fig. 27 - X-ray signals in L-mode and
H-mode plasmas
Left, from top to bottom: Line integrated
X-ray emission from chords tangent at
z/b ~ 0, 0.6, 0.8 and 0.9. and Da
emission in limiter L-mode.
Right, from top to bottom: Line
integrated X-ray emissionfrom chords
tangent at z/b ~ 0, 0.6, 0.8 and 0.95,
and Da emission just before and just
afrer an L-H transition.

Since the Large ELMs occur after an ELM-free period during which
the edge temperature and density have had time to rise, presumably until
a threshold pressure, or pressure gradient, is reached, it is tempting to
associaie ihem with type I ELMs seen on tokainaks with auxiliary heating.
The ELMs seen at the transition may then be of type III. No counterpart of
DLMs on other experiments is acknowledged.

Effect of Large ELMs

The occvrence of Large ELMs appears to be linked to the buildup of
edge pressuiv. ts a consequence of the establishment of an edge transport
barrier in EL .I-free H-modes. The existence of such a barrier can be seen
on several diagnostics. The FIR interferometer measurements presented in
the Section 2.4.4 on diagnostics show a flattening of the density profile
with a steepening of the gradients at the edge (Fig. 10). Thomson scattering
measurements show an increase of edge electron temperature and density
in the H-mode (Fig. 7) During ELM-free phases the X-ray emission near the
plasma edge rises stepwise at the arrival of heat pulses released by
sawtooth collapses. This behavior is also suggestive of the existence of an
edge transport barrier and contrasts with the L-mode where the heat pulse
decays within a few ms after its arrival at the plasma edge (Fig. 27).
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ELMs briefly disrupt the edge transportbarrier, dramatically reducing
the edge X-ray emission (Fig. 28) as a result of the energy loss associated
with each ELM. A single Large ELM may cause the emission to fall by a
factor of 2 within 0.1 ms. Interferometer measurements show that large
ELMs cause a loss of 2 10 7% of the panicle inventory. It is interesting to
note that in ELMy H-modes these discrete MHD events (sawteeth and
ELMs) appear to dominate the power balance at the edge transport barrier.

Depending on ELM frequency, the plasma density may rise, remain
stationary or decrease. This is also true for the plasma effective charge
determined from X-ray measurements. Stationary conditions with <ne> =
9-1019rrr3 and Zeff= 1.6 are obtained in a DND configuration for ELM
frequencies near 120 Hz. At this frequency the energy confinement time is
about 70% of the confinement time of an ELM-free H-mode. At ELM
frequencies of 300 Hz or more the energy confinement time is reduced to
its L-mode value, about half of the ELM-free H-mode confinement time. At
high ELM frequencies brief transitions back to the L-mode are also
observed.

Fig. 28 - Effect of ELMs and sawteeth
on edge X-ray emission
Top: X-ray signal from central chord
Middle: X-ray signal from r/a = 0.85
Bottom: Da emissionfrom vertical line
of sight
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ELM control experiments

Fig. 29 - DND configuration drifting
gradually from DND-L to DND-U.

During the initial experiments with Ohmic DND H-modes (Fig. 29),
the discharge frequently switched abruptly from an initial ELMy phase to
a quiescent ELM-free phase which subsequently terminated in a high
density disruption [P38, L24]. The insets in Fig. 29 show two equilibrium
reconstructions from this discharge during the ELMy and ELM-free
periods, indicating that the magnetic configuration evolved from DND-L
(t < 0.6s) to DND-U (t > 0.8s).In this discharge, thechange in configuration
was produced by a small variation of the stray field from the OH solenoid.
To indicate the proximity of the secondary X-point to the separatrix. Fig.
29 also shows the difference in poloidal flux between the X-points as a
percentage of the flux between the axis and the separatrix. The transition
from ELMy to ELM-free is seen to occur as the lower X-point moves away
from the separatrix. The importance of the radial and vertical position for
H-modes had already been observed in ASDEX, where small radial or
vertical shifts were sufficient to decide between ELMy and ELM-free H-
mode [ASDEXTeam, Nucl. Fus. 29 (1989) 1959] although, in these
experiments, the DND-U and DND-L configurations were produced in
separate discharges.
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If, in the DND configuration, the presence of ELMs is correlated to
the presence of a DND-U or DND-L configuration, switching between these
configurations would provide an ELM control mechanism. Switching
betweenDND-U andDND-Lcanbe achieved bymodulating the Ip*zreference
signal. Figure 30 shows the result of such an experiment with a vertical
shift of± 1.25cm.ThemoststrikingfeatureofFig. 30 is the synchronisation
of the ELM-free and ELMy phases with the imposed modulation. The
magnetic configurations corresponding to upper and lower displacements,
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inset in thé figure, indicate that the ELMy phase corresponds to a DND-
L, and the ELM-free phase to a DND-U configuration. The flux difference
between the X-points follows the vertical position reference signal quite
faithfully, but shows considerable perturbation during the ELMy phases.
The plasma density remains bounded throughout the 1.5 second H-mode,
rising during the ELM-free phases and decreasing in the ELMy phases. It
is important to note that during this experiment the density reference
signal, shown in the figure, caused the feedback automatised gas valve to
open slightly when the density was too low. The soft X-ray intensity during
the ELM-free phase rose faster than could be accounted for by a change
in the plasma temperature and the increase in plasma density, implying
an increase in impurity concentration. The decrease in the soft X-ray
emission during the ELMy phases is consistent with a loss of the
accumulated impurities. The ELMs are seen to stabilise the average
impurity concentration, albeit at a level above that obtained during the L-
mode.

During some of the ELMy phases, a short transition into L-mode
was observed, signalled by a rise in the intensity of the D-alpha emission
and an increase in the Mirnov and broad band MHD activity to their pre
H-mode levels. A strong sawtooth crash was often sufficient to cause a
momentary transition into H-mode returning to L-mode with the D-alpha
and MHD signature of anELM. Although several of these H-L-H transitions
were observed during some of the ELMy phases, switching to the DND-U
configuration resulted in a new ELM-free period. The ability of this DND-
L configuration to change between H-mode and L-mode, with no adverse
effect on the discharge, implies that, at least with the plasma current and
wall conditioning of this discharge, this ELMy DND-L configuration is close
to an L-mode. This contrasts with the SND-U configuration in which a
transition from H-mode to L-mode was generally permanent.

Fig. 30: - DND discharge with pre-
programmed modulation of the vertical
feedback reference Ip. z which toggles
the configuration from DND-U to DND-
L, causing the H-mode to switch from
ELM-free to ELMy and vice-versa. The
density is shown together with its
referencesignalandthedifference was
used to control the gas valve. (Ip = 390
kA, q95 = 2.55, fcg5 = 1.6, separatrix-ta-
wall separation -0.7 cm (A), +0.5 cm
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A series of discharges of the type shown in Fig. 30 all exhibited the
same density behaviour, showing the DND configuration toggling to be a
reliable method of creating long reproducible H-mode discharges. Since
the plasma appears to prefertogo into an initial ELM-free period, the toggle
phase in Fig. 30 was chosen to give an initial DND-U configuration. When
this phase was reversed, the discharge often went into an ELM-free period
despite the DND-L configuration. Following this period, the configuration
toggle was often accompanied by a single ELM and a further ELM-free
period after which the ELMy and ELM-free periods were as described
above. The preference for an initial ELM-free phase despite the
"unfavourable" DND-L configuration suggests that Large ELMs require an
ELM-free period, during which the edge pressure can build up, as
discussed above. The observation suggests that the edge pressure (or
pressure gradient) is, together with the configuration, one of the factors
determining the ELM (in)stability threshold.

Configuration toggling has subsequently been applied to a different
DND H-mode configuration (Fig. 2 le) centred vertically in the vessel, with
lower plasma current, lower elongation, and a greater distance from the
separatrixtothevesselwall. Despite all these differences, the configuration
toggling displayed the same essential characteristics, showing that this
technique is not specific to a particular plasma configuration. The duty
cycle and the phase of the X-point toggling were modified and this varied
the plasma density evolution within the limits imposed by the machine
conditioning.

Density feedback using Large ELMs

As has been described in the previous section, modulating the
magnetic axis height in a DND configuration influences the presence of
ELMs and thus the evolution of the plasma density during H-mode. This
can be used to operate a feedback loop to control the H-mode plasma
density.

Figure 31 illustrates this feedback. During the period indicated by
vertical lines, the gas inlet valve remained fixed and partially open and the
vertical position reference was held constant. The fixed gas valve setting
was chosen to be equal to the average value required during the plateau
of the discharge shown in Fig. 30. The difference between the measured
and pre-programmed line integrated densities (An) no longer acted on the
gas valve, but was directly coupled to the Ip*z control. The feedback coef-
ficient was chosen to give approximately the same switching frequency as
in Fig. 30. Although this direct feedback considerably reduces the density
excursions from the reference signal during the H-mode, compared to Fig.
30, there is still a clear toggle between the DND-U and DND-L configura-
tions. A distinct ELMy phase was required to reverse the density rise
associated with the ELM-free phase. The X-point flux, difference shown in
Fig. 31 is of particular interest. The transitions from ELM-free to ELMy and
ELMy to ELM-free both occurred at reproducible, but different, values of
the flux difference. Also, the transitions do not occur at the nominal DND
symmetric position. This behaviour is also seen in Fig. 30 where the flux
differences at the transitions are larger, probably due to the larger
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Fig.31 -Density control ofan OhmicH-
mode is obtained by letting the dv
nrererence) signal act directly on the Ip.z
reference, producing repetitive switches
between ELM-free and ELMy H-mode
phases. The gas valve remained open
at ajvced value.

amplitude of the programmed Ip*z perturbation. This hysteresis, together
•with the abruptness of the ELMy - ELM-free phase change, implies that in
this DND configuration the ELM activity is bistable.

Since these experiments were performed without auxiliary heating,
the persistence, with increased heating, of the ELMy H-mode in unbalanced
DND configurations with the ion-Grad-B drift away from the active X-point
remains an open question.

2.6.3 Energy confinement time in TCV

The energy confinement time was calculated from the formula:

TE = F(Etot,B(power - F(dEp0t,dt)))

In presented calculation Et0t has been calculated from the magnetic
reconstruction programme. We used the ohmic power as the power
delivered to the plasma, taking the loop voltage on the plasma surface
measured plasma current and excluding inductive terms. The presented
data has to be treated as a preliminary data as the reconstruction does not
include measured plasma pressure.

The results have been compared with the three different scaling.
ITER89-P and RLW for all the shots, ITER93-HP for H-mode discharges
only. The data are shown in Fig. 32. It is clear that ITER89-P does not
represent proper dependence on the plasma parameters even for L-mode
discharges. Often quoted H-factor for ohmic H-mode can go as high as 3
in singular points and 2 for good ELM free H-mode shots. ITER93-HP
scaling is reasonable for the H-mode, but the best scaling corresponds to
RLW scaling for all the shots. In this last scaling the major and minor
radius is taken constant as the machine values. The values of Zeffis assumed
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1.5 and ion contribution f=1.8. These values are rather arbitrary, so we
have to see how this will change when more accurate data Is available.

100

w
E
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3 INTERNATIONAL COLLABORATIONS (Experimental)

3.1 Measurement of the optical depth and refraction at
the third electron cyclotron harmonic on Tore Supra

Electron cyclotron absorption of the extraordinary wave at the 3rd
harmonic was proposed for ECRH heating of TCV In high density regimes.
The difficulty of this method is related to the relatively low optical depth
predicted by the linear relativistic theory, which sets constraints both on
the launching geometry and on the minimum electron temperature for
which the method is applicable. For adequate first-pass absorption, long
path lengths within the absorbing zone are required so that the microwave
beam needs to be launched at a shallow angle to the resonance. Since the
knowledge of the first-pass absorption is a critical Issue of this heating
scheme, it has been decided to verify the theoretical evaluation of the
optical depth in an experiment.

This motivated the experimental transmission measurements
performed on the Tore Supra tokamak, using a vertically propagating
extraordinary mode in the frequency range 87-109 GHz, and a central
magnetic field of 1.25 Tesla. The use of vertical propagation at variable
frequency allows a detailed
comparison with the
relativistic theory of wave
absorption and ray
propagation to be made. An
example is shown In Fig. 33.
The absorption occurs at
frequencies lower than about
105 GHz, the frequency of the
coldresonance.Themeasured
absorption spectra are found
to be in good general
agreement with the ones
obtainedfrommodelbased on
cold plasma as is shown in
Fig. 33. These results are a
sound basis for heating
experiments at the 3rd
harmonic.

Details of the transmission spectrum, like the wiggle above 105 GHz,
with a transmission above unity, seems to be indicative of relativistic
refraction close to the resonance, which produces converging and diverging
rays, as is shown in an example of a TORAY run (Fig. 34). This "increased
transmission" (T > 1) is experimentally much more emphasized in the case
second harmonicX2 resonance also measured inTore Supra, for which the
relativistic refraction at the resonance Is also expected to be stronger due
to the stronger absorption at the second harmonic resonance.

A comparision between code and experiment to understand the
effects of relativistic refraction is underway to test the validity of the code.

Fig. 33 - Experimental (dashed) and
theoretical (solid lines) transmission
coefficients at the third cyclotron
harmonic.
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The question is not purely an academic one, since for extreme shallow
Incidence on the resonance when launching at the second harmonic X-
mode from the low field side, the rays can be reflected off of the resonance
before beelng absorbed. This can therefore slgnlflcatlvely afiect the first-
pass power deposition.

Poloidal View

0.0

-0.5-

Ftg. 34 - X3 TOR AY ray (racing for rays
launched at 105.5 GHz at equidistant
poloidal angles. The additional refraction
at the resonance is clearly seen.

2.0 2.5 3.0
R (m)
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3.2 TAB Studies on JET (Agreement No. 394 and 405)

3.2.1 Background

This -work is performed ?.s a Task Agreement between JET and the
CRPP, destined to develop and exploit a novel method for the study of
Alfvén Wave Eigenmodes driven by external antennas. This Task Agreement
was established in 1993 on the basis of prior experience of the CRPP in the
field of Alfvén Eigenmodes on the TCA tokamak.

The CRPP has detached 2 members of its staff (Dr. A, Fasoli and Mr.
P. Lavanchy) to JET and further supports this work with regular visits by
researchers from the TGV group and assistance by the theoretical group
(Dr. J.B. Lister, Dr. J.-M. Moret, Prof. L. Villard, Mr. Ph. Marmillod). This
Task Agreement has been extended for 1995/96.

3.2.2 Motivation

The new Alfvén Eigenmode Active Diagnostic allows us to excite
Alfvén Eigenmodes using an external source, sweeping across the full
spectrum of such modes, in the frequency range 30-300 kHz to cover BAE.
TAE and EAE modes. The TAE (Toroidicity Induced Alfvén Eigenmodes) are
considered to be the most important to be studied. Contrary to the more
usual passive measurements in which only self-excited eigenmodes can be
detected, this method provides a direct measurement of the damping rates
of the Alfvén eigenmodes in. various plasma conditions and should
therefore permit an identification of the different damping mechanisms
determining the instability threshold of the Alfvén eigenmodes in reactor
relevant plasma conditions. By providing measurements of the damping
of Alfvén eigenmodes in stable and assumedly linear regimes, cross-
checks can be made between the predictions of theoretical models of the
damping of these modes and the experimentally observed damping.

3.2.3 Diagnostic Method

The JET saddle coils are used as antennas to excite the Alfvén
eigenmodes, avoiding the requirementto install any newin-torus equipment.
The exciter system comprises a function generator, a 3 kW power amplifier,
an impedance matching network, a power splitter and an isolation unit.
The power distribution unit can drive 1, 2 or 4 saddle coils, allowing
preferential excitation of specific low toroidal mode numbers (n) and
poloidal symmetry. The diagnostic method is based on repetitive sweeps
of the driving frequency across the Alfvén eigenmode frequency range. The
driven component in the plasma response is extracted from background
noise In various diagnostic signals using a set of synchronous detectors
which provide the in phase and quadrature components of the signals.
Several probing channels are considered: the voltages induced on the
unexcited saddle coils and the poloidal pick-up coils measure the pertur-
bation of the radial and poloidal magnetic fields at several locations,
allowing a mode analysis in the poloidal and toroidal conjugate plane. The
transfer function between the driving current and any particular diagnostic
signal can be directly derived from the raw data by normalising that signal
response to the antenna current. The presence of an Alfvén eigenmode
manifests itself in this transfer function as a resonance. The associated
complexpoles and residues are then determined by a datafitting procedure.
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Fig. 35 - (a) Example of a TAE resonance
in the ohmic phase of JET shot #31638.
Left: Real and imaginary parts of a
magnetic probe signal response. Right:

0.02

signal. The signals are normalised to the
driving current. The fit with a rational
transfer function of order 512 is also
shown, giving f0bs=1442 +-0.1 kHz, y/
2n=1400 +-100s-i.Btor=2.8T,Ip=2.2
MA, ne =3xlOW m-3; (b) Variation of the
measured eigenmode frequency with
toroidal magnetic field in JET shot
#31591. Btor varied linearly with time
between 22 and 3 T. while the density
and plasma current were kept constant.
Two upper saddle coils were used, in
phase and 180° apart toroidally, with
same (a) and opposite phase (b).
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The imaginary part of the fitted pole gives the frequency of the mode, fobs-
Its real part, in the case of stable modes, is the difference between the
damping rate and the growth rate: y= Ydamping - Ydrive- In particular, if no
fast particle driving terms are present in the plasma, Ydrive = 0 and g
corresponds directly to the damping rate of the mode. For space-resolved
measurements of the wave field, the residues correspond directly to the
wave amplitude as a function of space, i.e. to the single mode structure.
Many global eigenmodes have been clearly observed in different plasma
conditions. An example of a resonance detected on one of the magnetic
probes is shown in (Fig. 35a). The signal describes a circle in the complex
plane as the frequency is swept across the resonance. The maximum value
of the oscillating magnetic field measured by the coil is of the order of
10"7 T for driving currents of the order of 5 A in each antenna.

3.2.4 Identification of the TAE Modes

The "Alfven" character of the measured resonances was verified from
the dependence of their observed frequency on the toroidal magnetic field,
the plasma density and the plasma current in many discharges. One
example of such a parameter scan is shown in Fig. 35b, in which the
toroidal magnetic field was varied from 2.2 to 3.0 T, other parameters
being held constant. The measured frequency agrees well with f°TAE
evaluated assuming q=1.5, and using the line-averaged plasma density
(ne) for calculating v^Uvén- Scanning the toroidal magnetic field and the
plasma density have shown that these driven resonances are Toroidicity
induced Alfvén Eigenmodes.

3.2.5 Damping Measurements

Damping of the TAE modes can be caused by several mechanisms.
Firstly, continuum damping occurs when the eigenmode frequency
intersects a shear Alfvén wave continuum within the plasma. As the
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frequency gaps are centred at the local value of f°TAE. continuum damping
is linked to the radial dependence of the quantity g(r)=1 /(q(r)p(r)l /2), where
r is the minor radius of the magnetic surfaces on the tokamak mid-plane.
Greatly differing damping rates were measured in similar discharges with
different g(r). Two examples are reported in Fig. 36, where g(r) is shown
together with the two measured eigenmodes and their damping rates.
When there was a strong radial dependence of g(r). Fig. 36 curve (a), the
gaps were not aligned through the continuum structure and strong
continuum damping occurred. The g(r) profile iri Fig. 36 curve (b) was
flatter and led to a more ëopeni gap structure and therefore to a much less
effective continuum damping. The absorption mechanism in this case has
to be sought in the kinetic interactions, such as ion and electron Landau
damping. Ion Landau is negligibly small for the ohmic discharges considered,
whereas for these relatively cold and dense plasmas, vthe||~YAlfven and *hus

electron Landau effects can contribute significantly to the damping.
Kinetic damping can also be produced by trapped electron collisional
absorption or by radiative damping, a finite Larmor orbit effect of the bulk
ions leading to a damping rate which is exponentially dependent on the
mode eigenfrequency. An overview of the wide variation of the measured
damping rates is shown in Fig. 37 for ohmic plasmas and with an excitation
spectrum dominated by I n I=1. The measured values of y/to span several
orders of magnitude, suggesting that different absorption mechanisms
must be dominant in different plasmas according to the configuration of
each specific shot. A preliminary comparison with theory indicates that
even in the case of flat g(r) profiles, the measured y/w is at least a factor of
two larger than that calculated by local models considering electron
Landau and collisional damping. Contributions from either continuum
damping at the plasma edge or by radiative damping in the core must
therefore be significant.

3.2.6 Results in Hotter Plasmas

The results described in the previous sections were obtained in
modest performance JET plasmas. Preliminary studies have been
undertaken in the presence of additional heating, to extend the parameter
range for the spectrum and damping. A reduction in the total y of driven
stable TAE was observed when high energy NBI at low B-field p;roduced
resonant particles, consistently with the predicted appearance of a finite
mode growth rate. NBI heating for B-fields higher than 1.5 T, ICRH at
intermediate power and LH heating allowed investigations in absence of
resonant particles.

Fig. 36 - The relationship between the
profile of g(r)=l/(q(r)r(r)H2) and the
damping of TAE modes. g(r) and the raw
and fitted frequency responses of a

shown for two discharges. The same
excitation (/n/=2) and similar plasma
configurations were used for both
discharges; ne = 4xl019 m-*; (a) shot
#31689, Btor = L8 T, Ip=2 MA. (b) shot
#31638, Btor=2.8 T, Ip =2.3 MA.
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Fig. 37- The measured damping rate
plotted against the eigenmode
frequency normalised toj°TAE (i ~
15) ,for a series ofohmic discharges.
1MA<IP<3MA. 1x1019 m-3<ne<
SxlOWm-3, lT<Btor<3 T;allpoints
correspond to excitation with one
saddle coil, peaked at /n/=l.
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A striking observation is that as the plasma temperature and b were
Increased, in the presence of additional heating or even for high values of
ohmic heating at high plasma current, the simple spectrum of one or two
low-Q TAE modes is modified to become a more complex spectrum of
regularly spaced narrow modes (y/co<10~3) whose frequencies are in the
continuum range of frequencies between the Toroidicity and Ellipticity
induced gaps In the continuum spectrum. Fig. 38. These measurements
are considered to be the first observations of the kinetic TAE whose
existence is due to the break up of the cold plasma continuum into discrete
modes. Experimental and theoretical work is currently underway to
confirm these new results.

Fig. 38 - Example of multi-peak structure
atf>f>TA£with additional heating (6MW
ICRH. #33157)). The peaks appear both
in the edge poloidal magnetic field probe
signals (top) and in the reflectometer
signals, inside the plasma (bottom);
Btor=3.3 T, Ip =3 MA, ne ~ 3x10^ m*. 240 280

f (kHz)
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3.3 The plasma edge diagnostic on JET (Agreement 379)

This work has been done under agreement between Commission,
JET and CRPP, contract number 379 of attachment of Dr. Z.A. Pietrzyk to
JET.

In 1993, Dr. Pietrzyk spent 3 months in JET participating in testing
Li-beam gun in the lab. The test was very successful giving routinely 1 mA
equivalent current at 60 kV neutral beam energy. The gun has been
installed on JET tokamak in beginning of 1994.

Dr. Pietrzyk participated in 1994 in testing and debugging the beam
on JET as well as using the Li-beam detection system to measure radiation
on plasma impurities at plasma scrape-off layer. The system to measure
radiation consists of 50 points along about 20 cm distance across the
scrape-off layer. The observation points are located at the top of the vessel
looking preferentially in the toroidal direction. The detection system
consists of two spectrographs, one with high wavelength and one with high
spatial resolution. During single shot only small part of the spectrum can
be observed, so each line has been observed in the different shot.

To measure radiation of the plasma impurities the single lines of
species were chosen. The radiation of CH, Cm and CVI was measured.
During Nitrogen and Helium injection the lines of Nn and Hen were also
measured. The first observation was the fact that the Deuterium line Da

is dominated by reflection from the either divertor or limiter region. That
was verified by measurements of the Zeeman splitting of Da line. The
temperature of the radiating Deuterium is less than 3 eV. Impurity lines
were relatively stronger in this region and the radiation profiles could be
observed.

The CIII radiation shows a shell like structure at the plasma edge
(Fig. 39). The position of the shell is located approximately at the same

Fig. 39 - CIII line radiation profile for hot
ion mode JET discharges 32916 L-mode
52 s. H mode ELM free 52J5 s, between
ELMs 545, integrated over ELMs 53.9
and 553 s. Integration time 10 ms.
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Fig. 40 - CVI line radiation profile for
hot ion mode JET discharge 33643 H
mode ELM free 52.7 s, between ELMs
533 and 54_5 s, integrated over ELMs
53.45 and53.8 s.Integration time 10 ms.

place for L-mode. ELM-free H-mode and between ELMs. During ELM the
radiation Increase by factor of few hundred and the shell moves outwards.
It looks that in these (Hot Ion Mode) shots ELMs introduce more carbon
impurities to the plasma. This is confirms by the increased Zeff after an
ELM in comparison to before an ELM. This is consistent with the
observation that during ELM free period all of the increase of plasma
density comes from the neutral beam injections.

CVI radiation is localized further in the plasma (the maximum about
7 cm further in) and it have a broader structure (Fig. 40). During ELMs this
radiation also increases indicating high energy ions moving out of plasma,
but the maximum position of the radiation remain almost the same.

CVI radiation can be also used to estimate the neutral deuterium
content in the plasma. The calculation are underway to make that
determination. The measurements are based on comparison of the «active»
charge exchange emissMty (in the region of plasma with neutral beam)
and «passive» charge exchange emissivity (the region of plasma for the
same vy.butwithout the beam). In the beam region the carbon concentration
can be calculated from the absolute radiation emissivity and the beam
intensity. Assuming that the charge exchange come only from Deuterium
atoms, the Deuterium density can be calculated in the similar fashion in
the region without the neutral beam. If this technique proves to be
successful it will provide unique measurements of neutral Deuterium in
the plasma.

The observation of the impurity lines proved to be a very useful tools
to understand the impurity transport in and out of plasma. We hope that
it will be used routinely in the future.
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3.4 Development of Load Sensing System and Related
Control Algorithms for the Articulated Boom of JET.

Dr. S. Colombi (EPFL-LEI), TeleMan Fellow at JET C93/'94)

The success of a tokamak-type fusion experiment will depend to a
great extent on developing reliable and safe methods of carrying out
routine maintenance and repairs remotely.

JET , as the largest existing Fusion experiment, has a range of
advanced equipment for remote handling, including force feedback
servomanipulators deployed by large robotics transporters. The goal is to
perform fairly complex remote operations safely and reliably with a
reasonable speed.

Because of its leading position in this field, JET should provide
necessarily inputs for the design of Remote Handling equipment for its
successor: the ITER Fusion Reactor (International Thermonuclear
Experimental Reactor).

Figure 41 shows the Boom vessel transporter of JET. Fig. 41 - The articulated Boom of JET.

The articulated Boom has 6 vertical hinges and must have a very
large reach (about 12 m) due to the size of the machine. At the same time
precise positioning is required as access into the vessel is through ports
of small dimensions and accurate final homing is necessary when the
manipulator is substituted by heavy vessel components (antennas,
limiters....) to be removed or replaced.
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The effectiveness of the design depends on the balance between
mechanical and electronic solutions, it Is a typical mechatronics problem.

Mechatronics problems

Due to the exceptional dimensions, the Inertia of the boom and the
elasticity of the joints have to be considered, to minimize underdamped
oscillations. This can only partially helped by using Input position
demands which vary very slowly and by limiting drastically the servo
bandwidth as it is done at JET at present. Mechanical stiffening of the
actuators is difficult and costly. It also eliminates the passive compliance
which is a simple and safe method to make up for positioning errors during
final homing and in case of accidental contacts. A more convenient
approach seems the use of more promptly available and cheaper, compliant
actuators, stiffened electronically during navigation to Improve tracking at
speed (Ideally, one would like stiff actuators during navigation, and
compliant actuators during the contact phase). «Electronic» stiffening can
be achieved by using torque feedback signals so that each actuator Is
transformed Into a torque generator. The aim of the torque servo is to
compensate all the non linearities and elasticity of the actuators. The effect
of the inertia coupling could be compensated by using the matrix of inertia
to decouple and linearize the single joint servos.

During the final homing, torque feedback sensors are useful to
control the forces exerted and to establish a strategy of Insertion or
disinsertion.

When the manipulator Is working at the tip of the boom its forces
tend to cause motions in the boom which may affect viewing or delicate
manipulation. Stabilization of the boom tip canbe studied byfirst deriving
the cartesian forces acting on the manipulator slave from their joint
torques (available In the control system) and then by calculating the torque
values that would be generated by these forces on the boom joints and
applying to these servos equal and opposite torque demands.

Results

The project has been completed and the experimental results
obtained on a short Boom are very promising in view of an application to
the whole articulated boom.

The advantages of the new control are:

• increased bandwidth. The elasticity being compensated, no
resonance canbe excited. Also, it Is important to notice that with the
new control, the bandwidth is practically limited only by the
combination motor/driver as the segments can be considered stiff.
If necessary, the bandwidth could therefore be increased much
more.

• improved position tracking due to the increased stiffness of the
position control.
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safety of the vessel. The forces exerted by the Boom to the vessel
can now be controlled and limited.

safety of the Boom. The actuator becomes back-driveable with the
torque loops, preventing damages to the gearbox teeth due to inerUal
loads.

Boom retrieval from jamming conditions. If the boom segments
«wedge In» the tight aperture of the vessel, as it happened in the past,
the joints can be «freed», by zeroing the reference torques. The joints
behave then as backdriveable actuators and the contact forces with
the vessel are automatically relieved. Similarly, in case of failure of
the position control (e.g. failure of a resolver), thejoints canbe «freed»
and the boom retrieved in a short time by pulling it out of the vessel.

Faster and more precise joystick control. In fact, the reference
position must not necessarily be smooth (e.g. cubic trajectories) to
prevent exciting the spring hence causing underdamped oscillations.

Increased disturbance rejection. If the torque disturbances are
known, they can be directly compensated In the torque servo. This
way, the disturbance rejection Is much faster, because we don't have
to wait for a position error to appear. Therefore, it is now possible to
stabilise the Boom when the manipulator is working.
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THEORETICAL ACTIVITIES

Fig. 42 - Magneftc surfaces of an up-
down asymmetric doublet in TCV
computed with the CAXE code. The outer
line is the vacuum vessel wall.

4.1 Operational limits of tokamaks: 2-D MHD stability

Magnetic confinement systems such as tokamaks can develop
instabilities that can be classified in two categories. First, there are
macroscopic instabilities that correspond to more or less global motions
of the plasma considered as a fluid. Second, there are micro-Instabilities
that have their physical origin In wave-particle Interactions and require
kinetic models for their description. This section (4.1) is mainly concerned
with the first type of Instabilities, while more general wave-particle
Interactions are dealt with in another Section 4.5.

The physical model currently used is Magneto-Hydro-Dynamics
(MHD) and has two variants called "ideal" and "resistive" depending on
whether the plasma is considered as a perfectly conducting fluid or has a
unité resistivity. The operation of tokamaks Is restricted by MHD Instabilities,
implying a maximum attainable plasma current and amaximum attainable
plasma pressure. The pressure limit is characterized by the dimenslonless
number "beta"(p), which Is the ratio of plasma pressure to magnetic
pressure. The plasma current creates a poloidal magnetic field, and the
current profile is characterized by the "safety factor" (q) which is the
number of turns in the toroidal direction that a magnetic field line has to
do before coming back to the same poloidal position.

The complexity of tokamak configurations and the need for ace, ,
and reliable predictions of operational limits has motivated the development
of several numerical codes: equilibrium (CHEASE, CAXE, FRESCO), ideal
MHD stability (ERATO, KINX), resistive MHD stability (MARS, PEST-3),
and positional stability with a resistive vacuum vessel wall (NOVA-W,
KINX-W).

4.1.1 Equilibrium and stability of doublet tokamaks

Doublets are tokamaks having two circular axlsymmetric axes and
a magnetic separatrix delimiting two Internal domains and one external,
connected domain. Such configurations may be interesting for their
confinement and exhaust properties. In single-axis tokamaks with a
separatrix at the boundary, it is known that better confinement regimes
can be attained as compared to plasmas without separatrix, but at the
same time causes very concentrated power and particle exhaust in the
vicinity of the X-polnt. In doublets, one could In principle achieve both a
high confinement and smoothly distributed exhaust. The TCV experiment
could be used to try these ideas.

Those were the reasons that motivated us to develop, In collabora-
tion with the Keldysh Institute for applied mathematics in Moscow, a set
of codes for MHD qullibrium and stability of plasmas In which the
separatrix is consistently treated. Results were presented at the EPS 93
and 94 conferences [C11.C28J.

An example of doublet equilibrium configuration is shown In Fig. 42.
We have analyzed the global ideal MHD stability ("kink"modes, n=l) and



the positional stability (n=0) of up/down symmetric and asymmetric
doublets. The main conclusions are that the p limit for n=l modes is very
close to that of single axis plasmas. The current limit is a little lower but
the maximum p is attained at the same current. There is little effect of the
connected domain; adding current there does not improve the. stability .
The positional stability with a resistive wall was also studied. The results
are encouraging: a doublet of overall elongation 3 is approximatively as
stable as a single axis plasma of elongation 1.5. ForTCVwe have computed
growth rates of the order of 300 s'1 without the need to have sophisticated
current profiles with "shoulders" as in the case of single axis plasmas of
elongations. There are some differences between symmetric and asymmetric
cases. In symmetric doublets there are two n=0 modes with different
growth rates; one has mirror symmetric displacements and the other is
antisymmetric, thefirst one being themostunstablemode. Forasymmetric
doublets or for symmetric doublets that are not in the middle of the
vacuum vessel, we still find two different modes, but with displacements
mainly in either of the internal domains and large poloidal displacements
in the connected domain. The most unstable mode is the one that has
displacements in the domain that is the farthtest from the wall. In some
case, e.g. if the smaller domain is too far from the wall, the corresponding
mode is unstable even with an ideal wall.

We have recently developped a free-boundary equilibrium code for
doublets (CAXE-F) that computes the necessary poloidal field coil currents
given a certain number of constraints on the external plasma shape. We
can thus evaluate the feasibility of certain doublet configurations in TGV.

4. 1.2 Effect of magnetic separatrix on stability

A detailed study of the effect of the separatrix on the ideal MHD
stability of n=l ,2,3 modes was carried out for ITER Two types of current
and pressure profiles were considered: low confinement («L-mode») and
high confinement («H-mode»). Free boundary equilibria were computed
with a newly developped code, FRESCO, and the stability analysis was
performed with the KINX code in its single-axis version. Comparing
plasmas treated consistently up to the separatrix with truncated plasmas,
we have found in all cases a stabilizing effect of the separatrix. The reason

Fig. 43 - Pressure limits for ITER with
"H-mode" profiles versus the fraction of
truncated flux y/ysx, where ysx is the flux
at the separatrix. The n=l "external kink"
mode marginal stability was computed
with the KINX code.Triangles : b on axis;
filled circles : volume-averaged b; open
circles : Troyon factor g = b a[m] BIT] I
I [MA]. The stabilizing effect of the
separatrix (y/ysx = l)is clearly visible.

is that it adds rational-q surfaces inside
the plasma, which is stabilizing, and
avoids the presence of rational-q sur-
faces at the plasma boundary, which is
destabilizing: for qedge just below
rational values, unstable zones in
operation space can develop: for H-
mode profiles there can be unstable
zones down to p=0. Fig. 43 shows the P
limits for n=l modes and H-mode
profiles versus the truncation fraction
V/Vsx- In plasmas with a separatrix we
have shown that the b limits depend
only weakly on edge current and
pressure profiles, thus allowing an
easier access to H-mode profiles in
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diverted operation. These results were presented at the IAEA 94 conference
[Boucher D., et al.. Proc. of the 1994 IAEA Int. Conf. on Plasma Phys. &
Contr. Nucl. Fus. Res.. Seville, Spain, 1994, paper IAEA-CN-60/E-P-2.1

4.1.3. Trapped particle effects oil internal kink modes

The central region of tokamaks is often subject to the so-called
sawtooth oscillations with fast redistribution of the thermal energy. The
trigger of these relaxations is the n= 1 internal kink mode and corresponds
to a nearly rigid shift of the internal region of the plasma. Its suppression
or control is considered to be important in present and future tokamaks.

We have extended the resistive MHD stability code MARS to include
trapped particle effects using the bounce-averaged drift-kinetic theory
combined with an electrostatic potential. We have shown that the thermal
trapped particles have strong effects on the internal kink mode and that
those effects are mostly stabilizing. When compared with ideal MHD, there
is strong stabilization if electron and ion temperatures are about equal. For
large temperature ratios, the hotter of the trapped species contributes to
destabilize the internal kinkby the drift resonance. At sufficient temperature
ratios (above about 2) the drift resonance leads to instability below the ideal
MHD threshold. The inclusion of the electrostatic potential is also stabilizing,
especially for equal temperatures. For large temperature ratios, the
potential is «short circuited» by the colder species. These results were
published in two papers [P20.P13).

4.1.4Nonldeal stability

Nonideal effects (such as resistivity) are only relevant in thin layers
located at the rational surfaces. This makes the use of asymptotic
matching method appropriate. It is known analytically that the growth rate
of linear resistive modes is proportional to the outer region matching
quantity A' to some power a (a=4/5 for the collisional and a=l for the
collisionless tearing mode). In the nonlinear regime, the growth of the
island width slows downtobecome linear inA1 and time.Thus, A'<0 provides
a necessary and sufficient criterion for linear and nonlinear resistive
stability.

The toroidal A* code PEST-3 has been made operational after curing
some early convergence illness. The code is now robust and compares well
with the full resistive MHD code MARS. Figure 44 shows the linear growth
rate y of the coupled m=l/n=l and m=2/n=l free boundary (b=1.2a)
tearing modes versus the inverse aspect ratio e in a pressureless plasma
with Lundquist number S=106 [P32].

A version of PEST-3 for up-down asymmetric plasmas has been
developed and applied to a ITER shaped plasma with 1.1 <q<3.1 : the m=3 /
n=l mode was found to be stable and the m=2/n=l mode unstable
regardless of the boundary conditions (a<b<«>). However, pressure gradient
effects completely stabilize the q=2/l mode for an electron temperature
Te>1.6 keV (n=2x!020) [C27]. To improve the comprehension of pressure
effects on A" stability, we have also considered (in collaboration with Dr D.
Monticello, PPPL) a class of JET shaped plasmas with constant pressure
gradient profiles which are locally flattened over a width w at the q=2
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rational surface. This allows us to use an Incompressible tearing model In
the singular layer, which Is known to give an Instability for arbitrary S
when A':>0. The effect of flattening was found to remove the pressure
stabilization from the Inner layer to the ideal region, that is A'-»-°° as w-»0.
The plasma is unstable only when w exceeds the singular layer width.

Fig. 44 - Linear growth rate g of the
coupled m=lln=l and m=2ln=l free
boundary (b=l 2a) tearing modes versus
the inverse aspect ratio e in apressureless
plasma with Lundquist number S=106,
computed with MARS (dotted line) and
PEST-3 (continuous line).
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4.2 MHD 3D stability

The TERPSICHORE set of codes has been used to Investigate the
local and global Ideal MHD stability of 3D tokamak and stellarator
configurations. The 3D equilibria have been generated with the VMEC
code. The effect on stability oî a helical deformation of the plasma
boundary that simulates the impact of L=3 helical coils has been examined
in a large aspect ratio (A=10) near circular tokamak. A sequence of confi-
gurations has been considered in which the helical deformation is varied
to increase or decrease the rotational transform induced with the toroidal
plasma current such that qaxis^1 and qedge^2.25. The pressure profiles
are optimised to become marginal to ballooning modes uniformly across
the plasma radius. The ballooning p limit for the axisymmetric tokamak is
|fel% and increases (decreases) slightly when the external rotational
transform unwinds (adds to) that of the current. The helical deformation
of the plasma, however, destabilises the global external modes significantly
regardless of its effect on the q-profile. An optimal p=0.9% limit is obtained
in the pure axisymmetric configuration [C26]. Access to a second region of
MHD stability appears possible with a helical deformation of the plasma
boundary when qaxis>2. This operating region virtually disappears,
however, for p>1.5% due to external n=l modes [CIO].

The examination of the local stability criteria in the WVII-X Advanced
Stellarator has shown that ballooning modes are quite insensitive to the
precision of the method employed to calculate the parallel current density
j-B/B^ because this type of instability is too localised on a magnetic field
line to fully sense the singular behaviour near resonant surfaces. The
application of amagnetic differential equation to determine j-B/B^ is critical
for the correct evaluation of the Mercier criterion as the structure is
extended along field Unes. The limiting [5=5% is confirmed for the WVII-X
(P22). The pressure profiles that are optimal for ballooning stability have
been determined for HI heliac configurations with vacuum magnetic well
depths of 1.3% and 3.2%. Both configurations have a p=0.8% limit which
is more restrictive than the Mercier criterion limit of P=l%. The ballooning
optimised pressure profiles are more peaked than those that are optimal
according to the Mercier criterion and the marginal ballooning-imposed
pressure profile is more peaked for the deeper magnetic well case [P27].
The quadrupole magnetic field destabilises ballooning modes in torsatron
devices because it annihilates the vacuum magnetic well. This confirms
and is fully consistent with the conclusion previously reported with respect
to global external and Mercier modes [P24J.
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4.3 Stabilization of pressure-driven external modes by
resistive walls and toroidal plasma rotation.

Stabilization by ideally conducting walls is known to have a strongly
favorable influence on the beta limit of tokamaks. According to conventional
wisdom, resistive walls can only slow dc^m, but not stabilize, ideal MHD
instabilities. Calculations have been performed [P28.P37] that show that
toroidal, pressure-driven, external modes can indeed be stabilized by
resistive walls in combination with toroidal plasma rotation. These
calculations are in agreement with stability analyses of certain experimental
discharges in the DIII-D tokamak that suggest the n= 1 external kink mode
was stabilized by a real wall with toroidal rotation.

We have studied wall stabilization in toroidal geometry numerically
by modifying the spectral codes MARS and NOVA to include a resistive shell
whose resistive wall diffusion time is much larger than the Alfvén time,
tyf » TA- Rotation is modeled by making the shell rotate toroidally with
frequency cuj-ot » t^

1 and the plasma is treated as ideally conducting.
Rotation at velocities that are a significant fraction of the sound speed
excites sound waves, and in order to model these by fluid theory, we have
in "oduced dissipation terms in the sound wave dynamics. We have used
either a thermal conductivity or a parallel viscosity for the motion along the
field lines.

0.2

0.1

-0.1

-0.2

We find that, when the
pressure exceeds the stability
limit with the wall at infinity,
there are two classes of modes
that can be unstable: (a) one
which has zero frequency in
the frame of the plasma and
hardly penetrates the shell:
the plasma mode and (b) one
which penetrates the wall and
rotates with respect to it at a
low slip frequency
= O(Tw"1)«corot: the resistive
wall mode. The resistive wall mode rotates with respect to the plasma at
a frequency close to the imposed rotation frequency 0 .̂ Figure 45 shows
the growth rates of the n=l plasma and resistive wall modes vs. the wall
radius, d. when the pressure exceeds the wall-at-infinity limit. The two
modes are influenced in opposite ways by the wall distance — the plasma
mode is destabilized as the wall is moved further from the plasma, while
the resistive wall mode is stabilized,

Fig. 45 - Growth rate and slip frequency
of resistive wall andplasma mode vs.wall
radiusforn = 1 mode with pressure 30%
above wall-at-infinity limit and

= 0.06.

Thus, when a rotating plasma exceeds the pressure limit with the
wall at infinity, it is stabi-lized by a resistive wall provided dres<d<dicjeaj.
Figure 46 shows djdeal and dres for n=l, 2 vs. normalized beta, g, for a
JET-shaped equilibrium with 0^^/^=0.06, a broad pressure profile,
PO/<P>=1. 7, qo-1.2 and 0^=2.55. The most restrictive d^ea! is set bytoroidal
mode numbers larger than n= 1 , but the inner limit, dres, is set by the n= 1
resistive wall mode. The highest normalized beta that is stable to both n= 1
and n=2 at the prescribed rotation frequency is about 4.2, to be compared
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Fig 46 - Marginal wall position vs.
normalized beta for the plasma (filled
symbols) and resistive wall modes (open
symbols) with n=J and n=2.

with the threshold of 3.1 in
the absence of wall
stabilization.

By comparing the case in
Fig. 46 to results for lower
rotation frequency, we find
that there is a threshold
behavior with respect to the
rotation frequency. For the
equilibria we have examined,
^rot/^A needs to be at least
0.03 to 0.05 to give significant

wall stabilization. This corresponds to about 20% of the central sound
speed. A minimum value of conductivity in the wall is required to achieve
wall stabilization corresponding to a resistive wall time of at least
TW/T^SOOO. For higher wall conductivities corresponding to x^/i^SOQO,
the results are independent of the actual value of x^ We conclude that low-
n modes can be stabilized by resistive walls in combination with sufficient
plasma rotation and that this leads to experimentally significant increases
in the beta limit. These conditions on the rotation frequency and wall
conductivity for significant wall stabilization are typically satisfied in DIII-
D discharges.

Recent calculations [P37] have been performed for a reversed-shear,
advanced tokamak configuration with bootstrap fraction near unity,
complete stability to ballooning modes, and high values of P*- where P' is
equal to 2m0<p2>1/2/<B2> (which is a better measure of fusion reactivity
than p). Such equilibria require stabilization by a wall for low-n, pressure-
driven modes in order to reach the desired values of P'. We have found that
stabilization by a resistive wall with toroidal rotation can increase the limit
of p* by as much as 100% over the limit in the absence of a wall, but this
requires a rather high rotation velocity, close to 10% of the Alfvén speed,
or about 40% of the central sound speed.
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4.4 Active feedback stabilization of the vertical instability
inTCV

Calculations of the active feedback stabilization of highly elongated
Oc=3) equilibria, particularly in the TCV configuration, were studied using
the NOVA-W code IP25]. It was found that the elgenfunction of the
axisymmetric mode, or vertical instability, is strongly affected by the
feedback system with regard to the placement of the magnetic detectors
and to the position and current weighting of the active feedback coils. This
deformation of the eigenfunction can detrimentally affect the feedback
system if there are an insufficient number of magnetic (flux and poloidal
field) measurements. However, a measurement of vertical displacement
that combines many poloidal flux and poloidal magnetic field measurements,
as in TCV, was found to be effective in all cases (including those with the
largest deformations of the eigenfunction). Therefore, active feedback
induced deformations of the eigenfunction should not have a detrimental
effect on the TCV vertical feedback control. More generic calculations were
also performed to show that the deformation of the eigenfunction increases
strongly with increasing elongation.

Calculations of the passive growth rate of the vertical instability in
TCV were performed using the NOVA-W code on equilibria reconstructed
from experimental discharges [PSI]. Acomparisonbetween experimental
and theoretical growth rates for a plasma with Ip = 260kA, K = 1.6,8 = 0.2,
and ZQ = -0.23m showed agreement to within 20%.
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4.5 Kinetic Theory and Modelling of waves and transport

4.5.1 Development of models

Many of the poorly understood phenomena In plasma and fusion
physics depend to a certain extent on details of the charged particle orbits
and velocities. As the intrinsically non-uniform magnetic field in fusion
devices determines the orbits in lowest order, a complete descrtpr ion of a
fusion plasma deals with the nonlinear time evolution cf a particle
distribution function in the 6-dimensional phase space (kinetic equation).
In general, such a problem cannot be solved today neither analytically nor
numerically. Analytical solutions are impossible because of the complicated
geometry and the non-uniform equilibrium densities and temperatures
whereas reliable (well converging) numerical solutions cannot be found for
lack of resources even on the most powerful computers available today.
Any attempt to solve a kinetic problem is therefore always based on
approximations and a compromise between the desirable and the feasible.

So far our approach was to use kinetic theory essentially to obtain
a dielectric tensor operator from plasma models of increasing complexity
(P4J and to use it for obtaining the linear response of the system under
investigation. We have developed several wave propagation and absorption
codes based on such a description. At present, we exploit the axisymmetric
toroidal full-wave code LION, originally aimed at the study of ion-cyclotron
range of frequency (ICRF) heating. In the low-frequency range of the
Toroidal Alfvén Eigenmodes (TAE). This code is based on a zero Larmor
radius plasma model for dispersion but takes kinetic effects into account
for absorption. In plane and cylindrical geometry, small but finite Larmor
radius models are operative since a long time but it took many years to
develop such a model for the torus (code PENN). Its exploitation in the
Alfven wave range of frequency has started at the end of 1994. The model
is applicable as long as the Larmor radii are small compared with the
studied wavelengths and trapped particles do not play a special role in the
wave physics. Arbitrary Larmor radii, on the other hand, are assumed in
the one-dimensional code SEMAL with which wave propagation can be
studied in slab geometry. The large Larmor radius feature is essential in
the modeling of high harmonic wave-particle interactions in both the
electron and the ion cyclotron range of frequency.

Recently, we have started to look into models for low-frequency
linear wave propagation in an axisymmetric torus which take trapped
particles Into account. The relevant kinetic equations are obtained by an
averaging procedure over the particle gyromotion (gyrokinetic theory). The
intention is to use two different methods for the resolution of the resulting
equations. The first one is similar to the method used in SEMAL, i.e.
resolution of the linear response problem involving a complicated integro-
differential dielectric tensor operator. The second approach uses particle-
in-cell (PIC) simulation methods on the powerful massively parallel
computer T3D. This is a long-term project aimed at making contributions
to the theory of the badly understood anomalous transport in tokamaks.

In a collaboration with General Atomics, San Diego, we are also
getting involved In neoclassical transport. A new 3D (one spatial and two
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velocity variables) Fokker-Planck code CQLP has been developed for the
study of transport along the magnetic field [LI 1]. We also use the bounce-
averaged Fokker-Planck code CQL3D aimed at perpendicular transport.

Nonlinear wave propagation L'l the lower-hybrid range of frequency
is dealt with in a 2D spectral code (quasi-3D FFT) based onfluid theory but
complemented with a quasilinear model for absorption.

4.5.2 Low-frequency waves

The drift-kinetic equation has been used to establish a formula for
power absorption of small amplitude, low-frequency electromagnetic fields
in a hot toroidal axisymmetric plasma [C43, L1 ]. An expression suitable for
direct implementation in the LION code has been produced by evaluating
the electric field component parallel to the magnetostatic field using the
quaslneutrality condition. We have then studied Alfvén eigenmodes induced
by toroidicity (TAE) and ellipticity (EAE) in the context of their possible
destabilization by fusion alpha and other fast particles [CIS, C44, L23,
L29]. We show how a global approach can be made in the proper toroidal
geometry.

First, we have studied the global stability of the
n=l modes. In support of a planned experiment of gap
mode excitation In JETwe have computed the coupling
of saddle coils to TAE/EAE modes for a sequence of
equilibria. Two types of TAEs have been identified: The
first one has an «internal» mode structure whereas the
second one is rather «external» (Fig. 47a). The latter
couples well to the antenna, its coupling being linearly
proportional to the PpOl of the plasma. In contrast to
it, the «internal» mode couples rather poorly. Also, the
eigenfrequencies of the two modes show a different
dependence on Pp0i: the eigenfrequency of the «internal»
mode decreases slowly with growing PpOi whereas that
of the other mode decreases rapidly (a factor of 2 for
Ppol = 2.2) and finally enters the continuum.

The marginal fast particle p (Pfcr) has been computed for a wide
variety of plasma parameters. It depends on the plasma bulk p, the density,
the fast particle density profile width si 72 and the ratio of birth velocity to
Alfvén velocity VQ/VAO- We have found that Pfcr is typically of the order of
1% but can be a fraction of 1% in some cases. The marginal Pfcr decreases
with increasing VQ/VAO for given p and si/2 but increases with increasing
bulk p for given VQ/VAO and si/2.

Due to the TAE wave structure the behaviour of Pfcr with varying s i /
2 is non-monotonic in many cases. The behaviour is different for the
«internal» and the «external» modes. An important result is that the global
marginal stability can be quite different from the local stability criterion.
In cases where the fast-particle and the eigenmode gradients are located
at different positions, a global approach is mandatory.

The latter result has been confirmed in an investigation including

Fig. 47a - Binormal component of the
wave electric field R(Ei,)for internal (a)
andexternal(b)n=l TAE modes obtained
with the fluid code LION.
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n=2

Fig. 47b - Binormal component of the
wave electrical field R(Eb) for external
n=2 and n=3 TAE modes computed with
the fluid code LION.

n=3

the n=2 and n=3 modes: The TAE wavefields extend
over the whole plasma cross-section and show no sign
of an increasing localization with increasing n (Fig.
47b). In this investigation we also show that the n=2
and n=3 TAEs usually are the most unstable modes
except for very peaked fast ion profiles for which the
n= 1 external TAE becomes more unstable. The obtained
values for Pfcr compares well with experimental data
from D1ÏÏ-D. Continuum damping rates of the global
Alfvén eigenmodes observed on TCA are close to the
experimental data as well.

Fig. 48 - Binormal component of the wave
magnetic R(Bb) (a) andelectricfieldR(Eb)
(b)ofn=l KTAE modes obtainedwith the
kinetic code PENN for a plasma
temperature ofl keV.

The PENN code based on a bi-cubic Hermite finite
element discretization has gone through a thorough

validation procedure. First, it was shown that the eigenfrequencies In a
toroidal vacuum waveguide converged with 1/N^ where N is the number
of meshpoints [L17]. The next step was to introduce a MHD plasma mo-^el
with resistivity and to compare results with the ID code ISMENE and with
LION [C41]. It has been shown that PENN reproduces the Alfvén and
magnetosonic spectra obtained with ISMENE when a large aspect ratio
Soloviev equilibrium is used. In the case of realistic aspect :. +io equilibria
PENN shows Alfvén resonance surfaces and TAE eigenfi^cmencies the
same location as LION. For the latter study the code had }."•; -n coupled to
the MHD equilibrium code CHEASE. It has also been shown that the local
power balance is consistent over the whole plasma radius when the
numerical resolution is sufficient. With the hot plasma model Implemented,
detailed comparisons have been carried out in the large aspect ratio limit
with the code ISMENE, showing that the mode conversion from a fast wave
to a kinetic Alfvén wave (KAW) in a cylinder can correctly be reproduced.
As expected, the power absorption computed from the antenna load using
the MHD and the hot models is identical if no standing KAW is set up. The
code has now gone into production and first results concerning the TAE
modes and toroidal mode conversion have been obtained (Fig. 48). We have
also started to model a DIII-D discharge in collaboration with W.W.
Heidbrink (UC Irvine and GA). Presently, comparisons are made between
computed and experimentally measured probe signals.

In preparative work for the linear response
approach to the solution of the gyroklnetlc problem,
the structure of the relevant integral equation has
been studied. To obtain its kernel, the various
wave-particle resonances must be integrated with
care in velocity space. Due to their different
behaviour trapped and untrapped particles must
be distinguished. Considering the periodic motion
of all these particles in the poloidal plane, an
appropriate decomposition in terms of the transit
frequency and its harmonics allows to sort among
the infinity of resonances the ones which are
significant. Various results based on this method
allowed to define where these resonances must be
considered in velocity space.
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For the PIC approach we have complemented our expertise acquired
in 2D gyrotron simulations [L22] by using two imported ID codes for the
modeling of two experiments at CRPP. The first was the Linear Magnetized
Plasma (LMP) for which we have modelled the interaction between plasma
ions and two antenna-generated Ion acoustic waves [PI4]. Ion stochastic
diffusion and heating on a fast time scale are reproduced in qualitative
agreement with the experimental observations. Self-consistency of the
wave-particle system is found to be important for the modeling of the
process: the phase space structure differs substantially from the standard
result of single particle Hamiltonim models. In particular, wave damping
sets a limit to the interaction time. Another series of PIC computations has
been made for the low temperature plasma deposition devices [P39]. These
computations had been made on the massively parallel computer MUSIC.
With the availability of the CRAY-T3D at EPFL the development of an
electrostatic drift-kinetic code in real toroidal geometry was initiated. The
electric field is represented on a (y, &) or (magnetic surface, poloidal angle)
mesh. The code correctly reproduces drift wave dispersion in cylindrical
geometry and validation of the toroidal geometry has been started. On the
T3D, the CPU time decreases linearly with the number of processors up to
128 processors.

4.5.3 Waves in the ion-cyclotron range of frequency

The code SEMAL has now been fully documented together with a
detailed study of fast wave scenarii for ITER [P30]. We find alpha-particle
effects which reduce the frequency range of useful wave-interactions with
electrons, deuterium and tritium. Recently, the code has also been used
at the University of Wisconsin by J. Scharer [CIS] and by the Princeton
Laboratory (C. K. Philips, APS 1994) to analyse alpha particle effects on
ICRP heating in ITER and on ICRF D-T experiments performed on TFTR,
In the latter study it has been shown that he computational and experimental
results are consistent.

4.5.4 Waves in the lower-hybrid range of frequencies

The quasi-3D FFT code has been extensively tested for parametric
interactions between three electrostatic LHRF waves comparing the
numerical results with an analytical expression. It has been shown that
the mismatch due to the discretization can be overcome with reasonable
amplitudes. For physically relevant applications the code had to be
complemented with a quasilinear module which allows the damping to
evolve in time [C421. This combined model has been run for PLTparameters,
with very high power input and arbitrarily raised collision frequency in
order to have reasonable computation times. By adding viscosity, bulk
heating of electrons has been avoided and linear growth of current has
been observed. It has been shown that nonlinear interactions are able to
fill the spectral gap.

4.5.5 Transport

In collaboration with GA we have used the bounce-averaged Fokker-
Planckcode CQL3D [LI 1] for different tokamak equilibria of various aspect
ratios; a detailed comparison has been made of the numerically obtained
values for the neoclassical parallel resistivity with different analytical
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formulae. This has enabled us to find a new one reproducing the the
CQL3D results wlthlng 2% for the different equilibria.

The newly developed code CQLP [Lll] has been validated by
reproducing the resistivity In the limits of zero collisionality and arbitrary
aspect ratio (comparing with CQL3D) and of arbitrary collisionality and
large aspect ratio (comparing with an analytical formula). Subsequently
the adjoint function has been introduced facilitating the computation of
the bootstrap current coefficient and the neoclassical conductivity. A
simple formula for the bootstrap current coefficient LSI as a function of
aspect ratio and collisionality, using an effective fraction of trapped
particles, has been found [C40].
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4.6 Gyrotron theory activities

In addition to a support for the experimental and the design work,
the efforts in theory were focused on the studies of the beam instabilities
in the different components of the electron guns. Particle-in-Cell (PIC)
codes have been developed to analyze the effects of these instabilities on
the electron velocity and energy spreads. High values of these spreads were
observed experimentally and cannot be predicted by electron trajectory
codes, such the DAPHNE code. Moreover, parasitic oscillations have been
observed experimentally and are found to be correlated to the beam
degradation. The main objective of such PIC codes Is thus to asset whether
the electrostatic and electromagnetic instabilities could explain these
experimental observations.

A 2 dimensional electrostatic PIC code (G2DRZ) has been developed
and extended to handle complex geometries In order to include in the
simulation the strong beam depression Induced by a sudden opening at
the end of the beam tunnel such as in the quasi-optical gyrotrons [L22].
Due to the large computer resources required by this type of simulations,
the G2DRZ code has been ported to the massively parallel processors
(MPP) computer Cray T3D. Extensive parametric runs on this computer
have been with the parallelized version of G2DRZ. The main results can be
summarized as follow: (1) In a simple cylindrical beam tunnel with uniform
magnetic field, Bersteln instabilities are excited but do not affect drastically
the beam quality. (2) The strong electrostatic depression in the tunnel
opening has almost no effect on the electron velocity and energy spreads.
(3) A cold plasma background can degrade the beam only at unrealistically
high plasma densities.

The electromagnetic version of G2DRZ (named G2DTM), solving the
TM components of the Maxwell équations has Just been running on the
Cray T3D. The preliminary results show that values of velocity spreads
larger than those found in the electrostatic simulations by a factor of 3-4
(Fig. 49) can be obtained. These results seem to indicate that the
electrostatic beam oscillations can couple to the cavity modes, enhancing
thus the effects on the electron velocities. However, more investigations,
using G2DTM have to be done. In addition, the inclusion of the TE
polarization into the code is underway In ordeito have a full electromagnetic
code.

e
3

I
Oe

t/:
•O
rt
2
O,
00

30

25

20

15

10

5

0
0 10 20 30 40

Current (A)
50 60

Fig. 49 - Spreads of perpendicular
velocities versus the beam current,
obtained by electrostatic (ES) and
electromagnetic (TM) simulations.
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5 ECRH ON TGV AND GYROTRON DEVELOPMENT

5.1 Electron Cyclotron Resonance Heating (ECRH) in
TCV

The priority status for the «Electron Cyclotron Resonance Heating In
TCV.wasgrantedbytheCCFPinMarch 1993, after the Phase II examination
of the project in January 1994. The Electron Cyclotron Wave system to be
installed on TCV will deliver 3 MW at 82.6 GHz and 1.5 MW at 118 GHz.
The two frequencies 82.6 GHz and 118 GHz correspond respectively to the
second and third harmonic of the electron cyclotron frequency in TCV. The
work during 1993 and 1994 consists in the ordering of the key elements
(the 82.6 GHz gyrotrons, the transmission lines , the regulated high
voltage power supplies, the auxilary system) the development of special
components (the 118 GHz gyrotron, the matching optic units and the
antenna). The following report will give the status of the project by the end
of 1994.

5.1.1 Second Harmonic Gyrotrons

The contract for the purchase of three 82.6 GHz, 0.5 MW, 2 s
gyrotrons was signed with Gycom (Nihzny Novgorad, Russia) in 1993. The
delivery of the first tube was to occur in December 1994 with successive
tubes following every three months. Moreover, difficulties encountered by
Gycom led to a substantial delay of the gyrotron until the end of 1993.

Matching Optic Unit

The output of the gyrotron needs to be coupled to a 2.5" HEn
waveguide. The polarisation of the wave must also be controlled (Rotation
from O-mode to X-mode for heating and elliptical polarisation for current
drive). These two requirements are fulfilled suing a matching optic unit
(MOU). A MOU has been designed in collaboration with Gycom which will
be vacuum compatible. Two elliptical mirrors, supplied by Gycom, for
coupling the beam and two rotatable, planar gratings, supplied by the
CRPP. for polarization control are enclosed in the MOU.

The control of the polarization is achieved by rotating the two
gratings. One grating rotates the plane of polarization, the second controls
the ellipticity. The complete range of output polarizations is accessible
with the designed system; that is, the angle of the plane of polarization can
be varied through -90° < a < +90° (where a is the angle made between the
major axis of the ellipse of polarization and the horizontal axis). For any
given value of a, the ellipticity (P) can be varied from a left-hand circular
(p = -45°) through plane (P = 0°) to a right-hand circular polarization (p =
+45°).

A set of gratings has been made and tested. The gratings were placed
in the MOU configuration on a test bench and then rotated in such a way
as to keep one of the parameters of the output polarization (a, or P) constant
while the second parameter was varied through its entire range. In all
scans the calculated results were within the error bars of the measured
results.
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Auxiliary Systems

The tender action for the superconducting (SC) magnets for the three
82.6 GHz gyrotrons was completed and the three SC magnets were
delivered, tested and accepted In March 1994.

The cooling system for the nine gyrotrons has been designed and
Installation of the systemforthe first three gyrotrons Is nearing completion.
The first test of the system is expected for January 1995.

Two RHVPS using the «Pulse Step Modular» technology were
purchased and commissioned at CRPP in 1994.

5.1.2 Transmission Line

Since available windows cannot handle the peak power levels
without significantmodificationof thebeam profile (82.6 GHz) or operation
at liquid Nitrogen temperatures (118 GHz), an evacuated transmission line
will be Implemented for the ECRH system. One major advantage of this
choice Is the equivalence of transmission line design at both frequencies.

The design of the first three transmission lines operating at 82.6 GHz
is shown In Fig. 50a. Waveguide bellows are to be inserted in the straight
sections of each line (except for the four smallest sections) and will
compensate for the errors in measuring the overall lengths of each line,
tolerances In machining the waveguide components, and thermal expan-
sion. Also in each line there will be a power monitor (near TGV for
monitoring the input power), a switch with a load attached (for conditioning
the gyrotron and transmission line independent of TCV operation), and a
pumpout tee (for evacuating the line). The pumpout tee is located nearTCV
to minimize the particle flow into TCV from the outgasslng of the trans-
mission line. Electrical Isolation breaks are placed at either end of each
line to Isolate the line from both the tokomak and the gyrotron.

Fig. 50a : Drawing of the first three 500
kW, 2.0 s 82.6 GHz transmission lines.
The entry from the gyrotrons are in the
upper left corner of the drawing and the
exit to TCV is in the lower section. Wall
blocks (1.5 m x 1.0 m x 05m) indicate
scale.
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View of the gyrotron extension hall, with
the three first cryostats of the 82.6 GHz
gyrotron in place

Each miter bend will be fixed rigidly in place and act as supports for
the lines. The sections of longer lengths will be supported at about 3.0m
intervals. The exact location of these supports was chosen to minimize the
coupling to spurious modes associated with misalignment and bending of
the waveguide.

All the lines are capable of being baked to 150°C. The waveguide
bellows will compensate for the thermal expansion of the waveguide
components. The two waveguide bellows in the horizontal and vertical
sections before the entrance into TCV will compensate for the radial and
vertical expansion of the heated torus as well. The first three transmission
lines will be delivered in Summer 1995. Alayout of the gyrotron extension
hall and of the tokamakhall shows the positioning of the gyrotrons (X2 and
X3) as well as the microwave transmission lines to the TCV (Fig. 50b).

V

Fig. 50b - General layout of the gyrotrons
positions (X2 dark grey, X3 grey), the
transmission lines, and the TCV access.
(Next page)
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Fig.51 -Drawing of the 82.6GHz launcher
to be installed on TCV.

5.1.3 Launcher at 82.6 GHz

The design of the wave launcher at 82.6 GHz has been completed
(see Fig. 51). Many constraints (the very demanding variability of the
launching angles to cover all the possible plasma elongations, large
thermal excursions, vacuum compatibility, and low sputtering for the
plasma facing mirror) have rendered its design relatively complex. The final
design of the launcher includes a four mirror system which has two
degrees of movement. The whole launcher assembly can rotate about the
axis of the entry port providing adjustment of the "toroidal" launch angle
from co- to counter injection. The mirror closest to the plasma pivots to
provide adjustment in the "poloidal" angle from -55° to -5° (relative to the
axis of the entry port in the nominal second harmonic heating configuration).

Two of the four mirrors in the launcher are ellipsoidal. The design
of the ellipsoidal mirrors was chosen to minimize the divergence angle and
spot size of the beam at the plasma center. Prototypes of the two ellipsoidal
mirrors have been made at the CRPP. The two mirrors were cold tested in
an optical configuration equivalent to that of the launcher. The measured
RF beam propagation behaved as predicted.

The plasma facing mirror of the launcher is to be made of TZM (0.02%
C, 0.5% Ti, 0.1% Zr, 99.25% Mo). TZM is a machinable Molybdenum alloy
that offers low sputtering at high temperatures. A prototype of the mirror
was machined at the CRPP.

All the components (insulating materials, bearings, gears, vacuum
feed throughs, etc.) incorporated in the launcher are designed to operate
in TCV vacuum conditions at temperatures up to 400°C. Prototypes of all
critical elements were made and tested.
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A prototype of the complete launcher is now under construction
(scheduled to be completed in February 1995) to test both the mechanical,
vacuum and RF design.

5.1.4118 GHz gyrotron development

A 118 GHz 0.5 MW gyrotron is being developed for installation of a
total of 1.5 MW of ECRH power at the third harmonic on TGV and a total
of 3.0 MW of ECRH power at the first harmonic on Tore Supra. Hie
development is a collaborative effort between the CRPP - Lausanne, the
CEA - Cadarache, the FZK - Karlsruhe, and TTE - Vélizy. The work
performed at the CRPP consists of the full triode electron gun design,
electron beam interaction calculations and cavity design, startup and
mode competition analysis. Experiments on the first prototype have been
performed.

The electron magnetron injection gun of the 118 GHz gyrotron is of
triode type and has been designed using the electron beam trajectory code
DAPHNE to produce a beam with a velocity ratio of a = vj./v 1 1 = 1.5. The
electrodes of the MIG have been shaped to provide the low a dispersion
required for high interaction efficiency and low probability of mirroring.
The dispersion of the beam at nominal operating conditions is seen in
Fig. 52 to be Aa/a = 2% - an extremely low value for electron gun of this
type. In the figure, thevalue in the cavity a as a function of cathode emission
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Fig. 52 - Cavity a distribution of 118 GHz
electron gun for If, = OA and /& = 20 A.
Low a dispersion of Aa/a = 2% is
achieved at full beam current.
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location Is shown for a bean, at full current and Is seen to be essentially
constant. Also shown is the distribution of the zero current case and is
seen to increase only to an acceptable Act/a = 6% at nominal current. The
design also allows for a low electric field on the surface of the emitter and
low radial spread of the beam in the cavity. Nominal operation is at
VK = 81 kV. VA = 24.8 kV, and Ib = 20 A.

The cavity mode is determined as a compromise between many
design constraints including limitations on peak ohmic wall loading,
voltage depression, cathode current, cathode current density, cathode
radius, and cavity limiting current. Figure 53 shows the TE modes which
are possible candidates for a gyrotron of the required parameters. The
TE22.6 mode is chosen as a mode which fulfills all design constraints and
also one which has relatively low competition with neighboring modes in
the mode spectrum.
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frequency I = 118.0 GHz

normalized E - F = 0.105

normalized B - A = 0.51

conductivity a = 5.90e+07 mhos/m

cctriode voltage = 81.0 kV

becm alphc = 1.50

m > 0 = y

output power = 0.610 MW

electronic eff TJ.,^ = 0.400

Ar^/a = 0.020

6C = 20.0 deg

beam compression •= 24.0

voltage depression A£ / V, < 0.10

current density Jc < 2.00 A/cm'

total current !„„„ < 20.00 A

total efficiency 7jM1 > 0.30

cathode radius rc < 50.00 mm

0.30 < r ,̂ / o < O.BO

U/i*,m > 1-50
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Fig. 53 - Modes satisfying all design
criteria for the 118 GHz gyrotron -
including limitations on peak ohmic wall
loading, voltage depression, cathode
current, cathode current density, cathode
radius, and cavity limiting current. The
TE22,6 mode is chosen as the operating
mode for the gyrotron as it fulfills all
design constraints and experiences
relatively low mode competition with
nearby modes.

The microwave cavity is designed to provide high interaction efficiency
for energy transfer between the electron beam and the microwave field.
The cavity is designed to provide an output of Prf = 600 kWwith an efficiency
ofoverTirf ~ 40%. Output frequency and power is stable against reflections
for VSWR < 1.35. AH design parameters are achievable in the operating
space known as the soft excitation region, allowing for high efficiency
operation without need for special techniques. The two most important
parameters of the cavity, the resonant oscillation frequency and cavity Q,
are directly measurable. This measurement has been performed on a
sample cavity made for the express purpose of verifying the design and
manufacturing. The measurement of Fig. 54, shows the resonance curve
of the cavity made by measuring the output power of the cavity as a
function of frequency for a constant input power. The input power is
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coupled through a
small wall coupling
hole. As seen In the
figure, the resonant
frequency is
measured to be
fres= 117.955 GHz
with Q = 1602. This
is to be compared to
the theoretical va-
lues of fres
117.986 GHz and
Q = 1710. The
agreement is excel-
lent and well within
required tolerances
for proper operation
of the gyrotron.
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Since all acceptable modes for high power gyrotrons lie In the dense
part of the mode spectrum, mode competition must be considered to
assure proper operation of the gyrotron. Competition of the desired
operating mode with unwanted parasitic modes must be studied during
the time-changing part of the electron beam pulse. This analysis has been
performed and has led to requirements on the timing of the cathode and
anode voltage startup and therefore the gyrotron power supplies. Fi-
gure 55 shows the excitation regions of the competingmodes In the ct-E plane
as well as the beam lines shown in bold. Lines for the n = 6 radial mode
series are also shown in bold. As the beam a and energy change during
the startup portion of the electron beam pulse, the beam's location in the
cc-E plane changes. The "U" shaped lines of Fig. 55 show where the
oscillation will start as the beam approaches the nominal operating point.
The chosen startup path is labeled '4' on Fig. 55 and requires special
timing of the anode and cathode voltages during the startup. The anode
and cathode voltages are brought to intermediate values and then Increased
simultaneously to the nominal values. As seen In Fig. 55 this allows for
monomode operationln the TE22,6modewlthout excitation of otherparasitlc
modes. It Is also seen that this startup method Is particularly Insensitive
to small errors In beam position and magnetic field and allows one to
preferentially excite the TE22.6 mode over its nearby competitors.

The first short pulse prototype of the 118 GHz gyrotron has been
built and initial tests were conducted in November-December 1994. The
initial tests were successful. The electron gun functioned at full current
without arcing for the entire duration of the tests. The tube oscillated
correctly In the TE22.6 mode at a full RF power of Prf = 500 kW at nominal
parameters using the proper startup method shown In Fig. 55. It was
determined that this method is essential for the proper operation of the
gyrotron. Figure 56 shows the measured RF power during a magnetic field
sweep showing a peak efficiency of T|syS = 0.31 corresponding to an RF
efficiency of firf = 0.34. This is slightly lower than the design value of
T)rf = 0.41 however the overdeslgn of the cavity still allows forfullRF output
power at the slightly reduced efficiency. .

Fig. 54 - Transmission measurement of
118 GHz cavity showing resonant peaks
of the TE22.6 ond TE2sis mode. The best fit
of a double resonance curve is shown as
the solid line and yields the experimental
values offres

 and Q - very close to the
design values.
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Fig. 55 - Excitation region of modes near
the TE22,6mode in the a-Eplane. A mode
identification table is shown to the right of
the plot. A given mode can be excited for
a beam wit h parameters inside of the "U"
shaped curves. Beam paths are shown in
bold and are determined by the timing of
the rise of the anode and cathode voltages
during the startup portion of the electron
beam pulse. Startup path '4' shows the
chosen beam path as it allows for
monomode r£22,<5 oscillation and is
relatively insensitive to errors in magnetic
field and cavity beamposition. The n = 6
radial mode series are also shown in
bold.
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Fig.56-ExperimentalvaluesofRFpcwer
from the first 118 GHz prototype vs.
magnetic field. At the highest output
power, the gyrotron has reached full
output specifications ofPrf= 500 kW at
nominal cathode/anode voltages and
beam current.
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5.2. Launching Antenna

Fig. 57 - TE22.6 mode convener. Shown
is the Gaussian horn, two quasi-optical
mirrors, coaxial cavity and support
structure. The polarization of the input
horn is shown as well as the desired
rotation direction of the output TE22.6
mode.

coaxial
cavity

Effective heating at the third harmonic of the electron cyclotron
frequency occurs when the path length of the radiation through the
absorption region of the plasma is long. In general, the absorption region
is roughly confined to a narrow vertical cylinder, coaxial with the tokomak
machine axis. The vertical elongation of the TCV plasmas enhances the
length of this cylindrical region. Along path length can be established only
when the microwave beams are directed towards the absorbing region with
a shallow angle of incidence. Therefore, the third harmonic launching
antennae are located on the top of the machine .

Two manhole ports were originally envisioned for the three X3
gyrotron inputs to TCV: however, space limitations external to the torus
and accessibility for workers into the vacuum chamber have reduced this
to one manhole port. Since the physics of the experiments requires that
the antennae be moveable in both major radius and poloidal injection
angle, a single manhole port is too small to allow the possibility of directing
the three input beams separately. Therefore, the X3 launching antenna
under design will focus all three beams towards the mid plane of the torus
using one ellipto-cylindric mirror. A preliminary microwave study to
determine mirror dimensions and a subsequent physical mock-up have
shown that:

a)

b)

the power loading on the mirror will remain below the highest power
loading of the X2 launcher which will, thus, provide a database on
moveable mirror functionality under high vacuum, high power
conditions,

the mirror dimensions are compatible with the constraints on final
beam spot size and divergence dictated by the physics of the
experiments and on system modularity, required for removal of the

antenna when access to the torus
- mirror 2

mirror 1

Gaussian
horn

interior is necessary,

c) the spot size of the beam
at the location of the carbon tiles
can not be significantly reduced
below the size of the manhole
itself without seriously affecting
the beam parameters needed for
efficient heating, and

d) waveguide components
similar to those ordered for the X2
system can be used with the X3
launching antenna.

The final mirror curvature can
be chosen once detailed Gaussian
beam ray-tracing has been
performed to indicate which of
the two beam parameters (spot



size and divergence) has the dominant effect onheating
efficiency. Nevertheless, the antenna is modular
enough to allow the mirror (and therefore the beam
characteristics) to be easily replaced between
campaigns, if desired.

5.2.1 Low power TE22.6 converter development

For the test of the converter which transforms
the TE?,2,8 gyrotron mode into a gaussian are a TE22,6
mode generator was designed, constructed and tested
at the CRPP. The design of this converter uses quasi-
optical excitation of a translucent-wall cylindrical
cavity [2]. For such a method, problems with mode
competition are common. If modes exist with similar
spatial structure to the desired mode and with a
resonant frequency near to that of the desired mode,
excitation of these nearby modes can occur. In the
case of excitation of the TE22.6 mode in a hollow
cylindrical waveguide, the TE25.5 mode is such a
competitor with a resonant frequency separation of
about 10~3. To «separate» these modes one can design
a cavity with a sufficiently high quality factor, e.g. for
Q = 11000 the spectral overlap is ~0.1%. However in
practice, cavities with low quality factors are more
acceptable, providing a good conversion efficiency and
eliminating the problem of required source stability.
To allow for this as well as to provide good mode purity
with nearby modes well separated from the desired
mode in the mode spectrum, a coaxial cavity [3] is
used.
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ATE22.6 coaxial cavity converter was constructed
and tested at the CRPP and a schematic of the
converter is shown in Fig. 57. The input of the
converter is a standard rectangular D-band waveguide
mode at 118 GHz and the output of the converter is a
pure rotating TE22.6 mode. The TE22,6 field profile
measured at the output of the cavity is shown In
Fig. 58a. This is a measurement of I Ey 12 and is to be
compared with the theoretical lEyl field pattern
shown in Fig. 58b. The agreement is seen to be excellent. A typical
percentage of the counter-rotating mode is estimated to be < 0.5 %andthe
conversion efficiency is measured to be Tjconv - 0.13-ahigh value for these
types of converters. This converter is presently being successfully used to
perform low power verification of the quasi-optical converter design for the
118 GHz TE22.6 gyrotron.

0.0
r/o

0.5 1.0

Fig. 58 - (a) Measured /Eyp field
distribution at output of coaxial cavity
(b) Theoretical /Ey/2 field distribution of
the TE22.6 mode.
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Fig. 59 - Schematic of the positioning of
the capacitive probes inside the beam
tunnel before the interaction region.

5.3 Gyrotron development

5.3.1 Quasi-optical gyrotron development

The experiments with a grating as output coupler of a compact
quasi-optical gyrotron have been described in detail in the previous! report.
The main conclusions from these investigations were the following:

150 kW output power have been achieved with an efficiency of 15%
at a frequency of 90.8 GHz in single mode emission.

The output beam showed a high quality Gaussian-like beam profile
due to a HEi i mode.

No second harmonic radiation has been observed.

The experiments have demonstrated the extreme importance of the
detailed knowledge of the electron beam properties such as the parallel
and perpendicular mean velocities and the velocity spreads.

During the period covered by this report the emphasis has therefore
been on the development of diagnostic tools to measure the beam
properties and on Investigations of parasitic modes and the development
of techniques to suppress them.

Four capacitive probes have been installed in the section of the beam
tunnel, whereby 2 probes consisted of two half cylinder sections which
allowed to measure beam positioning, in addition to the mean parallel
velocity which is obtained from the beam current and the voltage induced
in the probe. The configuration of the beam tunnel and the positioning of
the probes with respect to the magnetic field gradient is shown in Fig. 59
and 60.

100mm
1 5 3 / Cu (OFHC)

Full Capacitive
Probe (2)

Two Pairs of
Half-Probes
right: (3)-(4)
left: (5)-(6)

Full Capacitive
Probe (1)

Interaction
Region
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In order to provide absolute measurements the probes had to be
calibrated in situ. This was done by means of a metallic rod to which a
known voltage was applied. Knowing the circuit parameters and measuring
the response of the probes allows to determine their sensitivity. The probe
output signal, after amplification, is displayed on a digital oscilloscope or
recorded with a CAMAC module with a sampling speed of 10kHz. The
electric circuit diagram of such a probe is shown in Fig. 61.

Capacitive
Probe

- Electron
Beam

LF356

Fig. 60 - Positioning of the full capacitive
probes with respect to the external axial
magnetic field of the gyrotron.

Fig. 61 - Schematic of the electric circuit
of the capacitive probes.

Accelerated charged particles emit EM radiation which conveys
information on the particle motion. For a given motion of the particle or
particle beam the spectrum of the emitted radiation, observed in a
particular direction, can be calculated exactly. The inverse process is not
unique and additional information must be available on the particle
motion in order to Interpret a measurement. Since the motion in the
interaction region of a gyrotron is known to be helical with a given
perpendicular and parallel velocity component and their respective spreads,
the determination of the spectrum of the radiation emitted under a certain
angle allows to determine the parallel velocity component. The
measurements have been performed with an angle of 15deg in a set-up
illustrated in Fig. 62.
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Fig. 62 - Schematic of the ECE detection
system in the interaction region of the
quasi-optical gyrotron

To avoid interaction effects of the beam with the cavity for the EM
radiation a grooved macor viewing dump has been placed around the
incoming beam tunnel. It reduces the reflection of radiation in the
frequency band of Interest to below 3%. The RF cavity has also been spoiled
by a Macor plate (without grooves in this case).

A heterodyne detection system with an IF frequency range of 8 -12
GHz converted the recorded emission into a signal which could be analyzed
by a spectrometer. The calibration of the overall frequency response of this
system was one of the major challenges of this experiment. Two methods
have finally been used which gave results in fairly good agreement with
each other. The first method consisted In a stepwise comparison of the
signals at two neighboring frequencies, whereby In one case the local
oscillator frequency was step-tuned and in the other case the signal
frequency wasmoved. Hereby the assumption was made, that thespectrum
of the signal - the quantity to be measured - was symmetric with respect
to the maximum for small displacements from the maximum. The other
calibration method was based on the standard hot - cold source method
assuming black-body emission. With this method it was not possible to
cover the whole frequency range of Interest, because the broad-band
nature of the source resulted in a folding-in of the suppressed side-band
into the measured spectral region.

The analysis was not yet completed at the end of the period covered
by this report, but the results confirmed that the velocity distribution was
two to three times larger than theoretically expected, while the mean
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velocity agreed with predictions. The exact reasons are currently still being
discussed. Parasitic oscillations, space charge effects and electron emission
•with a larger than expected velocity spectrum could be responsible.

One of the possible reasons for the reduced efficiency of the quasi-
optical gyrotrons is the excitation ofparasitic modes in the drift tube region
(beam tunnel). In order to investigate the observed parasitic emission and
its importance for the electron beam quality, a PhD thesis devoted to this
studies has been instigated.

The usual beam tunnel damping structure is periodic and composed
by alternating sections of metallic and ceramic rings. Cold tests at a
frequency of -97 GHz, showed low attenuation for TEn and TE 01
according with the numerical simulations.

In early 115 GHz gyrotron experiment it has been shown that the
frequency of the parasitic mode is relatively stable over 1% variation in
magnetic field. By larger changes inmagnetic field (AB/B>1%), severalmodes
can be excited at different frequencies between 80 and 97 GHz, the
frequency changes by steps around the relatMstic cyclotron frequency.
The maximum observed power of the parasitic emission was estimated to
be larger than 2 kW.

For the 100 GHz gyrotron a new beam tunnel has been constructed
end tested. With this configuration it was possible to propagate a larger
current, but parasitic oscillations persist in a very large domain of the
covered parameter space with low starting current. The table on next page
shows the covered domain of beam parameters.

Cathode voltage
Pitch angle a
Starting current

40 <-> 80 KV
0.3 <-> 1.6
less than 200 mA

The observed parasitic frequencies have ahvys been close and
slightly lower than the relativistic electron cyclotron frequency in the
region of the flat magnetic field profile. The parasitic oscillation frequency
versus magnetic field confirms the assumption of cavity effects in such
beam tunnels.

Theoretical studies are in progress to identify the nature of these
modes. Preliminary results suggest that the gyrotron instability with
longitudinal harmonics of the same mode could explain tl observations
at least qualitatively. To allow for a more detailed cor. parison with
experiment, a smooth beam tunnel will be installed.

5.3.217O GHz gyrotron design study for ITER

The gyrotron system for ECRH and burn control on ITER requires
> 50 MW of RF power at frequencies near 170 GHz operating in CW. To
meet these requirements, high efficiency gyrotron tubes with > 1 MW
power output capability. Such gyrotrons require the use of an advanced
internal quasi-optical converter, cryogenic window, and depressed collector.
In the framework of an ITER Emergency Task Agreement 1993, the
feasibility study of this gyrotron has been completed as a collaborative
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effort between the CRPP - Lausanne and the FZK - Karlsruhe.

The CRPP has performed the diode electron gun design, cavity mode
selection, and depressed collector design for this study. The diode gun has
optimized shaping of the surface opposite the emission region of the
cathode to provide for the desired velocity pitch angle of a = 1.5 with a low
dispersion. The a dispersion in the cavity is reduced the exceptional value
of Aa/a = 2%. Nominal operation is at VK = 79 kV and Ib = 36A.

The mode selection for the cavity is based on constraints of peak
ohmic wall loading, voltage depression, cathode current, cathode current
density, cathode radius, and cavity limiting current as with the 118 GHz
gyrotron. Acceptable TEmn modes for 2 < m 40 and 2 < n < 12 are shown
inFig. 63 as bold stars. The TE28i8mode is chosen as an acceptable 1 MW
gyrotron mode fulfilling all design criteria and which suffers least from
mode competition with nearby modes In the mode spectrum.

Fig. 63 - Modes satisfying all design
criteria for the 170 GHz gyrotron -
including limitations on peak ohmic wall
loading, voltage depression, cathode
current, cathode current density, cathode
radius, and cavity limiting current. The
TE28,s mode is chosen as the operating
mode for the gyrotron as it fulfills all
design constraints and experiences
relatively low mode competition with
nearby modes.
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A depressed collector has been incorporated into the design of the
170 GHz gyrotron to improve system efficiency by partially recovering the
energy of the spent electronbeam. The energy distribution of the electrons
after the cavity interaction is computed and shown in Fig. 64. The
distributions shown in the figure have been used in particle simulations
to determine the maximum allowable collector bias and therefore the
maximum system efficiency. The recovery efficiency can be defined as
Tic = qe<l>c/Ea where Eals the average energy of the distribution. As is seen
inFig. 64a,anidealbeamwithnovelocityspreadatthecavityinput, Apio /
pio = 0, results in a cavity output distribution after interaction which is
closely peaked around a central value. This is ideal for use of a depressed
collector since the collector bias can be placed at a large fraction of the
average electron energy. When a realistic cavity input distribution is used
with Apio /pio = 0.10, the output distribution becomes much wider, as
shown in Fig. 64b, and the maximum possible collector bias becomes a
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smaller fraction of the average energy of the distribution. One can show
that with the distribution of Fig. 64b with a one-stage depressed collector,
the total system efficiency can te increased from -3696 to -65%. A •two-
stage depressed collector can further increase the system efficiency to
-70%.
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Fig. 64 - Energy distribution function of
electron beam after cavity interaction.
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5.4 New diagnostics

The feasibility of collective Thomson scattering to measure the ion
temperature in fusion-oriented plasma devices has been demonstrated at
CRPP during 1988. While these experiments were successful, they have
also demonstrated that this technique, based on an optically-pumped far-
infrared laser as radiation source, will never be able to replace other
established methods in this field. The two main reasons for this conclusion
are the complexity and hence reduced reliability of the equipment and the
fact that high measurement precision can only be achieved with radiation
sources capable of producing much longer pulses (-10ms) than the typical
1 us limit of optically pumped far infrared lasers. Although nowadays such
radiation sources exist in the form of the free electron laser, it is unlikely
that the bulk ion temperature will ever be measured routinely with
collective Thomson scattering in any tokamak.

The technique has met with renewed interest, however, in connection
with a-particle diagnostics in future machines and as a method to obtain
information on fast ions. Indeed, at the present stage no proven method
exists to diagnose these particles.

Gyrotrons are well suited radiation sources for such measurements
as far as power and pulse duration is concerned. Unfortunately their
frequency is too low and requires operation under conditions where
absorption and beam deflection are rather serious problems.

With efficient conversion of gyrotron radiation to higher frequencies
these problems could be overcome. Since the power of a modem gyrotron
easily exceeds the power required for collective Thomson scattering by an
order of magnitude, the inevitable loss in the conversion process can be
tolerated if it does not greatly exceed 90%.

At the CRPP two methods are currently investigated to convert the
frequency of gyrotron radiation to a higher harmonic. The first one consists
in operating the gyrotron itself such that it emits a higher harmonic of the
fundamental frequency. With the second method, which will be discussed
now, the conversion to the third harmonic in solid state materials outside
of the gyrotron cavity is investigated.

In solid state materials such as silicon third harmonic radiation in
this frequency region has been reported by Mayer and Keilmann. In the far-
infrared regime the linear as well as the nonlinear optical properties of
doped semiconductors are mainly determined by the motion of the free
carriers caused by the electric field of the incident wave. As long as the
frequency of the incident wave is of the same order or higher than the
scattering frequency of the carriers, one can consider the simple equation
of motion for single carriers, i.e.

m*(v) v + m*(v) V/T(V) = qE

where m*(v) is the effective mass and T(V) is the scattering time.

A nonlinearity is introduced into this equation by the velocity
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dependence of the effective mass m*(v) (caused by the nonparabolicity of
the conduction band) and the scattering time T(V). The nonlinear motion
of carriers of charge qwith respect to the electric field E leads to a nonlinear
polarization and thus to harmonic generation. Since the free-electron
system is symmetric in space, the lowest order harmonic generated is the
third harmonic.

In the small signal regime the third harmonic power generated scales
with the third power of the pump intensity and hence the conversion
efficiency increases quadratically with increasing pump power. Eventually
competing effects limit the maximum achievable power conversion efficiency.

In our experiments carried out with a high-power optically pumped
far infrared laser operated at a wavelength of 676nm, the time-integrated
conversion rate has been measured over 5 orders of magnitude of produced
power. The onset of saturation effects was observable at the highest powers
but could not be investigated beyond a pump power of 2 MW, corresponding
to an intensity of 15MW/cm2, which produced 2 kW of third harmonic,
because of surface breakdown effects In the sample.

The conclusions from this measurements suggest that higher con-
version efficiency is still possible if radiation with higher power can be
coupled into the sample. Theoretical investigations have shown that
capacitive metallic meshes vapor-deposited onto the surfaces of a plane
parallel sample can act as Fabry-Perot resonator for the fundamental while
still transmitting almost fully the harmonic generated. Such samples have
been fabricated and are currently being analysed.

Although the highest third harmonic powers ever observed in this
spectral region have been obtained in our experiments, the conversion
efficiency of 0.1% still needs to be improved by one to two orders of
magnitude. It is not possible at this stage to say If this is at all feasible or
not. Hence at the present stage passive frequency conversion outside the
gyrotron resonator seems an unlikely candidate for the planned high-
power submillimeter wave source.
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6 LMP

The interest cf the CKPP Basic Plasma Physics Group in the domain
of non-linear wave-particle interaction has led to a series of experiments
which have been completed during thefirst part of 1993. These experiments,
specifically aimed at studying the transition to chaos in particle orbits and
the associated stochastic plasma heating in the presence of electrostatic
waves, have been performed on a linear magnetised Q-machine plasma.
The plasma response to externally driven waves was diagnosed via a series
of optical methods based on laser induced fluorescence and optical
tagging. These methods allowed an investigation on different scales, from
the analysis of test-particle motion in the self-consistent wave fields to the
direct observation of average and local, in space and time, ion distribution
functions. Measurements of macroscopic quantities such as static and
oscillating fields and charge densities were also possible.

Two complementary approaches were employed in the investigation
on the particle and wave behaviour in the plasma via these optical
methods, namely, the Eulerian and the Lagrangian. Ion dynamical flows
can in principle be described by either approach. However, in the actual
experiment the two techniques correspond to two different kinds of
measurement.

Eulerian measurements provide description of local properties of
both particles (e.g. distribution functions) and waves (e.g. mode spectra).
In the previous report the onset of chaos was described based mainly on
this kind of measurements. The stochastic plasma heating by two coherent
electrostatic waves was demonstrated by the existence of a threshold in the
wave amplitude above which the temperature was raised, by the agreement
between the measured threshold field amplitude and that predicted by
hamiltonian theories, andbythe observation of velocity space diffusionfor
the bulk plasma which was an order of magnitude faster than collisional
diffusion. By measuring cross-field ion transport, the essential feature of
chaos, i.e. local instability with respect to initial conditions, was proven.
Initially close ion trajectories were observed to separate exponentially in
time. A quantitative estimate of the degree of chaos was obtained in terms
of dynamical (Kolmogorov-Sinai) entropy from experimental data on ion
cross-field transport, thus linking phase quantities and dynamical
properties.

The Lagrangian approach is based upon the use of co-ordinates
which move along the flow and is suitable for providing information about
the nature of particle orbits. In plasmas, this implies following the charged
particle trajectories, namely to establish a correlation between successive
points (x, v) in the charged particle phase space. This was possible in the
CRPP experiments by using specially developed pulsed tagging methods
based on the use of two distinct lasers for tagging and detecting test
particles. The analysis of the time-of-flight for the tagged particles for
different driven wave amplitudes revealed some characteristics of the
particle phase space orbits in different regimes of interaction with the
waves.

hi addition to the results mentioned in the previous report, in which
we reported the creation of islands for intermediate wave amplitudes and
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a full transition in the ion orbit topology for wave amplitudes exceeding the
stochastic threshold, the velocity space transport properties could be
evaluated far different velocity-classes. The different tiir.e-cf-flight s^ec+r->
corresponding to different velocity classes were recorded for various wave
amplitudes. Changes in the time dispersion of the time-of-flight spectrum,
Atof, corresponds to changes in the local velocity space diffusion coeffi-
cient. In particular, as in this tag scheme it is the final phase space volume
thatis fixed experimentally, what is measured through At0fis the dispersion
of the corresponding average velocity along the specific portion of orbit
Therefore, a divergence in the phase space flow manifests as a reduction
in the signal Atof with respect to the free-streaming case.

As an illustration of this second class of diagnostic observations we
show in Fig. 65 a set of tagging data corresponding to a relatively low wave
amplitude, well below the stochastic threshold. Average velocity <v> and
Atof are displayed as a function of the final velocity, Vfinal, fixed by the
search laser frequency. A perturbation of the <v>=vfina] line occurs only for
the resonant particles, around the two waves phase velocities
Correspondingly, for the resonant velocity classes, the spread in the time-
of-flight is reduced. We interpret this as an enhanced velocity space
transport for the resonant particles.

Fig. 65 - (a) Correlation measurements
between average and final velocity for the
tagged particles. The wave amplitude is
well below the stochastic threshold. The
tagged signal intensity is also plotted
(dotted line) for reference purposes, (b)
Spread (FWHM) in the observed time-of-
flight spectrum from the same data as in
(a).
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Fig. 66 - Same representation as in Fig.
65, but for a wave amplitude twice as
large, above stochastic threshold.

Data corresponding to wave amplitudes above threshold for chaos
are shown in Fig. 66 and show a clear change in the ion response
characteristics. The experimental points no longer lie dose to the <v>=vfinal
curve. Average and final velocity become uncorrelated over large portions
of the velocity space. Moreover, the values of Attof are lower than the
unperturbed orbits for most of the selected velocity classes. Stated
otherwise, the stochastic layer on the phase space has been enlarged by
increasing the wave amplitude and, above threshold, covers most of the
investigated regions. Macroscopically, this is the regime in which fast
stochastic heating and exponential divergence of ion orbits were measured
via the local, Eulerian, techniques. The interpretation of the fast plasma
heating by large amplitude electrostatic waves as due to chaos in ion orbits
is therefore confirmed and complemented by correlation measurements
over the particle phase space.

Deterministic chaos induced by two electrostatic waves propagating
in a magnetised plasma has been demonstrated experimentally. Following
the earlier observations of stochastic plasma heating produced by the field
of a standing wave and of an oblique ion wave in magnetised plasma, this
study has completed the correspondence between theory and experiments
in the domain of wave induced deterministic chaos.
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7 SULTAN m

7.1 ITER Relevant Short Sample Tests in SULTAN

7.1.1 Introduction

Within the frame of the EURATOM Fusion Technology Program the
high field large bore test facility SULTAN - built by CRPP and ENEA (Italy)
- is offered by the European Community as a contribution to the world-
wide development program for the International Thermonuclear
Experimental Reactor ITER SULTAN is primarily devoted to qualification
tests of full-size cable-in-conduit conductors (CICC) forthe central solenoid
and the toroidal field colls of the ITER reactor.

During this two year period the facility was in operation continuously
only interrupted once for three months in order to upgrade the facility by
pulsed field magnets and an iron yoke. The iron yoke with a weight of about
two tons Increases the SULTAN field from 11T to 12 T over the 58 cm long
central region. With the pulse field device it is possible to superimpose a
±1T magnetic pulse of 50 ms duration on top of the DC background field.
This new utility makes the facility also capable for AC measurements. In
addition the cryogenic system of the superconducting transformer has
been improved in order to enlarge the temperature range of the sample.

The main features of the SULTAN test facility are now:

split coil arrangement with radial access of 940144 mm2

high field region (free bore) of 580 mm
necessary sample length of 3.6 m
background field of up to 12.1 T
superconducting transformer supplying up to 55 kA
coolant temperature between 4.5 K and 10 K
Helium mass-flow in the sample up to 10 g/s

7.1.2 Critical Current Measurements on NbsSn CICC's

The main purpose of the SULTAN facility is to test full size industrial
prototype superconductors for fusion applications such as ITER One
important task is to determine the superconducting to normal transition,
i.e. to evaluate the critical current of the specimen. This was done in 1993
for two NbsSn samples, both were manufactured within the scope of the
European conductor development program for ITER One conductor has
been produced by CEA (France), the second NbsSn sample has been made
by EM-LMI/Ansaldo (Italy).

a) Conductors

Each sample consists of two straight 3.6 m long cable-in-conduit
conductors. In order to sustain the large repulsive electromagnetic forces
(up to 600 kN/m) they are tightly fixed together by strong stainless steel
clamps bolted over the full length of the sample.
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The two conductors are short circuited at one end (lower joint)
whereas the other upper ends are connected to the 50 cm long busbars of
the transformer's secondary circuit to form a series connection. Each
conductor is fed with helium by a separate circuit fitted with 80 W
adjustable heaters, allowing different temperatures on each bar. The
upper j oints are cooled independently in order to keep the superconducting
secondary winding of the transformer close to 4.5 K while the conductors
are at enhanced temperatures.

The basic NbsSn strand of both samples was supplied by TWCA
(Modified Jelly Roll process). They have different effective filament diameter
and correspondingly different critical current density. All strands are
Chromium plated (2 pm) which acts as a resistive barrier between the
strands to keep the coupling losses low under AC conditions. The main
parameters of the conductors are listed in Table below.

Main parameters of the tested NbSSn
conductors

Average strand jc non'Cu [A/mm^] at 12 T, 4.2

K,0.1|jy/cm

Strand diameter [mm]

Number of strands

Average Cu: non Cu

Total non-Cu cross-section [mm^]

Overall He void fraction [%]

He area [mm^]

Steel jacket area [mm^]

CEA

616

0.73

864

0.93

187

39

386

725

EM-LMI

807

0.78

864

1.23

185

45

361

724

Fig. 67 - Instrumentation scheme of the
modified LMI sample

Each sample was equipped with a number of diagnostic sensors. A
total of 16 voltage taps for the LMI sample and 14 for the CEA sample were
attached by spot welding to the conductor jacket. For critical current
measurements two voltage taps were placed across each conductor
symmetrically with respect to the high field region. In case of the LMI
sample 8 temperature sensors (carbon glass resistor, CGR) were installed
directly in the helium flow. Two of them were embedded in small holes
drilled through the conduit in the high field region after heat treatment. An
instrumentation scheme of the LMI sample is shown inFig. 67. Forthe CEA
sample the majority of the temperature sensors were in direct contact with
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the coolant; in addition, two Hall-probes were installed on the sample in
alignment with the axis of the SULTAN magnets. All conductors were
equipped with 55 W adjustable heaters directly mounted onto the conduit
near the helium inlet, to Increase the conductor temperature If required.

The LMI conductor has been originally built for a different test
facility. For this reason some major modifications to the sample became
necessary: it had to be shortened from 4.6 m to 3.6 m, the position of all
sensors and clamps had to be changed, and a new lower joint on the
already reacted conductor had to be made. The latter procedure could be
of interest if ITER colls needs to be repaired. The operation was as follows:
after cutting the conductor to the desired length the conduit was carefully
stripped of the bundle of strands. Then the strands were etched with
hydroc!~ ric acid to remove the Chromium plating and cleaned. Once the
bundle was Inserted Into a prepared soft copper block it was compressed
by about 1 mm to obtain good electrical contact among the strands, and
between the strands and the copper. With the conductor held vertically,
the termination was filled with soft solder via special channels inside the
joint. An adapter piece provides the helium-tight connection between the
conductor jacket and the copper termination. A thin Indium foil between
the contact surfaces of the terminations reduces the contact resistance.

b) Testing Procedure

For critical current measurements all voltages, all temperatures, the
mass flow and the current in the sample are continuously recorded.
Typically the mass flow in each leg Is between 0.5 g/s and 3.0 g/s. Since
in the current ramping mode, 1. e. constant background field, stable sample
temperature and increasing sample current, the voltage-current
characteristics can be measured up to an electric field of about 3 uV/cm,
the critical current of the sample can be deduced with the same criterion
(0.1 pV/cm) as for the basic strand.

Measurements of the DC Joint resistance - Intended as a quality
control of the joints - are performed differently for the two types of joints:
for the lower Joint directly by measuring the resistive voltage across the
Joint when the conductor is live; for the upper joints indirectly by
measuring the time constant T = L/R of the secondary circuit of the
transformer.

c) Results

Critical Current

Figure 68 shows a typical V-I characteristic measured on the LMI
sample at a background field of 11 T. hi this case the gradual onset of the
electric field starts at about 28 kA and reaches the critical current criterion
of 0.1 uV/cm at 35 kA. Also plotted is the temperature In the high field
region of the conductor, which stays constant at 7.48 K ± 0.05 K up to this
current. A further current increase results in a slow temperature rise up
to 7.90 Kbecause of Joule heating due to current sharing afterwhich the
voltage takes off.
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Fig. 68 - Typical V-I characteristic
measured on the LMI sample. Together
with the evolution of the electric field the
conductor temperature is plotted.

Fig. 69 - Critical current versus calbe
temperature for leg "A" and "B" of the
LMI sample at different background fields
B (0.1 \iV/cm).
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In Fig. 69 the results of the numerous critical current measurements
performed on both legs (labelled <A» and «B») of the LMI sample at various
background fields B are presented. Figure 70 shows the corresponding
results for the CEA sample. For the field related to the critical current the
sum of the background field and the self-field contribution which is 0.5 T
at 40 kA, has to be taken into account.
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Since the V-I characteristics have been measured over a wide range
of electric field (see Fig. 68), the n value of the resistive transition can be
derived for both samples: n = 10 -12 for the CEA and n = 8 -12 for the LMI
conductor. But these results have only limited validity for two main
reasons: i. The self field of the conductor varies over the cable space cross
section, exposing the strands to different fields. This results in an extended
current sharing and therefore in a smoother resistive transition with a
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corresponding lower n value as compared to the curve of an Individual
strand, il. Due to the limited mass flow rate available at hlghertemperature
(0.5 g/s - 3 g/s at 8 - 10 K) the conductor temperature rose slowly when
Joule heating became effective In the current sharing region for E > 0.3 \i/
cm. This results In an accélération of the voltage evolution and an apparent
increase of the n value, which could be observed: the larger the transport
current, the larger AT in the current sharing region, the larger the apparent
n value.

As soon as the current in the sample was ramped up from zero in the
presence of a background field we observed a large, additional inductive
voltage at the start of the ramp. We think this voltage is due to movement
either of the complete sample or of the superconducting wires inside the
jacket which are not rigidly fixed by compression (void fraction 45 %). To
Investigate this problem we Installed six bronze springs on the LMI
conductor equipped with strain gauges, and additionally two pick-up colls
located between the conductor legs. With the signals obtained we could
show qualitatively that the whole conductor assembly was moving slightly
at the beginning of the current ramp, but we could not exclude the
possibility that the strands were also moving. Further investigations are
necessary.

Joint Resistance

The DC resistance of all joints tested was much smaller than the
required 10 n£2 For the CEA sample the lower joint resistance without
background field turned out to be in the order of 1.8 n£2 at a current of
50 kA compared to 1.2 n£2 of the LMI sample. Since the magnetic field
along the 50 cm long joint decreases very rapidly a mean background field
must be used. Thus a central field of 11T corresponds to a mean field of
2.7 T at the lowerjoint. At this field level the lower joint of the CEA sample
has a resistance in the order of 4 nQ (LMI sample: 1.8 nQ. For the LMI as
well as for the CEA conductor a strong dependence on the applied
background field can be noticed. In addition a dependence on the
transport current was clearly observed. The increased joint resistance is
due to the change of the current sharing pattern and to the
magnetoresistance of copper.

Fig. 70 - Critical current versus cable
temperature for the CEA sample at
different background fields B (0.1 \iV/
cm).
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Fig. 77 - Lower joint resistance ofLMI
sample versus current for different mean
background fields.

More attention was paid to the joint resistance of the LMI sample
because it was remade with the reacted cable. In Fig. 71 the resistance of
the lower joint of the LMI sample versus transport current is shown for
different mean background fields.

For the LMI sample atime constant of T = 9500 s without background
field was found for the secondary circuit, corresponding to a total resistance
of 1.5nQ(L= 14 ̂ H). This yields a total power loss of onlyS.SWwhen the
sample is loaded to 50 kA. From this result a resistance of about 0.3 nQ
is derived for the two upper joints. For these joints the cable was
compressed (65 MPa) inside the copper terminationbefore heat treatment,
leading to a reduction of the void fraction from 45 % to 14 %, hence
improving the inter-strand contact. With these excellent results we could
demonstrate that we are able to manufacture joints between reacted
NbsSn superconductors which might be taken into account for the final
ITER design.
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7.1.3 Pulsed Field Expérimenta

By the end of 1993 a pulsed coil pair made of copper was installed
in the SULTAN facility producing a sinusoidal magnetic pulse with an
amplitude of ±1 T and 50 ms duration in the centre region of the test
conductor. The coils are connected with a 38 mF/1500 V capacitor bank
forming an oscillating circuit. The test well with the conductor is placed
between the two coils, as shown in Fig. 72. The magnetic axis of the coil
pair is in alignment with the SULTAN background field. They are racetrack
shaped with a length of 370 mm and a width of 70 mm.

a) Objective of the Test

Thecoupling -/.•«-i«w losses occurring inlarge cabled superconductors
under time varying magnetic field are controlled by the twist pitch of the
cable and the transverse resistance across the strand bundle, hi large
cable-in-conduit superconductors, the transverse resistance is a function
of the magnetic field (magnetoresistance of the copper matrix inside the
strands) and of the transverse electromagnetic load acting on the current
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carrying strands. Since the cable is surrounded by a thickjacket there is
only a negligible strain transmitted to the strand bundle from neighbouring
turns. However, inside the cable bundle, which has a low compression
module due to a large void fraction of approx. 40%. the transverse load is
given by the Lorentz force. Therefore, an important concentration of the
transverse load occurs at the strand crossovers, which constitute the
mechanical and electrical nodes of the strand bundle. InNbsSnwind&react
CICC the strand surface is Cr plated to avoid sticking at the crossovers and
to provide a high resistive barrier to limit the coupling current losses. Some
former investigations on the contact resistance of two Cr plated strands
have shown a dramatic decrease of the resistance at large applied loads,
probably due to the damage of the thin, hard oxide layer on the strand
surface. On the other hand, most coupling current loss measurements up
to now were carried out at low field and on short conductor sections
without transport current, i.e. without transverse load. With the SULTAN
facility we have the possibility to investigate the coupling current losses at
loads of up to 14 MPa.

Fig. 72 - Cross-section of the paired
conductor sample and pulsed coil in the
SULTAN test well.
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pick—up coil
(saddle shaped)

Fig. 73 - The saddle-shaped pick-up coils
on the conductor legs.

b) Experimental Set-up

The two NbsSn CIC conductors from CEA and EM-LMI/
Ansaldo were used again for these tests. Both conductors
are very similar as far as the diameter, the number of the
strands and the twist pitch is concerned, but differ
significantly in the geometry of the cable as well as in the
effective filament diameter. For that reason both
conductors were tested. At different operating currents
and background field levels a single pulse was applied to
the conductor.

In order to measure the decay of the coupling currents
each conductor leg was equipped with a saddle-shaped
pick-up coil in the high field region perpendicular to the
SULTAN axis. For compensation of unwanted eddy
currents picked up from the surrounding normal
conducting structures (conductor jacket, clamps, test
well, iron yoke, etc.) three compensation coils were
installed. These two saddle shaped coils were directly
glued with epoxy onto the conductor jacket as sketched
inFig. 73. The coils were made of insulated copperwires.

The idea of the compensation pick-up coils (in the
following just called compensation coils) is to suppress
all unwanted signals created by eddy currents in the

28 normal conducting structure which are also picked-up
with the saddle coil. There were three flat compensation

coils mounted per sample, two aligned with the pick-up coils on the
conductor legs and one central compensation coil. Their distance to the
conductor jacket was 12 mm and 15 mm, respectively. The plane of these
coils was oriented perpendicular to the magnetic field. The central
compensation coil was used for measuring the magnetic induction B of the
magnetisation curve.

c) Results

The original plans to assess the coupling current losses from the
decay time constant of the balanced pick-up coil voltage at the end of the
half wave sinusoidal pulse had to be abandoned, since a direct balancing
of the pick-up with the compensation coil signal was not possible due to
some eddy current screening by the stainless steel clamps, leading to
different field variations «seen» by the pick-up and compensation cods.

Therefore to achieve a reliable compensation of the pick-up coil
signal, a different method was chosen: two identical pulses are shot, one
with cold sample at 4.5 K (i.e. with magnetisation and coupling currents)
and one with warm sample above 25 K. Compensation of the two responses
can be done off-line, via a software procedure. This is shown in Fig. 74.
However, the crude balance of the two signals (dotted line in Fig. 74) is still
very small and could not be properly fitted over the full range by an
exponential decay. This is probably due to the fact, that the response of the
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pick-up coils at the end of
the pulse is dominated by
the decaying eddy currents
in the surrounding metal
structures including the
iron yoke.

Measurements were
performed at 0 T, 2 T, 4 T,
8 T and 12 T with currents
of 0 kA, 10 kA, 20 kA and
40 kA. The experiments
were carried out with three
different pulse durations:
50 ms, 60 ms and 110 ms.
For the CEA conductor a
time constant in the order ElaPsed lime' s

of 15 ms could be estimated, whereas for the LMI conductor the time
constant was around 10 ms. For both conductors no dependence of the
time constant on the transverse load could be observed (in case of the LMI
conductor up to a load of 14 MPa and an accuracy of ±1.5%).

7.1.4 Hydraulic Measurements

We were able to measure the pressure drop of supercritical Helium
flowing through the 3.2m long LMI conductor by using capillary tubes and
a cold pressure sensor, i.e. a transducer working in a 4.5 K environment.
The pressure drop was in the order of only afewmbar. In our lab the sensor
was calibrated at 4.4 K in a LHe bath, customised with special fittings and
welded to capillaries leading to the conductor ends. At the inlet of the
conductor also the temperature, the absolute pressure and the mass flow
rate was measured. With this cold sensor we were able to avoid thermal
oscillations which are normally a big problem when measuring full-size
short samples, yet it was necessary to wait at least 30 min after a mass flow
change to achieve real stable conditions. By measuring the pressure drop
at different mass flow rates we could derive the friction factor versus
Reynolds number, as shown in Fig. 75.

o
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Fig. 74 - Decay of the pick-up voltage at
the end of a 60ms shot with zero applied
field and current.

Fig. 75 - Friction factor vs. Reynolds
number.
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7.1.5 Critical Current Measurements on a NbjjAl CICC

In November 1994 we received a cable-In conduit conductor made
with NbsAl strands from the Japan Atomic Energy Research Institute
(JAERI). The distinctive feature of this sample is, apart from using NbsAl
as superconducting material, that the j acket material of the two conductor
legs is different: one leg has a Titanium conduit, whereas t: c other one
consists of stainless steel.

Since the thermal contraction coefficient of Titanium matches well
to the contraction coefficient of the superconducting strands and,
furthermore, NbsAl is less sensitive to strain degradation as compared
with NbsSn, it is of high interest to compare the performances of the cable
and the single wire.

Together with our Japanese colleagues we tested the conductor
successfully at 10 T, 11 T, 11.6 T and 12.1 T during two measuring
campaigns. The measured Ic values showed a degradation of around 25%
as compared to the strand Ic's. The reason for that is not yet fully
understood. Some investigations are in progress.
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7.2 The ITER QUELL Experiment

7.2.1 Introduction

Originally developed for reasons of local stability, a drawback
of the Cable In Conduit Conductors (CICC) is that they have very
small hydraulic diameters (<1 mm), so it is difficult to promote the
supercritical He flow through the conductor. Thus if there is a
substantial heat load, such as nuclear heating in a fusion magnet,
other means of removing heat from the winding are needed. One way
to do this is to provide the conductor with a parallel cooling channel
having a larger hydraulic diameter. Several variations of this parallel
channel have been proposed: a thick spiral wrap on the cable bundle
to form a spiral channel, a double conduit conductor or a central
perforated tube or helix through the cable (central channel). All
these solutions can be characterised as having a nonhomogeneous
design.

For the ITER Toroidal Field fTF) and Central Solenoid (CS)
coils, CICC having the nonhomogeneous design i.e. with central
channel have been chosen. In this design an external, annular
shaped bundle of superconducting strands surrounds a central
cooling channel delimited by a stainless-steel helix. The flow of
helium in this geometry will be split among the bundle space (cable
space) and the central channel due to their different hydraulic
properties. While the hydraulic resistance and the heat transfer
coefficient in the cable space will resemble closely those in an
homogeneous CICC, the flow in the central channel will have
reduced pressure drop and heat transfer properties.

A question relevant to this new cable design is if the dual
channel coupling should be weak or strong i.e. whether the wall
between the cable space and the extra flow channel should be
perforated and how big and howfar apart should the perforations be.
Perforations or interstices of the helix will release the pressure build-
up during the quench. Thus the central channel with many perfo-
rations is good for the quench protection. When there are too many
perforations, the helium inside the cable space may be expelled
quickly to the parallel channel when there is a small perturbation in
the conductor. The perturbation induced flow in the cable will be small,
and the effective heat transfer coefficient will be also small. Thus one of the
main advantage of the CICC, the stability is reduced (Fig. 76).

It was evident, in view of the above mentioned facts that the simple
extrapolation of the theoretical and experimental results from the
homogeneous CICC to the non-homogeneous one is not adequate and that
special theoretical and experimental efforts are needed in order to
characterise this new design. New numerical codes should be developed
and experiments on long length samples should be done in order to check
the codes validity.

The tight confinement of the supercritical helium in the homogeneous
CICC creates in general protection problems because of the substantial

r STEEL JACKET

/- STRANDS

CABLE SPACE

STEEL JACKET

STRANDS

CABLE SPACE

Fig. 76 - The layout of homogeneous
(above) and inhomogeneous (below)
CICC.
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pressure build-up during a quench. The presence of the central channel
ameliorates this effect by discharging rapidly de pressure through the dual
channel where a significant increase in the helium mass flow is expected
short after the onset of the quench. This offers the possibility of non-
electrical means of detecting incipient quenches by monitoring the helium
expulsion from the cable or the change in the helium density. Other non-
electrical quench detection means have been proposed lately such as
optical fiber thermometers, co-wound internal potential taps, acoustic
emission and microwave propagation. Both the central channel and the
cable space offer an ideal placement for such sensors and the quench
experiment on long length (QUELL) an ideal experimental environment for
testing newiy developed quench sensors.

7.2.2 Quench Experiment on Long Length

The Quench Experiment on Long Length (QUELL) was started in
1993 at CRPP-SULTAN facility as a joint effort of European Union (EU),
Japan (JA), United States (US) and the Russian Federation (RF). The
experiment layout, design and fabrication achievements are reported here.

The goals of the QUELL experiment are:

simulation of the quench propagation in a typical, ITER relevant
CICC conductor

development, test and qualification of new quench detection sensors
and systems:

development and experimental check (validation) of numerical co-
des.

The experimental task involved the upgrade of the SULTAN facility,
the manufacture, instrumentation and quench propagation and stability
tests on a long piece (~ 100 m) of a well defined subsize specimen of the ITER
CS conductor in the central wide bore of the SULTAN facility, development
and test of fiberoptic(FO), co-wound voltage(CWS), density(D), acoustic
emission (AE) and super-high-frequency (SHF) sensors.

hi parallel, the theoretical task developed new numerical codes
(GANDALF and Quencher) for quench propagation in CICC with central
channel. In a first step, the codes were used to design the experiment and
than in a second step the experimental results will be used to validate the
codes.

The main experimental objectives are:

measurement of the critical current as a function of the magnetic
field;

measurement of the quench propagation velocities a function of the
cable operating conditions (background magnetic field, transport
current, helium mass flow, pressure, temperature) and length of the
initial heated zone (fflZ):
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measurement of the cable
tbermo-hydraulic properties
such as: pressure drop, iric-
tlon factor and the effective
heat transfer coefficient;

stability experiments and
choice of heat transfer model
for stability calculation:

test of the new quench
detection sensor and quench
sensor qualification for ITER
use;

code validation

7.2.3 Sample Design

The main design requirements for the QUELL sample were: a low
inductive, double layer coil, the length of cable should be -100 m. the
connectionbetween the two layers should be continuous (free ofjoints), the
overall diameter should not exceed 550 mm and the maximum operating
current is 20 kA. The sample should be completed instrumented with
sensors and provided with two terminals (joints) at inlet and outlet to
connect to the current leads provided by the CRPP-SULTAN team. The
conductor and sample design are ready and the sample manufacture is
under development. The sample layout is shown in Fig. 77.

The conductor is designed to simulate, in the spirit of similarity
theory, the full-size ITER CS conductor. Due to the conflicts between the
pure electrical and pure hydraulical similarity models the scale of the
QUELL subslze conductor could be describe as being somewhere between
1/5 and 1 /4 of the FTERfull size CICC. The major parameters of the QUELL
conductor are presented in Table below.

Strand
SS Tape
Cable

Ti Conduit

Central Channel

Void Fraction

Diameter
Thickness
Twist Pitch
3
3x3
3x3x4
3x3x4x6
Outer Diameter
Inner Diameter
Thickness
Outer Diameter
Thickness
with sensors

0.82mm
25um

65 mm
90mm
IRQ mm
270mm
19.4mm
17.1 mm
1.2 mm
6.9mm
0.5 mm
-35 %

Fig. 77 - The QUELL Sample.

QUELL conductor parameters
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The strand Is a Cr plated copper stabilised NbSSn with a copper/
non-copper ratio of 1.4 and has a critical current density of ~640 A/mnr*
at 12 T and 4.5 K

The conductor is wound in two layers with opposite turns to get a low
inductive winding in order to minimise the coupling to the coil system of
the SULTAN facility. The sample is now being fabricated using the wind-
and-react method with all the internal sensors already installed. After
reaction the sample winding will be epoxy-lmpregnated. Glass-reinforced
epoxy spacers between the turns and Lhe two layers are provided in order
to avoid the transversal quench propagation, either tum-to-tum or Inter-
layer.

The following conventional sensors will be attached to the sample:
28 voltage taps, 9 temperature sensors and 6 absolute pressure sensors.
They will be used to monitor the quench propagation in the conductor.

The Initial heated zone will be produced using either resistive or
inductive heaters. There will be three resistive heaters placed at Inlet and
outlet (each 0.2 m long) and in the middle of the sample (3 m long). An
Inductive heater will be also placed in the central section of the sample to
offer the possibility to depose the quench energy directly into the strands.
The resistive heaters will be activated using a special pulsed power supply
which is now being manufactured.

7.2.4 Cryogenic System

The QUELL sample will be cooled with supercritical helium taken
from the same refrigerator which is used to cool the coil system of the
SULTAN facility. This puts a special challenge to the cryogenic designer In
ondertominlnalsetheadditionalrefrlgerationloadbrought by the attachment
of QUELL sample. A special attention was also devoted to the fact that
QUELL being a quench propagation experiment the current In the sample
should be hold at its nominal value during the experiment window (10-12
s) when serious hydraulic perturbations occur in the cryogenic system.
These should by no means influence the cooling of the current leads.

The cryogenic system for QUELL was conceived such to:

assure a stable and constant He mass flow of ~6 g/s (4 g/s for the
terminals and ~1 g/s for each current lead) at 6 bar during the
quench propagation experiment;

cool the sample with supercritical He with a variable mass flow In the
range 0-10 g/s and pressure in the range 6-10 bar;

protect the sample and the refrigerator against the huge pressure
surges expected to occur during the quench propagation experiment.

A special cryostat and the supercritical He cooled current leads were
designed and are under fabiication at CRPP-SULTAN facility. The cryogenic
system schematic Is presented in Fig. 78 and the current lead concept in
Fig. 79. The cryogenic control system is based on the existing SATCON
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Fig.78 - The QUELL cryogenic schematic
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Fz°£. 79 - Forced cooled current lead for
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-I g/s supercritical He at 6 bar.

platform which will be extended to include the visualisation and monitoring
of the cryogenic process.

7.2.5 Power Supplies

Due to the special demands of the QUELL experiment conventional
power supplies cannot be used and accordingly CRPP-SULTAN team has
specified experiment-tailored power supplies for the quench propagation
and for the heat pulse. In order to minimise the cost, the split concept was
chosen in which two different power supplies: 12 kA/34 V and 8 kA/5 V
are first connected in parallel giving a maximum current of 20 kA and a
maximum voltage load of 5 Vfor the critical current measurement and then
the 12 kA power supply with a maximum voltage load of 34 V will be used
for the quench propagation experiments. To flre the heaters a AC-nns
pulse power supply was designed having the following parameters:

variable pulse voltage in the range 0-380 V, continuous
variable pulse time in the range 0-600 ms, in 10 ms steps
resistive load in the range 2-10 W

The main and the pulsed power supplies are integrated in the same
control system in order to synchronise the heat pulse with the quench
propagation time window. The control system is based on Lab View which
offers a stable and flexible platform for the experiment. The power supplies
and the control system are manufactured.

A problem of special nature was the placement of the power supplies
in the SULTAN facility hall. The optimum positioning of the power supplies
so as to reduced the length of the copper bus to a minimum and to avoid
to high magnetic field levels on the electronic components was determined
by calculating the magnetic field chart in the facility hall using QuickField,
a FEM electromagnetic package. The power supplies were placed such that
the maximum magnetic field do not exceed 350 Gauss and the disposition
was chosen with the copper bus most length section under the smallest
possible current, 8 and 12 kA. The section which carries 20 kA is as short
as 1 m. The water cooled copper bus with the special geometry was
manufactured and was delivered to CRPP together with the main power
supplies.

7.2.6 Sample Insertion

The QUELL sample delivery is scheduled for the end of June 1995.
By the arrival at CRPP-SULTAN the sample will be instrumented with the
sensors delivered by the RF team then the connection to the data
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acquisition system will be made and a warm test of all sensors will be done.
After finishing the warm test and calibrations the sample will be inserted
iritne bore of the SULTAN magnet using mounting devices developed and
manufactured at CRPP. The first step of the sample insertion where some
details of the insertion devices are shown is presented in Fig. 80.

Fig. 80 - The QUELL sample insertion
concept. First stage of sample installation.

7.2.7 Data Acquisition System

CRPP has also developed the data acquisition system. The sensor
signal management, number of available channels and system configuration
are presented in Fig. 81. The parts involved in the quench sensors
development will give one quench trigger signal for each sensor. The
conventional sensors will be used to monitor the quench propagation in
the cable.

The system is based on Burr-Brown hardware: one general purpose
carrier board with 32 analog and 16 digital inputs which was extended to
80 channels of analog input in order to cope with the great number of
sensors which should be monitored simultaneously. The software (Visual
Designer) is an obj ect oriented Windows application developed by Intelligent
Instrumentation.
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7.2.8 Conclusion and Outlook

The QUELL project is now in the end phase of its development. The
first results especially the survivability of the internal sensors during the
cable manufacturing process are promising. Preparation for the upgrade
of the SULTAN facility will be soon started and other parts such power
supplies and the cryogenic system are already manufactured or in an
advanced manufacturing process. Thenext step in theproject development
is the work on the cryogenic control system, data acquisition system and
data processing which is scheduled for the end of June when all the
necessary preparation will be finalised. We hope to have the first
experimental results by the fall of 1995.
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7.3 ITER and QUELL Quench Propagation Studies

7.3.1 Quencli of superconducting" magnets

The safety analysis of the superconducting magnet system of the
«next generation» tokamaks, where an Ignited plasma can be maintained
for several hundred seconds, is integrated in the design of the magnets (TF
and PF coils) and their associated support systems (power supplies and
cryogenic system). The ITER safety philosophy is that all faults should be
constrained within the system, regardless of the initiation fault.

Significant dissipation of the magnetic energy inside the coils can
arise from two sources: electrical arcs inside the winding pack and quench
of the conductor. The basic process of quench of superconducting magnets
consists in the conversion of the stored electro-magnetic energy into heat.
When, due to a disturbance, the temperature of the superconductor rises
locally above its critical temperature and the conductor is no longer
superconducting, a normal zone begins to develop. In this zone the current
is shunted through the stabiliser - usually copper - and the heat generated
In this resistive component Is transferred to the helium coolant which
rapidly heats up. In case of irreversible propagation of the normal zone,
and following its detection, the magnet Is shut down and the stored
electrical energy is dumped through an external dump resistor. Basically
there are two quench scénarios: under normal conditions, with the correct
operation of the protection system, and under fault conditions, when the
energy is not properly discharged due to a failure of the protection system.
For safety it Is necessary to design the magnets In such a way that, once
a quench Is detected, the quench propagates sufficiently fast and the
magnetic energy is distributed over a large part of the coll volume rather
than In a. small region, so that the peak temperature Increase (hot-spot
temperature) in the winding Is below the allowable limits. The normal zone
propagation is due to a combination of several mechanisms, e.g. heat
transfer, heattransport by convectionlntheflowlnghelium, heat conduction
along the conductor, adiabatic compression of the helium along the
cooling channel, heat conduction across the winding pack, helium re-
injection via the manifolds, etc.

Quench propagation and detection is a crucial item of magnetic
safety, and a considerable effort Is done within the superconductor R&D
program to better understand it. This includes the development of
simulation tools and their expérimental validation. Two ITER study
contracts are In progress at CRPF-Villigen on (a) simulation of propagation
velocity and (b) evaluation of quench detection systems. They are reviewed
in the following paragraphs.

7.3.2 Design and interpretation of the QUELL experiment in
SULTAN

The Quench Experiment on Long Length (QUELL) is planned to
study the qui nch propagation and detection of a conductor with ITER
relevant geometry, i.e. dual channel Cable-in-Condult Conductors (CICC)
and scaled performance. The system performance (Phase-1) and the
interpretation of the experimental results (Phase-2) are the objective of this
ITERstudy contract. The thermalhydraulic transients have been simulated
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Fig. 82 - QUELL sample simulation.
Quench evolution in time and along the
conductor. The heat is deposited in the
jacket by a resistive heater, 3m long,
centrally located. The input power is 5000
W/m, and the pulse duration is 300 ms.

with GANDALF, a 1-D finite-element code for the simulation of quench
initiation and propagation in CICC with central cooling channels and
force-flaw of supercritical helium. The evolution cf the system In time is
described by the mass, momentum and energy balances in the helium, and
by the heat diffusion in strands and conduit in the direction of the flow
path. Coupling of the equations is done through convective heat fluxes at
the wetted or contact surfaces.

The main purpose of the quench calculation is to give reliable
estimates for the hot-spot temperature, maximum helium pressure, and
expulsion from the quenching cable, as well as the voltage development In
the coil. The most relevant results of Phase-1 have shown that the QUELL
experiment can be performed with all electromagnetic and cryogenic
system parameters well below critical values, hi particular, using a 20 cm
inductive heater and a 3 m resistive heater, both located at the centre of
the conductor length, significant quench evolutions can be obtained in
which the hot-spot temperature is < 100 K, the helium pressure < 15 bar
and the helium mass flow < 60 g/s. For example, a typical quench evolution
- in time and along the conductor length - for a 3 m centrally located
resistive heater, with input power of 5000 W/m and pulse duration of 300
ms Is shown in Fig. 82. A sensitivity analysis has shown that the quench
characteristics of relevance for the system design are quite insensitive to
a variation of the pulse duration in the range 2.5 to 300 ms.
Recommendations for the current-voltage requirements on the power
supply, the heaters and the cryogenic system were integrated in the
system design. Phase-2 of this study is due to start, with the experiment,
in the third quarter of 1995.

Design support for the resistive heaters, i.e. the heat is deposited in
the Jacket rather than in the conductor, was done with a 2-D non-linear
finite-element thermal analysis (P3/AFEA) and simple 1-D analytical
models. This analysis has shown that a refinement of the GANDALF model
in advisable for more reliable simulations of this type of heater.

The performance of the code GANDALF was compared on several
computers, with different architecture and operating system (i.e. SUN-
SPARCstation, DEC-Alpha, IBM-Rise, HP-Rise, CONVEX and DEC-Vax).
A discrepancy of the DEC-Alpha results (operating system OSF/1), due to
a combination of mixed precision arithmetic and poor programming in the
helium properties package, could be solved.

7.3.3 Characterisation of the Quench Detection System for
ITER

A significant number of methods have been proposed in the frame of
the R&D program for quench detection in the ITER TF, PF and central
solenoid (CS) magnets. These methods range from the standard voltage
compensation (through wires wound outside or inside the coll or in the
conductor itself), fiber-optics, pressure sensors, flow meters, density or
dielectric constant measurements. For many of them the applicability to
the ITER colls, due to manufacturing and operating requirements, is in
question. The most promising systems will be installed for testing in th^
QUELL experiment. The sensitivity of these methods and the noise
rejection capability in the ITER coils is, however, difficult to estimate
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because of the large envelope of operating conditions. The main objective
of this study is the extrapolation of the theoretical capabilities of each
system to the ITER operating conditions, e.g. normal operating conditions,
normal operating conditions + quench, plasma disruption, and. plasma
disruption + quench, through an analysis of the sensitivity of the quench
detection methods and their Slgnal-to-Nolse (S/N) rejection.

The transient temperature profiles and flow characteristics were
calculated with the 1-D code GANDALF. Computer programs (Driver and
Sensor) were developed for the first of eight sensors to be Investigated, the
optical fiber. In this sensor, the measured physical quantity (MPQ) is the
length Integral of the helium temperature variation [unit: K.m], the output
signal (OS) is a voltage. Absolute and relative noise on MPQ and OS were
included In the signal processing model, hi addition to ITER CS and TF
configuration, the analysis was extended to the reference QUELL confi-
guration. Preliminary results have shown that:

Using thresholds to filter out the disturbances, the optical fibers are
capable of detecting a quench occurring during normal operation
(CS and TF coils), as well as a quench in the TF coil during a plasma
disruption.

A quench in the CS coll during a plasma disruption cannot be
recognised without the further sensor optimisation (Fig. 83).

The validity of this sensorin the QUELLexperimentwas demonstrated.

In agreement with the parties proposing the sensors, a further
analysis and processing of the sensor output will be defined (e.g. filtering,
threshold setting, signal differencing) to Improve the S/N rejection. This
study will completed in the first half'of 1995.
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7.4 Operation and maintenance

The SULTAN facility is composed of a large interdependent network
of complex subsystems:

He-Refrigerator and compressors 1.4 MW
Water cooling system and pneumatics
Vacuum systems (6)
He-feed, recovery and inventory management
5 power supplies (up to 15 kA DC and 1 kV AC)
Sample changer with He-lock (4 m stroke)
Superconducting DC-transformer 55 kA

and last but not least: the SULTAN system itself with

Six SC solenoids
Two independent supercritical He circuits
Controlled by SPS with interconnection to the refrigerator
Signal conditioning (~ 300 signals)
Data acquisition, storage, transfer and visualisation
Quench detection, protection and safety systems.

Normal (nearly routine) operation and maintenance is guaranteed by
a sizeable steady workload on the facility group (4). The same group is also
charged with fulfilling the ever changing requirements of the different
experiments with corresponding facility changes, but also with preparation
of the standardised samples. (Matching, installation, instrumentation).

Single upgrade efforts requesting design, contracting, fabrication,
installation, power electronics, electrical installations, control and DAS
Hard- and Software are listed here for the reporting period.

Upgrade of main filed to 12 Tby insertion of heavy weight separately
cooled Iron poles with lamellated AC tips;

Pulse-coil system with discharge power supply for plasma disruption
AC-load simulation (40 T/S);

High thermal load correction of transformer cooling system;

Automatic checkout electronics for Standard sample Instrumentation;

Refrigerator connected test stand for HTSC current leads;

Integral automation of Vacuum systems control;

PC based digital quench detection systems for the background coils
with synchronised dead-time for pulsed experiments;

Digital quench detection for transformer circuit;

Upgrade of DAS by 80 channel high speed, high storage capacity unit
for QUELL and ETHERNET- connection for data-transfer to inter-
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national users;

Preparation of large scale hardware
(Heat exchangers, 20 kA current leads, sample Insertion tooling,
suspension system) for the QUELL experiment to be installed in
1995.

Insertion of a coil in the SULTAN
installation.
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7.5 Industrial NbsSn wire development in Switzerland

7.5.1 Introduction

The work on multifllamentary NbgSn composites financed by CERS
began in 1991. The aim of the program was to establish the technical basis
for the industrial production of NbsSn wires by the Internal and external
diffusion techniques. The work was performed in close collaboration with
Swissmetal, UMS/Domach with the emphasis on conductors suitable for
fusion magnets. This report summarises the work carried out in 1993/94.

7.5.2 Development and optimisation of NbsSn superconductors
by the internal tin process

The internal diffusion technique for producing multifllamentary
NbsSn superconductors has advantages over the classical bronze method
both In cost of manufacturing and in performance. Unlike bronze/niobium
composites, the copper/niobium product requires no intermediate
annealings at the wire drawings stages. Additionally, the amount of tin
included is not limited to (13% wt. as In the (-bronze and consequently a
higher critical current density can be expected.

hi our early conductors, called model conductors (MC), the tin
reservoir islands were located on the outside of the niobium bundles. This
design has been used to study the workability of the Nb/Cu/Sn compo-
sites and to understand the connection between a particular conductor
geometry and the diffusion heat treatment. The role of filament diameter,
the tin concentration and distribution within the cross section were
analysed. An Important result of these studies was that the non-uniform
location of the Sn-sources relative to the niobium bundles results in
position-dependent NbsSnlayerthicknesses. As aconsequence, excessive
grain growth may locally occur which, due to an inverse grain size

' dependence of Jc, degrades the overall conductor performances. The
modest critical current densities of the MC seem to be related to such
effects.

Subsequent work was undertaken to determine whether an increase
In Jc can be obtained using Magnesium additions to the Sn core. Previous
research in Japan and USA has revealed that Mg additions to the bronze
matrix In bronze-processed NbsSn conductors retard grain coarsening
during growth of the NbsSn layer. Two MC of similar design, one with pure
tin the other with Mg-alloyed tin of composition SnCuo.5Mg2. were
manufactured. Their critical current densities weremeasured as afunction
of heat treatment conditions and the reaction layers were examined by
REM. Whereas no influence of Mg on the grain size could be detected by
electron microscopy, a slight increase In Jc (~ 6% at 12 T) was observed.
For this particular composition of the tin source, the improvement In Jc
is too small to be of technical relevance. However, the investigation is not
complete and further work may be necessary to obtain evidence for the
beneficial Influence of Mg-addltions to the Sn supply on the Jc.

The MC used in this study were manufactured on a laboratory scale
but using Nb/Cu composites from industrial production. Hexagonal-
shaped Nb/Cu and Sn/Cu composite elements were rebundled Inside aTa
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tube with a copper outer shell and subsequently reduced to final vrire size
by swaging and drawing. To obtain a good bond between conductor
components a hot extrusion step is recommended. However, due to the low
melting point of Sii, the assembly should not be hoi worked.

Based on the evaluation of the NbsSn MC an optimised conductor
design was made. In order to overcome the problems related to the non-
uniform location of the Sn supply relative to the Nb bundles, the Sn
sources were placed in the centres of the niobium bundles. The
manufacturing process Involved the tubular extrusion of composite
consisting of Nb filaments embedded in a copper matrix. After placing a
tin core Inside the tube, the Cu/Nb/Sn compound was drawn to a
hexagonal outer shape, restacked and reduced to wire size in the same
manner as used for the MC. Figure 84 shows schematically the
manufacturing process. During the tubular extrusion some problems
were encountered and corrected Including the location of the welding
seems and the sealing of the tubular billet. During the drawing, some rods
developed cracks and breakage began to occur. Samples were drawn,
however to 1 mm with filament size of 3 pm. Figure 85 shows a cross
section of the non-copper area. Sharp resistive onset In the current-voltage
characteristic Indicated that the filaments were continuous. For the next
batch which Is presently processed, special precautions. Including smaller
cold area reductions during the swaging, will be employed In order to avoid
piece length problems.

copper tube

niobium
alloy

extrusion
and drawing

copper tube

copper tube

bundling

tubular extrusion
and drawing

Fig. 84 - Schematical representation of
the manufacturing process.

swaging
and drawing »

tin core
composite wire

Four lengths of 1 m each were heat treated to form NbsSn. After the
pre-reactlon treatment (96 h at 210°C. 96 h at 340°C and 48 h at 580°C)
the wires were heated at 700°C for varying time periods. In order to
examine the evolution of the Sn-diffusion during heat treatment as well as
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Fig. 85 - Cross section of the non-copper
area of the advancedNbsSn multifilometry
•wire.

Fig. 86 - Critical current density versus
applied magnetic field for an advanced
NbjSn superconducting wire.

the residual tin content of the matrix after reaction, electron mlcrbprobe
technique was used. The critical currents measured on the samples were
about 290 A at 12 T corresponding to a critical current density in the non-
copper area of 750 A/mm2 (see Fig. 86). This value is significantly higher
than that obtained for the prior MC (e. g. 575 A/mm2 at 12 T). We believe
that the major part of the improvement is due to the uniform tin supply
within the niobium bundles of this advanced conductor.
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7.5.3 Development of NbaSn superconductors by the external
tin process

The external diffusion technique has similar advantages over the
bronze technique as the Internal tin process. However, some drawbacks to
the internal tin method are present. The long time required to perform the
solid state diffusion imposes limitations on the wire diameter. Additionally,
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there are two problems associated with the. diuusion process of the plated
tin Into the copper matrix. One difficulty -•:• ihat Sn melts at 223°C and
evidently temperatures above this value are necessary to diffuse the Sn
and form NbaSn. The second problem concerns the severe porosity which
develops during the diffusion. This porosity hasbeenreportedtobe caused
by the Klrkendall effect.

The two problems associated with the diffusion process could be
reasonably managed for small diameter wires (~ 0.15 nur; > developed at PSI
in the early 1980"s. The developed NbsSn cables could be successfully
used in the large SULTAN coils by the wind and react method. However this
project revealed that larger diameter wires are desirab)'.* in order to make
the wire drawing and cabling process more reliable and economic.

The Nb/Sn composite wire which was used îr. the present study, was
fabricated by inserting 72 Cu/Nb elements in. P d\ iv'n^ with the stabilising
copper located at the centre of the conductor. This copper is protected
against contamination with aTa dlffusionbarrier. T--' AVb /Cu/Ta composite
was extruded and subsequently drawn to the fin»l wire diameter of 0.5
mm. Wire samples were electroplatedwith bronze of composition Cu24Sn76
from a commercial batch. Replacing the pure tin wi >. H a bronze layer allows
to save time in the heat treatment schedule by shorting or even eliminating
the first diffusion step at T ~ 200°C. The conversion of 15 jim pure tin into
the T\ (CueSns) + e (CusSn) phases woulcl need about 4 weeks at T ~ 200°C.

According to an analysis of the diffusion process performed at AMES
laboratory, eliminating the diffusion step atT - 200°C, the void formation
should be reduced. The reason is that the macroscopic void formation
originates at the e/Cu interface where i'ine porosity develops at T ~200°C.
Mechanical stresses produced In the ~ u matrix at the e/Cu interface by the
Sn concentration gradient seems to play un important role. As the mutual
diffusion coefficient at 200°C is very small, higher Sn gradients and
consequently higher stresses than during the 2nd diffusion step are here
expected. During the 2nd diffusion step (340°C - 400°C), the TI phase is
converted to a bilayer of 6 + e.

However, our experimental results revealed a different behaviour.
The diffusion of tin from a bronze layer of 27 |jm into the Nb/Cu composite
wire after a heat treatment started at 340°C and followed by one at 650°C,
Is accompanied by a detrimental void formation. Varying the heat treatment
conditions in subsequent experiments could not prevent the formation of
the voids.

Based on the results of this study it seems that the external diffusion
process is not applicable for large diameter wires. However it must be
mentioned that varying the heat treatment conditions is not the only way
to manage the diffusion profile. Possible effects on the void formation can
be expected for example from the cold work state of the wire or from third
element additions to the tin. The further understanding of the porosity
would require a broad programme of tedious experiments.

In the prolongation of the CERS project this alternative therefore had
to be dropped.
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7.6 Development of Bi2Sr2CaCu2O8+x/Ag high-Tc
superconducting wires for magnet applications

7.6.1 Introduction

High transition temperatures, very large upper critical fields,
pronounced thermal activated flux creep and the existence of an
irreversibility line well below the upper critical field are some of the
characteristic properties of high-temperature superconductors. Besides
these Interesting physical properties the high-temperature superconductors
attract attention due to tt ^ possibility of operating superconducting
devices at temperatures T > <t.2 K and In presence of magnetic fields above
20 T. Long lengths of superconducting wires and tapes with high critical
current densities are required for the realisation of magnet and energy
applications. In the development of superconducting wires and tapes the
most promising results have been achieved so far for the Bi-based high-
temperature superconductors. In the case of the Bi-2223 phase high
critical current densities have been reached only In tape conductors
showing a strong anlsotropy of the critical current density with respect to
the direction of the applied magnetic field. Whereas for Bi-2212
superconductors even in round wires fabricated by the powder-ln-tube
technique high critical current densities have been achieved. Round wires
without anlsotropy of the critical current density are favourable for magnet
applications. The design of superconducting magnets is considerably
complicated In the case of tape conductors having anlsotropic transport
properties.

Several lengths of Bi-2212/Ag composite wires were fabricated by
the powder-ln-tube technique. Three different batches are identified by the
capital letters J, K and L. For each batch the Bi2Sr2CaCu2Os+x powder
was freshly prepared by the oxide carbonate route. The phase composition
of the calcined powders was determined by X-ray powder diffraction. After
annealing of the Bi-2212/Ag composite wires at 875°C, the superconducting
core was melted at 900°C. The final long term annealing at 840°C leads to
the renewed formation of the Bi-2212 phase. The fabrication of the Bi-
2212/Ag wires has been described In more detail previously [P-TF 15].

The critical temperature was measured resistlvely. Short sample
critical current measurements were performed by a standard four-probe
method. An electric field criterion of 1 pV/cm was used to define the critical
current density. In the temperature range 10-50 K a temperature variable
cryostat placed In the bore of a 12 T superconducting magnet was used.
The temperature was stabilised by a Lake Shore DRC 93 A temperature
controller. During the measurement of the critical current density the
temperature Increased by about 0.1 K as a consequence of Joule heating
In the current leads. Polished cross-sections were prepared to examine the
microstructure by optical and scanning electron microscopy.

7.6.2 Diameter dependence of the critical current density

To study the effect of the filament diameter on the critical current
density jcBi-2212/Ag monocore wires (Batch J) of 0.65, 1.0, 1.2 and
1.5 mm diameter was about 54% for all wire diameters. Typically groups
of 5 specimens, each 10 cm long, were heat treated together. The optimum
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annealing time at 875°C leading to the maximum
average critical current densities has been found to
depend on the wire diameter. For the thinner Wires
this annealing time has to be reduced. The transition
temperature of 89.1 K for wires of 1.5 mm diameter is
about 5 K higher than that for the thinnest wires
(d = 0.65 mm). These effects are most probably a
consequence of oxygen in- and out-diffusion.

The maximum and the average critical current
densities at 4.2 K and zero applied field, achieved for
optimum heat treatment conditions, are shown in
Fig. 87. Both, the maximum and the average values of
jc increase with decreasingwire diameters. The increase
of the average values is less pronounced than that of
the maximum values indicating an increased scatter
in the jc-data for the thinner wires. Maximum critical
current densities of 40000A/cm2 at 4.2KandB = 12 T
have been achieved for wires of 0.65 mm diameter.
Microstructural investigations by scanning electron
microscopy revealed a 10 - 20 nm thick interfacial Bi-2212 layer showing
grain alignment. It is well known that low-angle grain boundaries are
favourable forthe current transport inhigh-temperature superconductors.
As a consequence one expects larger critical current densities in the
interfacial layer than in the volume. Based on the results of the
microstructural investigations and the observed diameter dependence of
the average critical current Gc-d1-65) a model has been developed allowing
to estimate the critical current density in the interfarial layer. The
resulting values of the critical current density at 4.2 K and zero applied
field are more than 300000 A/cm2 and 57000 A/cm2 for the interfacial
layer and the bulk material, respectively [P-TF 15].

7.6.3 Effect of Ag sheath thickness on the superconducting
properties

The observed dependence of the optimum heat treatment conditions
and the critical temperature on the wire diameter seems to be related to the
oxygen diffusion through the silver sheath or within the superconducting
core [P-TF 15, P-TF 23]. To study the effect of the thickness of the silver
sheath on the optimum heat treatment conditions and the critical
temperature, Bi-2212/Ag wires with silver fractions of 54, 68 and 73 % in
the conductor cross-section have been fabricated (Batch K). The silver
fractions of 54, 68 and 73 % correspond to wire diameters of 1.0,1.2 and
1.3 mm, respectively. The diameter of the superconducting core is
0.68 mm for all wire diameters. The annealing time at 875°C leading to the
maximum average critical current densities increases slightly with
increasing thickness of the silver sheath, hi addition, the criticaltemperature
for wires of 1.2 and 1.3 mm diameter is about 0.5 K higher than that for
the thinnest wires (d = 1 mm). These results suggest that the optimum heat
treatment conditions for Bi-2212/Ag wires depend on both, the filament
diameter and the thickness of the stiver sheath. A remarkable reduction
in the scatter of the critical current data has been found for the wires of
1.3 mm diameter. This seems to be a consequence of reduced oxygen in-
diffusion during furnace cooling. Furthermore a reduced sensitivity to

Maximum

Average

0.8 1.2

d [mm]

1.6

Fig. 87 - Maximum, and average critical
currentdensitiesat42Kandzeroapplied
field as a function of the diameter of the
°A-2212IAg wires.
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Fig. 88 - Critical current density of
specimen K64 versus applied magnetic
field for selected temperatures. Except in
the low-field region, jc decays
exponentially as indicated by the straight
lines fitted to the data.

handling effects may contribute to the smaller scatter
in the Ic-data.

7.6.4 Temperature dependence of critical
currents Lu Bi-2212/Ag wires

The next aspect which will be discussed is the
temperature dependence of the critical current density
In the Bi-2212/Ag wires. The critical temperature was
measured at temperatures of 4.2, 10, 15, 20, 27, 50
and 77 K in magnetic fields up to 12 T for several
specimens of batches K and L. Figure 88 shows the
results for specimen K64 (d = 1.2 mm. f^ = 68 %).
The critical current density exceeds 20000 A/cm2 at
50 K and zero applied field. For magnet applications
jc-values of at least 10000 A/cm2 are required. hi the
case of the Bi-2212/Ag wires this jc-value has been
achieved at 20 K In fields as high as 8 T, and even at
27 K in fields of 3 T. For the best specimens of 1 mm
diameter (f^g = 54 %), critical current densities of
110000 A/cm2 at 4.2 K and B = 0, jc-values about
25 % higher than those shown In Fig. 88 can be

reached. The critical current density decays exponentially for sufficiently
large values of the applied magnetic field. Some weak links present in the
wires may contribute to the deviation from the exponential law in the low-
field region. The slopes of the straight lines fitted to the data points
correspond to scaling fields and depend exponentially on the temperature.
The values of the scaling fields are 41.7, 27, 13.2, 6.54 and 2.93 T for
temperatures of 4.2,10,15,20 and 27 Irrespectively. There Is only a small
variation of the scaling fields for different specimens. Most probably the
observed scalingbehaviourfor the critical current densities Is a consequence
of thermal activated flux creep.

10 12 14

7.6.5 Long term stability and effects of bending strains on the
critical current density

Before the Bi-2212/Agwires canbe usedformagnet applications the
long term stability of the superconducting phase and effects of axial and
bending strains on the critical current density have to be investigated.
Specimen J126(d= 1.5mm) was storedfor 104 days in air. Within this time
the critical current density of 71000 A/cm2 at 4.2 K and B = 0 was not
reduced. Whereas for specimens, having much lower critical current
densities, pronounced ageing effects have been observed [P-TF 10].

The effects of bending strains on the critical current density have
been studied for Bi-2212/Ag wires (Batch K) with different silver fractions
in the conductor cross-section. Figure 89 shows the critical current
density at 4.2 K and B = 12 T versus the maximum bending strain e for
silver fractions of 54. 68 and 73 %. The diameter of the superconducting
core has been used to calculate the bending strain. The jc-values are
normalised to the initial critical current density of the straight wire. The
relative reduction of the critical current density is Independent of the
applied field. Results of microstructural investigations by optical microscopy
indicate that the bending creates microcracks in the superconducting
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core. The results vary even for specimens with the
same silver fraction. Usually the onset of degradation
is siiifted to higher bending strains in the case of a
larger fraction of silver in the conductor cross-section
as shown in Fig. 89. This reduced sensitivity to bending
strains seems to be a consequence of an enhanced
residual compressive strain. Differential thermal ex-
pansions of silver and Bi-2212 are responsible for the
residual compressive strain in the superconducting
core. The silver has only a yield strength of 13.2 MPa
and deforms plastically during cool down to 4.2 K and
the resulting residual compressive strain in the
superconducting core increases for larger silver frac-
tions in the conductor cross-section. These results
indicate thatformagnetapplicationsmultifilamentary
wires with dispersion-strengthened silver forthe sheath
are required.

7.6.6 Comparison of the jc-values in
Bi-2212/Ag and Bi-2212/AgNiMg wires

Bi-22127 Ag, T = 4.2 K, B = 12 T

CO
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In order to study the effect of the sheath material on the critical
current density Bi-2212/Ag and Bi-2212/AgNiMg wires of 1.5 mm diameter
have been fabricated from the same batch of powder CBatch L). The
optimum heat treatment conditions have been found to depend on the
sheath material. Forthe dispersion-strengthened silver the annealing time
at 875°C has to be reduced as in the case of the thinner Bi-2212/Ag wires.
This may be a consequence of faster oxygen diffusion through the AgNiMg
sheath. The oxygen diffusion may be accelerated due to a reduced grain
size which can be expected for the AgNiMg and a larger contribution of
grain boundary diffusion to the oxygen transport. The maximum critical
current densities for Bi-2212/AgNiMg wires of 1.5 mm diameter achieved
so far are 26000 A/cm2 at 4.2 K and B = 12 T. This is about 85 % of the
maximum critical current density reached in Bi-2212/Ag wires prepared
from the same batch of powder. The slightly reduced critical current
densities in the case of the dispersion-strengthened silver may be a
consequence of the out-diffusion of nickel or magnesium.

7.6.7 Summary

The results achieved for Bi-2212/Ag round wires suggest that these
wires are conductor candidates for very high field magnets producing
magnetic fields above 20 T at 4.2 K. Furthermore these wires provide the
possibility to operate superconducting magnets at 20 K which may be
cooled by Gifford-McMahon cryocoolers. The critical current densities at
20Kexceed 10000 A/cm2 even in fields of 8 T. The Bi-2212/Ag wires may
also be used for bus bars operating in the temperature range 20 - 50 K in
relatively low magnetic fields. The observed diameter dependence of Jc for
Bi-2212/Ag monocore wires suggests that even higher critical current
densities can be achieved in multifilamentary wires. The optimum heat
treatment conditions have been found to depend on the filament diameter,
the thickness of the silver sheath and the sheath material.

0.3 0.4

Fig. 89-Reduction of the critical current
density with increasing bending strain for
wires with different silver fractions in the
conductor cross-section.
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7.7 Development of HTC superconducting current leads

7.7.1 Introduction

Current leads are required to transmit power between
superconducting magnet devices operating at low temperatures and a
power supply located at higher temperatures, such as room temperature.
Conventional all metal current leads Introduce heat into the cryostat due
to Joule heating and heat conduction. As a consequence of the Wiedemann-
Franz law this heat leak Is nearly independent of the chosen metal.
Therefore the minimum heat load an optimised conventional lead operating
between 4.2 K and 293 K can achieve Is typically about 1.16 W/kA.

Large superconducting magnets are usually cooled by helium
refrigerators. A part of the produced cold gas is used to cool the current
leads decreasing their heat leak to a tolerable level. Since the enthalpy of
the gas Is used to cool the leads it is lost for the refrigeration system.
Furthermore a large power is consumed by the refrigeration system to cool
down and re-liquefy again the warm gas. '

The Incorporation of high-temperature superconductors (HTSC)
with transient temperatures Tc well above 77 K Into current leads provides
the opportunity to reduce the heat leak at 4.2 K significantly. At operating
currents below the critical current IC(T,B) no Joule heating will be generated
in the HTSC part of a binary current lead. As a result the 4.2 K heat load
can reach arbitrary small values and is mainly determined by contact
resistivities and the heat conduction. For large multicoil systems (such as
f. i. TOKAMAKS) substantial reduction in refrigerator costs as well as
operating costs can therefore be achieved using superconducting current
leads.

Theoretical studies and the development of binary superconducting
current leads, as will be presented here, is part of a project supported by
the Swiss National Foundation (NFP 30) which has started In 1991 and will
run out in June 1995.

7.7.2 Comparison of different cooling concepts

To find a well suited lead design several possible cooling concepts for
superconducting current leads, where some of them are Illustrated
schematically In Fig. 90, have been examined [P-TF 15]. To compare the
efficiency of the different types of current leads from an economic point of
view, the room temperature power Input of the refrigerator has to be
considered rather than the heat load at 4.2 K. The different concepts can
be compared by assuming Ideal refrigerator cycles and calculating room
temperature power corresponding to the heat leaks.

Figure 90a first shows a conventional vapour-cooled copper current
lead operating between 4.2 K and 293 K. For a current density j of IkA/
cm2 a conductor length of 1.8 m is needed. The 4.2 K heat leak of about
1,1 W/kA corresponds to a room temperature refrigerator power
consumption (RTRP) of 328 W/kA. Figure 90b shows a binary vapour-
cooled current lead. The superconducting part may consist of silver alloy
sheathed HTSC, or pure bulk material. The resulting 4.2 K heat leak Is
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0.77 W/kAand the RTRP is lying slightly above 300 W/kA. Figure 90c now
shows the use of a liquid nitrogen bath to fix the cold end temperature of
me coiiveiiiioiial lead-part to 77 K. The boiling nitrogen gas is in addition
used for vapour cooling of that part. A RTRP of about 92 W/kA to cool the
copper part of the current lead is needed here. Assuming also j = IkA/cm2

the resulting length of the copper part is 0.43 m. As a consequence of the
liquid nitrogenbath the heat input into the superconducting part diminishes
and the 4.2 K heat load can strongly be decreased.

Generally the cryogenic shields of large superconducting magnets
are cooledby helium gas instead of liquid nitrogen. For this reason one may
prefer to use helium gas for cooling of the copper part of the current lead.
For example helium gas of 68.4 K inlet and 74 K outlet temperature and
a pressure of 16 bar is used in the heat exchanger in the SULTAN 3 test
facility. Figure 90d finally shows a binary current lead with a conduction
cooled HTSC part and a high pressure helium gas cooled conventional
part. For a j of IkA/cm2 an ideal RTRP of about 83 W/kA is needed to cool
the 0.97 m long copper part. As the heat flux into the HTSC part is
negligible this corresponds to about 25 % of the power required to cool a
conventional current lead. Considering a real refrigerator the reduction of
the required room-temperature power will be enhanced.

Taking into account the material properties of the available HTSC,
such as melt-cast processed Bi-2212 or Ag/Bi-2223 tapes/wires, it is
clear, that the possibility to reduce the warm end temperature of the HTSC
part significantly below 77 K is beneficial with respect to the magnetic field
dependent Ic characteristics of the HTSC materials.

A

He He

D r/

LN.

S HTSC
Fig. 90 -Differentpossible cooling modes
for super-conducting current leads.

7.7.3Numerical Analysis

To evaluate the optimised lead parameters as the minimum heat leak
at 4.2 K and the corresponding length to cross sectionratio the steady state
behaviour of the different lead parts have to be examined numerically.

For a given heat load at 4.2 K and conductor cross section the length
of a conduction cooled current lead part is mainly determined by the
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Fig. 91 - a) Temperature profiles along
the normalpart heat exchanger for several
operating currents, h) Temperature
profile along a Bi-2212 tube with
F = 4 crr?anda42Kheatloadof'0.1 W.

integral of the tl .ennal conductivity X(T) in the considered temperature
range. The value of this integral between 4.2 K and 77 K is about 1 W/cm
for Bi-2212. Silver \vith s. resistivity ratio cf 2 CO for comparison h as a value
of about 1500 W/cm. As a consequence of the very low X(T) of the HTSC
material short superconducting parts can be realised. Assuming an
operation temperature range between 4.2 K and 67 K, a conductor cross
section of 4 cm2, an operating current of 1 kA and a 4.2 K heat load of
80 mW the required conductor length is only 0.22m. to Fig. 91b the
resulting temperature profile along the conductor is presented for these
conditions. It exhibits a nearly linear temperature increase along the lead
except at very low temperatures when the X(T) is strongly decreasing.

10

60

-40

30

20

10

0.0

PI 01A

0.0 0.2

PlotB

0.4

re),

0.6 O.S 1.0

Considering safety aspects, numerical analyses havebeen performed
assuming complete loss of coolant mass flow for the conventional part [P-
TF 15]. As a consequence the unsuppressed heat flux through the Cu-
HTSC conjunction is altering the HTSC temperature, parts of the HTSC will
enter a flux flow status and will be driven into normal conduction.
Assuming an upper limit temperature of 400 K and a time constant of 10 s
for the discharge of the supplied magnet, an upper limit of 500 A/cm2

seems to be reasonable for the HTSC part in the case of melt cast Bi-2212.
On the other hand for AG/Bi-2223 current densities of 10 kA/cm2 are
possible. Here the problems are the very high conductivity of pure silver.
Nowadays the ASC corporation has overcome this obstacle by using an Ag
alloy as sheathing material consisting of Ag + 3% at Au. The integrated
thermal conductivity of this material is about 70-80 W/cm for the
temperature range between 4.2 K and 77 K.

The steady state temperature distribution along current leads,
considering Joule heating, a finite heat transfer between coolant and
conductor and heat conduction, can be described by a set of coupled
differential equations. As the material properties such as the thermal
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conductivity and the electrical resistivity are strongly temperature
dependent, the equations have to be solved numerically. Taking into
account specified boundary conditions the guiding lead parameters as the
lead length, the heat transport and the temperature profile along the lead
can be calculated as a function of cooling gas mass flow rate and current.
Figure 9la as an example demonstrates some temperature profiles along
the conventional part as a function of transport current. The curves in
principle indicate three different operating conditions with respect to the
warm end heat input. As this value is zero for the 1.8 kA case, this
temperature profile corresponds to the optimised mode. While the 2 kA
distributionbelongs to an undercooled operationmode the lead is overcooled
for a transport current of 1 kA.

In praxis a slightly overcooling mode is preferable depending on the
boundary conditions. The Table below presents the main resulting design
parameters for a numerically optimised 1 kA (2 kA) binary current lead.

Normal conducting part
Material:

Length:
Cooling gas:
T(warm end):
T(cold end):
Mass flow:

Ag coated Cu wires d
= 0. 1 mm enclosed in
a stainless steel tube

0.48m
He, 10 bar, 60 K
300K
67K
0.08 g/s (1 kA)
0.16fi/s(2kA)

High Tc sui
Material:

Length:
Cooling:
Q4.2K

aerconducting part
Bi-2212tube
(Hoechst) d =
3.5/2.7 cm, further
experiments will be
per-formed with
Ag/Bi-2223 (ASC)

0.22m
Heat conduction
0.2 W total losses

Main parameters of the optimised 1 kA (2
kA) binary super-conducting current lead.

7.7.4 Technical Realisation

Figure 92 schematically presents the design of the binary current
lead. The heat exchanger of the normal part consists of about 13000
corrugated silver covered copper wires of 0.1 mm diameter each. The wires
are placed inside a low conductivity stainless steel tube'with an inner
diameter of 3 cm. The warm end of the lead is water cooled in order to fix
the temperature. At the cold end a special copper part is mounted serving
as connection to the superconducting part and also providing the cooling
gas inlet. Low resistivity Ag contacts are integrated in the ends of the HTSC
tubes. The cold end of the HTSC is connected to a special copper part which
is immersed in the test dewar and contacts the low-Tc superconducting
short circuit.

Fig. 92 - Schematic view of the binary
current lead.
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In order to verify the predictions of the numerical analyses a pair of
model current leads is now in construction [C-TF10]. Also an experimental
set-up connected to tiie SULTAN refrigerator had to be built. Figure 33
finally shows a schematic view of the test apparatus. The two identical
current leads are situated in a cryostat under vacuum conditions. The
dewar is supplied with high pressure 4.5 K supercritical helium and 80 K
helium gas. Mixing of the two gas streams results in 60 K helium gas which
will be used to cool the leads. The heat leak will be measured by a
calorimetric method. One of the leads is enclosed by a bell jar. The helium
boil off produced by the heat leak will be measured at room temperature
by a low p mass flow meter which will be calibrated by a heater situated
in the bell jar. In addition the current lead is provided with several
temperature sensors and voltage taps and also the pressure drop along the
entire lead will be measured.

7.7.5 Conclusion and Outlook

A binary current lead of a gas cooled normal part and a conduction
cooled Bl-2212 HTSC part has been evaluated numerically and been
designed for currents up to 2 kA. The upper end temperature of the HTSC
part is planned to be at 67 K. The estimated reduction of the specific power
input at room temperature compared to that of an optimised conventional
current lead will be near 3.6. The numerical analyses predicts that the
4.2 K heat load will be lower than for a conventional lead by a factor of five.
After completing the tests with the Bi-2212 bulk lead ongoing tests are
planned with low conducting Ag-alloy/Bi-2223 tapes for the HTSC part.

Fig. 93 - schematic view of the
experimental set-up.
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8 FUSION TECHNOLOGY MATERIALS (PEREX)

8.1 The PIREX facility

The accelerator beam current has been steadeiy increased to 1 rnA
during this period. Although undefined problems were expected In trying
to split a current to the PIKEXbeam line at these high proton currents, they
have not really materialized and the current at PIREX is at present limited
by the life of the electrostatic splitter, which is due to be changed during
the winter 1995-96 shutdown. This limitacion has reduced the beam at
PIREX to 5 - 12 |oA during this period.

Planning and design for a number of modifications in the irradiation
heads have been started during this period:

(i) As there are now a number of users of the same beam line as PIREX,
including the new medical facility, for which the use of the wobbled
beam in PIREX does not permit their functioning in series with us,
a new type of specimen is being tested, with a smaller gauge length
so that no wobbling is necessary to obtain a uniform irradiated
region.

(ii) A conceptual study for a new type of Irradiation head has been
initiated, which will allow the controlled displacement of the target
on its plane. With both these improvements it should be possible in
the future, probably from 1995 onwards, a better use of the beam
time in series with other installations on the same beam line.

(iii) A new beam transport envelope has been developed [M. Daum
"Improvement in the proton beam line to PIREX"; PSI Annual Report
1994/Annex I, p. 8.] which compensates more efficiently the target
misaligments and reduces the interlock rate in the beam line

A total of 41 weeks of irradiation were used in this two year period.
The list of irradiated specimens is given In the Table on page 140 for 1993
and in the Table on page 141 for 1994.

8.2 The early stages of damage

8.2.1 Computer simulations of displacement cascades

Previous investigations have demonstrated the liquid-like nature of
the initial stages of the displacement cascade formed by the collision of
energetic recoils with lattice atoms. Ordered intermetallics are interesting
systems to study the effects ensuing from the superposition of the loss (and
subsequent recovery) of crystalline order and the chemical order, as result
of the formation of the collision cascade. Experimentally, earlier investi-
gations have found that electron, self ion and light ion irradiations at low
temperatures induce disorder in Cu3Au and NisAlbut ontypartiaHy disorder
NIAI. Heavy ion irradiations, on the other hand, will induce amorphization
in both NigAl and NiAl, while light ion irradiation will only produce partial
chemical disordering in the same alloys, indicating that cascade effects are
important.

In order to study the nature of the different behaviour at the
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Specimens irradiated in the PIREX
facility during 1993.

Specimen
No

I08T04
I08T05
I08T06
I13T01
I13T02
I13T03
I13T08
I13T09
I13T10
I13T05
I13T06
I13T07
I04F01
I04F02
I04F03
IS41

I08S01
I08S02
I08S03
I13S01
I13S02
I13S03
I05S01
I05S02
I05S03
I05S04
I05S05
I05S06
I05S07
105S08
I05S09
I05S10
I05S11
I05S12

Material

Mo

Mo - 5%Re

Mo - 5%Re

MANET II

MANET II
MoSC*

Mo - 5%Re
SC

CuSC

CuSC

CuSC

CuSC

Specimen
type

Tensile

iCIISliC

Tensile

Tensile

Fatigue

IB fatigue
Tensile

Tensile

Tensile

Tensile

Tensile

Tensile

TfcrCK]

620

OiO

315

620

570

570
315

315

315

315

315

315

Dose[dpa]

0.25

0.6

0.7

0.14

0.26

0.17
0.12

0.12

io-a

1.2x10""

6x10"*

3x10"*

microscopic level, molecular dynamics simulations were performed in the
two systems, Ni-Al and Cu-Au. These systems were chosen because: (i) As
indicated above, extended experimental irradiation results are available,
(ii) Two of the ordered compositions have the same crystalline structure
(Ll2). but different order-disorderbehavioun CusAuhas an order-disorder
transition at 0.55TM while NiaAl remains ordered up to the melting point.
They canbe comparedto the behaviour of NiAi, which orders in the B2 (bcc)
structure, (ill) good embedded atom potentials are available for the
constituent species and which reproduce also the main features of the
phase diagram.

In an initial investigation IP-TF 5, P-TF11 ], performed in collaboration
with our correspondent group in the Lawrence Livermore National
Laboratory (USA), showed that while the crystalline order parameter in
both CusAu and NisAl decreases to a value near zero during the first
picosecond of the formation of the cascade, the fast quenching of the
cascade core does not allow for a comparable loss of the chemical short
range order (SRO). The liquid phase was then studied in the three
compositions CugAu, Ni^ and NiAl by simulating the dynamical melting
of small samples and examining the atomic mobility, the relaxation time
and the saturation value of the SRO. Static calculations of the formation
energies of defects in the different lattices have also been performed. The
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Specimen
No.

104T01
I04T02
I04T03
noroi
I10T03
J 10X02
110T10
MA03

414
I08T06-2
I13T14
I82T04
I13S04
I13S05
I13S06
I13T11
I13T12
I13T13
I08S04
I08S05
I1SC01

I05S13
I05S14
IPdSlO
I05P01
IAuS04
I14T01
I14T02
I14T03
I14T04

Material

MANET II

Anncû Fc

Armco Fe
Armco Fe
MANET II
MANET II

Mo
Mo - 5% Re

Mo - 41% Re

Mo - 5% Re SC

Mo - 5% Re

MoSC
M

HighTc
supercond.

CuSC
u

PdSC
Au

AuSC
Ti - alloy
I - alloy

Specimen
Type

Tensile

Tensile

Tensile
Tensile
In-beam
In-beam
Tensile

M

U

Tensile

Tensile

Tensile
M

Sandwich 4
foils

Tensile

Sandwich
Sc sandwich

Tensile
Tensile

Tin-tKl

315

555

555
315
545
315
575

315

625

315

315

315

315

Dose
[dpa]
0.7

0.05

0.2
0.15
0.09
0.03

1

io'z

10"

10"
ID'2

io-3

0.3
M

0.5
0.1
0.1
0.01
0.1

Specimens irradiated in the PIREX
facility during 1994.

main results obtained p-TF 24, P-TF 25] are: (i) The short range order in
the molten sample does not resemble either the short-range order of the
ordered solid or that of the ideal mixture in the Ni-Al system, (ii) The short-
range order parameter calculated in liquid NiAl shows higher values for Al
than for Ni. (ill) There is a compound-forming tendency in the liquid phase
in all of these systems, (iv) CujjAu resembles the closest to an ideal mix-
ture , Ni3/M is the most ordered liquid amongst these intermetallics and the
disordering level of NiAl is weak, tying between that of the two Lia
intermetallics. (v) The most disordered state is reached the fastest in NiAl
and is the slowest in Cu$Au. (vi) Ni3Al has the highest degree of order at
the end of the cascade evolution, while the disordered levels attained by

and NiAl are close together.

The conditions to induce the amorphisation of MD cascades in NiAl
by 5 and 15 KeV primary knockout atoms (PKA) were then studied. The
kinetic energy of the atoms in the simulation is removed on different time
scales by changing the strength of the coupling between the electrons and
phonons in the model of Caro and Victoria [A. Caro and M. Victoria; Phys.
Rev. A40 (1989) 2287]. No evidence of amorphisation is found after the
quenching of the cascades created by the 5 keV PKA. In the case of 1 5 keV
recoils however, for the first time an amorphous region with about 100
atoms is found for the event simulated with weak coupling, as shown in
Fig. 94. The other simulations show: (i) in the no coupling case, the system
evolves to a highly disordered state, (ii) a highly ordered state results when
a strong coupling is used.
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Fig. 94 -15 keVNi primary knockout
atoms (PKA) cascade in NiAl with
weak electron-phonon coupling.

Fig. 95 - Micrographs showing the
defect structure in as-irradiated Cu
single crystals at doses: (a) 9.7x10-*
dpa; (b) 1.2 x 10-2 dpa; (c) 4.6 x Ifr*
dpa, and in an undeformed region of
an irradiated and deformed (DI/
10=6%) Cu single crystal (1.1 x 10-*
dpa). The imaging condition is WB (g,
6g), g=200. z=011. for all the four
cases. The thickness at the centre areas
of (a), (b) (c) and (d) are about 50,45,
30 and 30 nm, respectively.

Ni interstitial

Ni vacancy

AI interstitial

Incident particle

X Y [LCU]
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In agreement with the experimental results, the final structure of a
15 keV cascade in NisAl with weak coupling shows no amorphisation.

8.2.2 The effects of recoil energy on the microstructure and
deformation of fee materials

A detailed postirradiation study of the microstructure and tensile
properties of Cu, Au and Pd single crystals irradiated with 590 MeV
protons in the PDREX facility has been completed and the results were
compared with those obtained after irradiation with particles with a lower
recoil energy spectra, i.e. fission and fusion neutrons.
Single crystals with a [01 1] tensile axis were irradiated to doses between
10 and 10" dpa. All irradiation and measurements were performed at
room temperature.

The defect cluster structure was studied in the electron micros-
cope, mainly using the weak beam dark field technique (Fig. 95).

• The dose dependence of the cluster density is lineal (slope = 1) up to
doses -10" dpa, see Fig. 96 where data from previous investigations
are also included. A change of slope towards saturation due to the
overlapping cascade effects is then observed.

1024

lo23

1022

800 MeV
Protons

H Dai (present work)"
• Horsewell (1991)
A Proermecke (1992>
* Zinkle (1992)

103

Displacement per atom

Fig. 96 - Dose dependence of the
defect density in copper irradiated by
600 MeV or 800 MeV protons. Theflt
is guided by the eye.

In all cases the defect cluster observed consists of small loops and
stacking fault tetrahedra (SFT). Approximately 90 % of the clusters
have b'.en identified as SFTs. Only the defect cluster density and
not tkeir size is dose dependent. The cluster size distribution has
typically a mean size of -2 nm in Cu (Fig. 97) and 3 nm in Au (Fig.
98).

Postirradiation tensile tests were performed as a function of dose. A
series of results for Cu are shown in Fig. 99.

The critical shear stress increases with dose.

An initial yield point is followed by a region with slight or no hardening,
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Fig. 97 - Defect cluster size
distributions of irradiated Cu single
crystals measured from WBDF
micrographs. The mean size is about
O wvr* \7nfr/*/» 'lîrn '^" kfpî i nrrreinlnttt*— ' ~ . * ~ « - j.~ - * .* . .j^. *^ * - .. •'.*£*

ofSFT's.
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different doses with 600 MeV protons.
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presenting strong serrations (yield region). The length of this region,
in terms of deformation, increases with dose.

Deformation in the yield region takes place by the formation of
localised slip bands. The region of lineal strain hardening only starts
when these slip bands have fully covered the gage length of the tensile
specimen.

The strain hardening of the lineal hardening region decreases with
increasing dose.

There is a tendency for the parabolic hardening region (stage
to shorten or even disappear with increasing dose.

At the microscopic level, dislocation slip channels are formed. The
dislocations move through the cluster defect structure, destroying
the clusters as they cut through them.

The activation volumes, obtained through stress relaxation tests,
decrease with increasing dose. At the same dose, they decrease with
strain to the value obtained in the linear hardening region.

The behaviour of the flow stress of the irradiated crystals can be
explained in terms of the dispersed obstacle model and the increase
in yield strength produced by the irradiation fits well the equation:
ATC = cqib (Nd)1/2, where a is the obstacle strength. The values ocu
= 0.1 and ocAu = 0.2, indicate that the defect clusters are weak obs-
tacles at room temperature.

Both the geometry of the deformation and the activation volume
measurements indicate that the predominant thermally activated
dislocation movement changes, at around the end of the yield region,
from that ofbreaking through the irradiation defect cluster distribution
to the cutting through forest dislocations.

A comparison to data obtained previously with fission and fusion
neutrons, shows that there are no significant recoil energy effects
either on the defect cluster density or on the yield stress of fee metals ,
see Fig. 100. when the displacement per atom (dpa) is used as a dose
measurement.

10?

g
•3

o ICP

9j*

n = 1/3

• Blewitt, fission neutron
Diehl, fission neutron

V Kitajima, fission neutron
• Shinohara, fusion neutron
• Dai, 600 MeV proton
n Heinisch, fusion neutron
0 Heinisch, fission neutron
^ Singh, fission neutron

Fig. 100 - Variation of the changes of
CRSS with dose ofCu single crystals
and polycrystals irradiated with
fission neutrons, fusion neutrons and
600 MeV protons.

la7 io6 lo-5 io4 icr3 m2 lo-1 icP
Displacement per atom
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Fig. 101 - In beam fatigue test at
300°C on the MANET II steel.

8.3 Ferritic - martensitic steels

8.3.1 In - beam fatigue

The In-bc^rr, tcstLig device

The in-beam Irradiation head is equipped with a servo - mechanical drive
linked to a 10 kN load cell. This actuator can be displaced at speeds
between a few |jm.hr * and 100 mm.min'1 and can be controlled either by
the force or displacement extensometer signal. The system is computer
controlled and programmed. The measure of the displacement is made on
the gage length of the specimen with a specially designed high precision
extensometer.

The specimen Is tubular, with a wall thickness of- 350 (jm, 3.4 mm
external diameter and 8 mm gage length. The specimen is cooled by helium
gas flowing, contrary to the normal irradiation PEREX system, within the
tubular specimen, at 30 bar pressure. The temperature is controlled
through a heat exchanger and separate heater and can be regulated
between 60° and 400° C.

The proton beam profile is gaussian. In order to obtain an uniform
distribution of the dose on the specimen, the beam is displaced 4 mm up
and down the specimen with a frequency of 1.8 Hz.

The temperature along the gage length has been measured with
three thermocouples. With no beam, the maximum temperature difference
does not exceed 2° C. Under static beam, this difference is increased to
5° C. Because of the wobbling of the beam, it further fluctuates within a
15° C band. The mean temperature within this band is taken as the
irradiation temperature.

The geometry of the in-beam specimen was Initially compared to that
of both bulk and PIREX subsize specimens. The bulk fatigue specimens
have a 16 mm gage length and 6 mm diameter. Testing was performed in
air at room temperature and the results for fatigue life for all three types
of specimens fall within a narrow band.
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Results of the in-beam LCF testing

Results of an in-beam fatigue test at 300° C on the MANET n steel
ore shoivri in Fig. 101, in terms cf the stress range. The total imposed strain
was 0.7 % and the specimen had reached a total dose of 0.17 dpa at the
end of fatigue life. The fatigue life was 40 % shorter than that of the
nonirradiated specimen, but it is nearly three times longer than that of the
postirradiation test under comparable conditions. The fatigue softening of
the specimen is comparable to that of the nonirradiated one: no radiation
hardening is detected during the in-beam fatigue test.

Due to the normal accelerator instabilities, the proton beam is
interrupted many times during seconds. The test is continued trough
these stops and is only stopped at the longer (more than a fewminutes long)
interruptions. The normal beam interruptions account for a ~ 80 %
accelerator duty factor. There have been four interruptions during this
test. As the beam is brought again on the specimen, it needs to be
recentered before the fatigue test is restarted. The four stress peaks that
are observable after 2.10^ cycles are due to the radiation hardening
produced during the small dose (usually < 0.004 dpa) accumulated during
the beam centring procedure.

Further tests have been performed at decreasing temperatures,
while keeping equal other test parameters. The results are shown in Fig.
102 and indicate a further reduction in fatigue life as the temperature is
decreased.

The preliminary microstructure observations show that the
martensitic lath structure does not change fully into a dislocation cellular
one as promptly as is the case in the postirradition tests. As a result, the
mean dislocation density is higher during the in-beam tests.

It is important to note that none of these fatigue life-shortening
effects can be inferred from the behaviour measured in postirradiation
fatigue tests. It is therefore a demonstration of the importance of the in-
beam testing.
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Fig. 102 - Fatigue test at different
temperatures on the MANET II steel.
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8.3.2 The development of a low activation steel

The 9-12 % Cr steels have been extensively investigated for fast and
fusion reactor applications. In particular, within the European Fusion
Technology Program, two casts of a (10 Cr Ni Mo V Nb) steel, denominated
MANET I and ÏÏ, have been studied as a blanket reference material. More
recently, a series of low activation (LAS) variations of this composition, in
which Ni is eliminated and Mo and Nb are replaced by W and Ta, have been
developed at Kemforschungszentrum Karlsruhe, based on the 9Cr W VTi
Ta composition.

As the irradiation usually degrades both the ductile-brittle transi-
tion temperature (DBTT) and the upper shelf energy, an important
requirement for the steel to be used in this application is to have initially
a DBTT as low as possible, while at least maintaining the overall mechanical
properties of the parent composition. It has been shown in a previous
study, that in 12 % Cr martensitic steels, the DBTT can be improved by
controlling the amount of N incorporated.

In the present investigation the effects of (i) clean steel practices in
small, laboratory size casts and (ii) the N content on the overall mechanical
properties of a 9 Cr W V Ta steel were studied.

(a) Material preparation and characterisation

The material was prepared from high purity stock by Sulzer Innotec.
Two alloys were processed and designated as alloy A for the one containing
a low concentration of N (and a higher content of Mn) and B for the one with
a higher concentration of N and a low concentration of Mn.

An ingot of about 40 Kg was produced of each alloy. They were hot
rolled at 950 °C to a thickness of 10 to 15 mm. The rolling was performed
in succesive passes of- 10 % deformation, resulting in a total reduction
of thickness of approximately 80 %.

Detailed chemical analysis, down to ppm levels, were performed on
the casts after the thermomechanical treatment. The final composition of
the materials is presented on the Table on next page.

The variation of the grain size and of the material hardness (Vickers
-10 Kgjhavebeendeterminedasafunctionoftheaustenizationtemperature
for both alloys. In order to obtain a fully martensitic steel, with small prior
austenite grain size, these results were used to optimise the austenizing
temperature, which is 960°C for alloy A and 980°C for alloy B.

The variation of the hardness as a function of the tempering
temperature was also measured. Secondary hardening is visible in alloy B
but not in alloy A. The tempering temperature has been chosen at 750°C
in both alloys, comparable to that used as standard treatment in the
MANET steels.

The prior austenite grain size has been checked after all thermal
treatments on both material and is of about 18 pm in alloy A and 16 |om
in alloy B. No 8-ferrite has been observed in the material after the heat
treatment was completed, both steels showing a fully martensitic struc-
ture.
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Al
AS
B
Bi
C
Ce
Co
Cr
Cu
Fe
Mg
Mn
Mo
N

Nb
Ni
O
P

Pb
S

Sb
Se
Si
Sn
Ta
Te
Ti
V
W
Zn
Zr

A
<0.02

< 0.005
0.0061
0.005
0.094
0.036
<0.01
9.24

<0.01
Basis
<0.01
0.56

0.093
0.0007
< 0.005
<0.01
0.0021
0.007

< 0.005
0.0002
< 0.003
< 0.003
<0.02

< 0.003
0.08

< 0.005
< 0.005

0.24
0.96

< 0.005
< 0.003

B
<0.02
< 0.005
O.GO61
0.005
0.09
0.033
<0.1
9.42

<0.01
Basis
<0.01
0.037
0.048
0.0029
< 0.005
<0.01
0.0024
0.008

< 0,005
0.0005
< 0.003
< 0.003
<0.02

< 0.003
0.08

< 0.005
< 0.005

0.23
0.97

< 0.005
< 0.003

MANET
0.012

0.0072

0.11

10.3

Basis

0.82
0.58
0.03
0.14
0.65

0.005

0.004

0.18

0.19

0.014
Chemical composition of the alloy s A,
Band MANET.

(b) Carbide sizç and density

Carbide extractions on carbon foils have been performed on both
steels in order to determine the size distribution, the composition and the
type of the carbides present.

On the tempered materials, the maximum size (length), the mini-
mum size (width) and the area of about 1500 carbides in alloy A and 3100
carbides in alloy B where determined with an image analyser (IBAS 2000).
In alloy A, Fig. 103a, a bimodal distribution is clearly visible, with small
carbides of about 10 to 20 nm diameter and a near spherical shape, with
a form factor, FF, (equal to the length divided by the width), between 1 and
1.4, togetherwith awide distribution of larger carbides with a sizebetween
20 and 250 nm and a larger form factor (about 1.5 to 1.8). This double
distribution is less visible in alloy B, Fig. 103b.

A surface density has been determined for the carbides, as the
average number of carbides per surface unit on the extraction foil. The
carbide density in alloy B is almost a factor two higher than in alloy A, and
the larger difference is observed in the density of the small carbides.

The presence of a bimodal carbide distribution in steel A is believed
to be due to the presence of undissolved carbides after the austenization
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Fig. 103 - a and b: Determination of
Carbide distribution in steel alloy s A
andB.

treatment, because of the low austenization temperature. This was
confirmed after a new treatment including a normalisation during 30
minutes at 1100 C, succeeded by 30 min at 950 C and tempering at
750 C for 2 hours. A much finer carbide distribution is obtained as a
result.

(c) Carbide composition

The composition of the carbides has been determined by EDX
measurements on the extraction specimens. The system used was a high
purity Germanium (HP-GE) detector with a carbon thin window linked to
a VOYAGER analysing system. Two type of carbides have been observed
in both steels before and after tempering: Cr-Fe-W-V based carbides and
Ta-V-Fe based carbides.

After tempering, the carbides seem to be mostly located in the prior
austenite grain boundaries or martensite lath boundaries. An enrichment
in Cr is observed and their composition varies from 50-70 at% Cr, 25-
35 at%Fe, about 3 at% W and 1 at% V in both alloys. Selected Area
Diffraction (SAD) obtained on these carbide shows a fee structure with a
lattice parameter near 10 A. All these observations are typical for M23C5
type carbides.

TheTa-based carbide are mostly small, spherical carbides. They ore
also observed before tempering but in low density. Their composition
varies widely, with a range from 25% Ta up to 80%Ta observed in alloy B,
but most of the carbide of this type have a composition of the order of 65-
70 % Ta, 14-18 % V and 2-6 % Fe.

Additional measurements by Parallel Electron Energy Loss

150



Spectroscopy (PEELS) realised with the help of Prof. P. Stadelman (CIME
- EPFL) have shown that N is present in most of the small Ta based
carbides, but IS not detectable in the large Cr-Fe-W based carbide. These
measurements were not conclusive due to the very large C pick-up coming
from the carbonfoil on which the carbide are deposited, which overlaps the
X edge.

(d) Mechanical tests

The results of tensile tests performed under vacuum in the range
of temperatures from 295 to 770 K., are shown in Fig. 104a and b. They
indicate that the overall levels of stress are higher for the B steel, the
difference in the yield strength 09.2 is about 75 MPa at room temperature,
while an average difference of approximately 40 MPa in the U.T.S. is
observed between steels B and A at all testing temperatures. Uniform
elongations of the order of 10-12 % are obtained at room temperature,
which decrease to 4-6 % at 720 K. On the other hand, the total strain values
remain between 14-16 % at all temperatures, with a tendency to increase
with temperature in steel A. The values for the steel B are comparable to
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Fig. 104 - a and b: Tensile tests
performed under vacuumfor different
temperatures, on steel alloys A andB.
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Fig. 105- Charpy testsperformedon
steel alloys A and B and MANET.

This is further verified by the tensile behaviour of alloy A after the
normalisation treatment at 1100 C, which, as indicated above, leads to
a finer carbide distribution. As indicated in Fig. 104a, the room temperature
strength becomes in that case comparable to that of steel B.

Clisrpy tests were pcxionnou. in £n instnimentcu nicicliiii6 en
subsize specimens and the results are shown in Fig. 105, together with
those obtained on the MANET steel. The two steels show a lower transition
temperature than that of MANET and a higher upper shelf energy. The
upper shelf values are 330,200 and 160 J.cm" for steels A, B and MANET
respectively. If the transition temperature is taken at one half the range
between upper and lower shelves, the values obtained for it are, in the same
order as above: -80 , -40 and 0 C.
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Strain controlled fatigue tests have been performed on both steels
in air at room temperature, and are shown in Fig. 106. As in other
martensitic steels, a softening is observed during fatigue life. For the same
total deformation, both steels A and B have a longer fatigue life than
MANET. From the regression lines indicated, the exponential a and
constant C of the Coffin-Manson equation Aep Nf01 = C can be calculated.
They are 0.62 and 4.94 for the A alloy and 0.49 and 3.57 for the B steel.
The corresponding parameters for the MANET steel are 0.51 and 3.27.

To conclude, a substantial lowering of the ductile - brittle transition
temperature has been obtained in the steels studied, together with a strong
increase in the upper shelve energy in the case of alloy A, while maintaining
a level of strength comparable to that of the parent steel composition.

8.4 Dosimetry

The measurements of transmutation elements produced by irradiation
in copper either by 590 MeV protons or spallation neutrons have been
continued. For this purpose, the Total Reflection X-Ray Fluorescence
(TXRF) spectrometer, with monoenergetic synchrotron radiation as the
primary excitation source, has been used. The results of the measurements
performed at the 6-1 beam line at SSRL (Standford, USA) have shown that
the calculated concentration of transmutation elements agrees with the
experimental values within +/- 30 %.

152



Recently new measurements have been started at the European
Synchrotron Radiation Laboratory (ESRF) in Grenoble, to analyse high
grade pure metals for trace elements. This analysis is essential for the Low
Activation Steel Program.

Finally, fast neutron dosimetry of pressure vessel steels used in
Swiss power plants has been performed using the 93Nb (n,n') 93mNb
activation reaction.
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Fig. 106 - Strain controlled fatigue
tests performed on steel alloys A and
B and MANET.
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Construction status of the CRPP buildings (early 1995) on the EPFL-Ecublens Site.



9 BUILDINGS

CRPP Site in Ecublens

The CRPP activities, which are still distributed over five different
sites separated by distances up to 10 km, are planned to be concentrated
at the EPFL site in Ecublens in four contiguous buildings. The two first
buildings (TGV and Flywheel generator) were handed over to the CRPP in
1989.

Lay-out of the CRPP's buildings on
the EPFL site in Ecublens.
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View of the TCV tokamak hall and the
motorwheel generator building.

Workshops and labs building

The technical activities of the CRPP, its workshops and the various
research activities such as laser diagnostics, plasma deposition lab and
the^TxvtrpTil2b^^b?hpt!s?dint]îis37"ClOOrrî3b'ui]dirict. ItsccvnstructiCT!
was started early in 1992 and completion was plannedfor end of 1994. The
handing over of the building to the CRPP has been delayed and the moving
wiU take place middle of 1995. The highest priority will be to settle the
workshops and the technical staff in the building. The labs will be moved
following on, in coordination with the research programs which will be in
progress

Administration building

Its construction has started end of 1993 and completion is planned
for middle of 1996. This building, make up of offices and conference rooms,
will house the CRPP researchers and the administration staff.
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10 PUBLIC RELATIONS, VISITS

During 1991 -92, TGV was being constructed and only a few groups
were allowed to come on site since construction activities did not permit
public visits. During 1991, TCAwas still the attraction, before it was closed
and dismantled. After starting TCV at the end of November 1992, the
demand from schools, gymnasiums, private firms, professional groups,
administration, local and federal, became high and we did our best to
accomodate this demand. During 1993-94, about 1200 people per year
came on specially organized visits, but many other people also visited the
installation. In 1994, open days, internal to EPFL, brought an extra 250
people. Many groups of students came from foreign countries: The
Netherlands, France, Italy....

Among the distinguished visitors. Queen Beatrix of The Netherlands
and her husband Prince Klaus, when visiting Switzerland, stopped In EPFL
and visisted TCV. They were accompagnied by the President of the Swiss
Confederation Mr. A. Ogi, and his wife, as well as Mrs Dreyfuss, Federal
Councillor, Prof. R, Crottaz (President of the Conseil des EPF) and Prof.
J.-C. Badoux, President of EPFL. President A. Ogi had made a special tour
of TCV two months earlier and had appreclatedbeingthe pilot of TCV, firing
the plasma from the control room. Prof. U. Ursprung (secretary of State for
Science and Education) also visited and enjoyed the TCV tour.

Visit of Queen Beatrix of the
Netharlands.
From the left: Mr. A. Ogi (President
of the Swiss Confederation) and
Mrs, Prince Klaus, Queen Beatrix,
Prof. J.-C. Badoux (President of the
EPFL) listening to the presentation
of TCV by Prof. F. Trayon
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Visit of Queen Beatrix and Prince
Klaus.

A tour was organized for the State Councillors of Vaud who were
impressed by the device (the 5th largest in dimensions and nominal
performance who were in Europe).

CRPP's staff lectured to professional groups and to gymnasiums. The
host and the surrounding communes visited the experimental site. These
visits contributed to the good relations with the local politicians.

The press welcomed the start of TGV, but few comments on the
results of the fusion research were reported. CRPP staff appeared on TV
and radio for some special occasions.

Fusion Expo

In 1993, an exhibition onfusionresearch was set up, on the proposal
ofDr. W. Kienzle, directorofthepermanentexhibitioninCERN, tMicrocosm».
A team, consisting of MM. W. Kienzle (CERN), Maple (JET), R Saison (DG
XQ) and P.J. Paris (CRPP), took over the task, and after a few months,
during summer of 1993, the presentation of the exhibition in CERN
included about 80 panels, multimedia, instrumentation, mock-ups, video
movies, ... The tour started officially in November 1993, during the
European Science WeekinBrussels; afterbeingpresentedinKfK, Karlsruhe.
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Since then, the exhibitionhas visitedmany European towns and prestigious
museums, such as theDeutschesMuseum (Munich). Palais de laDecouverte
(Paris). About 80"000 visitors attended the exhibition during the 93-94
itinerant period. 1995 is also fully booked, and the «tournée» should go on
for 2 to 3 years.

The Exhibition has received the financial preferential support from
the DG XÏÏI (value programme), and was actively supported from the DG
XII. The CCFP supported the idea of forming a «Fusion Expo» Consortium
which was set up in February 1994, in Brussels. The Consortium
committee is drawn from almost all European Associations. Their main
task is to manage the different presentations, as well as upgrade the
exhibition with multimedia, mock-ups, videos, organize translations into
the local language (with the help of the related Association), organize the
assembly of the exhibition (with the help of DG-Xn). CRPP has ted the
Consortium since its formation and will continue to do so during 1995.
Two committee meetings were held in 1994: Brussels (constituting mee-
ting) and Naples (where the exhibition was presented in May 94).

President A. Ogipiloting TCV during
his first visit.
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11 MANAGEMENT

During 1993, important changes occurred in the management of the
CRPP. Dr A. Heym, deputy director, retired in July and was replaced in that
function, as well as on the JET Executive Committee, by Prof. M.Q. Tran.
The development of a quasi-optical gyrotron, specially for diagnostics,
previously under the responsibility of Prof. Tran, was taken over by Dr.
M.R Siegrist. Dr L. Villard was nominated Assistant Professor and took
over a part of the theoretical activity on magnetic confinement stability and
new configuration research, which had been the responsibility of Prof. A.
Bondeson before his departure for the University of Uppsala (Sweden).

Finally, the TCA tokamak was transferred in 1993 to the University
of Saô Paulo (Instituto de Fisica) in Brazil, where it has been reassembled
as the main device of the national fusion research programme.

The antenna of CRPP at PSI (Paul Scherrer Institute - Villigen),
coordinated by Dr. J. Vecsey, is composed of two research groups. The
Material Group is directed by Dr. M. Victoria and the Supraconductivity
Group by Dr. G. Vécsey. Prof. M.Q. Tran is chairman of the Coordinating
Committee between the antenna of CRPP and the PSI.

a) Management of the Association

The Swiss-Euratom Association is directed by a Steering Committee
with the following membership:

A, Heym (CRPP) until July 1993
A, Schwab (SF-EPFL)
F. Troyon (CRPP)
L. de Faveri (OFES) until December 1993
S. Berthet (OFES) since July 1994
G. Vécsey (CRPP-TF)
M. Victoria (CRPP-TF)
M.Q. Tran (CRPP) since August 1993
Ch. Maisonnier (EC)
H. Bruhns (EC)
J. Darvas (EC)
P. Kind (EC) until July 1993
J.P.H. Spoor (EC) since July 1994

b) Swiss Participation in Committees of the European Programme

1) Consulting Committee of the Fusion Programme (CCFP)

P. Zinsli (OFES)
F. Troyon (CRPP)
+ member of the Mission Suisse in Brussels

The CCFP is assisted by permanent sub-committees which report to
it, some consisting of official representatives of each country and some
with a reduced «ad personam» participation. They are:
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CCFP-Programme Committee which supervises the general
physics programme:
A. Heym (CRPP) until July 1993
M.Q. Tran (CRPP1

Fusion Technology Steering Committee - Planning (FTSC-P)
and Fusion Technology Steering Committee - Implementation
(FTSC-I)
F. Troyon (CRPP) member
G. Vécsey (PSI) Swiss Association représentative

ITER Technical Advisory Committee (ad-personam)
F. Troyon

Electron Cyclotron Wave (ECW) Coordinating Committee
M.Q. Tran (CRPP)
F. Troyon (CRPP)

Swiss activities in plasma-wall interactions
Ch. Hollenstein (CRPP)

IEA Textor Executive Committee
Ch. Hollenstein (CRPP)

JET Council (JET-C)
F. Troyon (CRPP)
P. Zinsli (OFES)

JET Scientific Council (JET-SC)
F. Hofmann (CRPP) ad-personam member

JET Executive Committee (JET-EC)
A. Heym (CRPP) until July 1993
M.Q. Tran (CRPP) since August 1993
S. Berthet ( OFES)

Besides these permanent committees. Ad-hoc Groups (AHG) are
formed to examine all the proposals made in the framework of the fusion
programme which sollicits a priority status or which raise fundamental
strategic issues. In the field of its expertise, the CRPP participates in these
AHGs which demand an important scientific and technical involvment of
the designated members. The CRPP members have participated in the
following AHGs:

M.Q. Tran
Max-Planck-Institut fur plasmaphysik, Garching, Germany, April 1993
Application for preferential support for «A 140 GHz/2MW ECRH System
for ASDEX-Upgrade», Phase II

F. Hofmann
JET Joint Undertaking, Abingdon, England, November 1994
Application for Preferential Support «MAST, Phase 1»
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M.Q. Tran
Max-Planck-Institut fur plasmaphyslk, Garchlng, Germany, November
1994
Phase II Examination of the EPP Proposal on W7-X
Chairman of the sub-group on Heating Methods on W7-X.

P.J. Paris
Chairman of the «Fusion Expo Consortium Committee»
and member of the JET and the EFIN Information network.

The scientific involvment of the CRPP in the European Community
encompasses its participation in other committees and societies. Members
of the CRPP have been nominated by the E.U. Home Team to take active
part inlTER

M.Q. Tran
Task Area Leader ECW

J.B. Lister
Participation in the ITER EU Home Team in the «ITER Plasma Control Task
Force. - Naka (Japan) 12-14.12.19994

A. Pochelon
Paper selection of 21st EPS Conference on Controlled Fusion and Plasma
Physics, June 1994, Montpellier, France
Member of the Swiss Physical Society Committee, representing Applied
Physics
Member of the Project Group of the Swiss Physical Society for the
evaluation of Physics Research in Switzerland, Basic Report, June 1994

K. Appert
International Advisory Panel of Plasma Physics & Controlled Fusion

M.R Siegrist
Editorial Board of the European Journal «Europhysics News»

Ch. Hollenstein
member of the Swiss Vacuum Society Committee
and of the IUVSTA Plasma Technology Division Board

M.Q. Tran
secretary in theAdvisory Panel onNewTechniquesforParticleAcceleration
of the ECFA (European Committee for Future Accelerators) until end of
1993 when the whole Panel resigned.

F. Troyon
Office Fédéral de l'Energie Commission for the coordination of the Swiss
Energetic Research (CORE)

J. Vaclavik
scientific secretary in the 1994 Joint Varenna-Lausanne Workshop and
editor of the proceedings
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M. Victoria
organisation of the «IEA Executive Committee» and annex meetings in
Merlischachen (SZ)

Some CRPP members are also involved in commissions of the Ecole
Polytechnique Fédérale de Lausanne.

Commission d'Informatique (CI)
K. Appert

Centre Suisse du Calcul Scientifique (CSC S) - Mano
K Appert, member of the council

Commission d'Informatique Technique (CIT)
X. Llobet

Commission de Recherche of the Physics Department
R Behn and M.R Siegrist

Association du corps intermédiaire of the EPFL
A. Jaun, M. Fivaz

Commission de Presse et d'Information (CPI)
P.J. Paris

Editorial Board of the «Flash Informatique» Review
P.J. Paris
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12 PUBLICATIONS

Publications in scientific revie

PI A. Nocentini, C.G. Schultz
Transport studies for ignition experiments
Fusion Technology 23(4). 385 - 399 (1993)
M.Q. Iran, H. Cao, J.Ph. Hogge. W. Kasparek
T.M. Tran.P.J. Paris
Properties of diffraction gratings used as output couplers in a quasi-optical
gyrotron
Journal of Appl. Physics 73(5). 2089 - 2102 (1993)

P2

P3 ZJV. Pietrzyk, A. Pochelon, R. Behn, A. Bondeson, M. Dutch, T.P. Goodman,
M.Q. Tran, D.R Whaley
Electron cyclotron resonance heating on the TCA Tokamak
Nucl. Fusion 33(2) 197 - 209 (1993)

P4 S. Brunner, J. Vaclavik
Dielectric tensor operator of hot plasmas in toroidal axisymmetric systems
Phys. of Fluids B 5(6). 1695 - 1705 (1993)

P5 A. Fasoli. F. Skiff, R Kleiber, M.Q. Iran, P.J. Paris
Dynamical chaos of plasma ions in electrostatic waves
Phys. Rev. Letters 70(3). 303 - 306 (1993)

P6 M. Roulin, M.Q. Tran, J.-P. Hogge
Measurement of the electric field pattern of a Fabry-Perot resonator used in
quasi-optical gyrotrons
Int. J. IR & MM Waves 14(2), 185 - 195 (1993)

P7 D.R Whaley, M.Q. Tran
Equilibrium and space-charge wave analysis of electron beams in
conducting and absorbing gyrotron beam tunnels
Int. Journal of Electronics 74(5), 771 - 791 (1993)

P8 M.R Siegrist, G. Soumagne, M.Q. Tran
Experimental considerations concerning the velocity measurement of the
relativistic electron beam in a gyrotron by means of Thomson scattering
J. Appl. Phys. 74(4). 2229 - 2236 (1993)

P9 C. Nieswand, M.R Siegrist, M. Urban
A new pulsed FIR laser line in CH3F
Infrared Physics 34(4). 351 - 355 (1993)

P10 D.J. Ward, S.C. Jardin, C.Z. Cheng
Calculations of axisymmetric stability of tokamak plasmas with active and
passive feedback
Published in PPPL-2776, July 1991
Journ. of Comput. Physics 1O4(1). 221 - 240 (1993)

Pll Z.A. Pietrzyk, P. Breger, D.D.R, Summers
Deconvolution of electron density from lithium beam emission profiles in
high edge density plasmas
JET-P(93)03
Plasma Phys. & Contr. Fusion 35. 1725 - 1744 (1993)

P12 D.J. Ward, A. Bondeson, F. Hofinann
Pressure and inductance effects on vertical stability of shaped tokamaks
Nuc. Fusion. Letters, 33(5), 821 - 828 (1993)

P13 T.M. Antonsen, A. Bondeson
Influence of trapped thermal particles on internal kink modes in high
temperature tokamaks
Phys. Fluids B 5(11). 4090 - 4098 (1993)
M. Fivaz, A. Fasoli, K. Appert, F. Skiff, T.M. Tran, M.Q. Tran
Stochastic plasma heating by electrostatic waves: A comparison between a
particle-in-cell simulation and a laboratory experiment
Physics Letters A 182. 426-432 (1993)

P14
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PIS J. Nùhrenberg, P. Merkel, C. Schwab, U. Schwenn, A. Cooper, et al.
MHD-Theoretical aspects of stellarators (Invited paper 20th EPS Conf. on
Contr. Fusion and Plasma Physics, Lisboa, Portugal, July 1993)
Plasma Phvs. Conrol. Fusion 35. B115-B128 (1993)

P16 M.S. Chu, RL. Dewar, J.M. Greene. A. Pletzer
A new formulation of the resistive tearing mode stability criterion
Phys. Fluids B 5(5). 1593 - 1604 (1993)

P17 P.J. Paris, A. Fasoli, N. Rynn
New vaporizing assembly for Q-plasma sources
Rev. Sci. Instrum. 64(6), 1407 - 1409 (1993)

P18 CRPP/ABB Quasi-Optical Gyrotron Development Group
Quasi-optical gyrotron development at the CRPP
"Gyrotron Oscillators" - Chapter 11, 305 - 325, book edited by C.J. Edgcombe.
Editor - Taylor % Francis Ltd (1993)

P19 G.G. Borg, J.B. Lister, S. Dalla Piazza, Y. Martin
An experimental study of the harmonics generated during Alfven wave
heating in TCA
Nucl. Fus. 33(6). 841 - 847 (1993)

P2O T.M. Antonsen, A. Bondeson
Effects of trapped thermal particles on the n=l internal kink mode in

Phys. Rev. Lett. 71(13). 2046 - 2049 (1993)
P21 J.-M. Moret, T. Dudok de Wit, B. Joye, J.B. Lister

Investigation of plasma transport processes using the dynamical response of
soft X ray emission
Nuclear Fusion 33(8). 1185 -1200 (1993)

P22 R Moeckli, W.A. Cooper
Effect of the parallel current density on the local ideal three-dimensional
magnetohydrodynamic stability
Nuclear Fusion (Letters), 33(12). 1899 - 1904 (1993)

P23 T.M. Antonsen, A. Bondeson, M. Roulin, M.Q. Tran
Studies of self-consistent field structure in a quasi-optical gyrotron
Physics of Fluids B 5(10). 3798 - 3807 (1993)

P24 R Moeckli, W.A. Cooper
Effect of quadrupole fields on local three-dimensional (3-D) ideal
magnetohydrodynamic (MHD) stability in torsatrons
Phys. Plasmas 1(3) (Brief Communications). 793 - 795 (1994)

P25 D.J. Ward, F. Hofmann
Active feedback stabilization of axisymmetric modes in highly elongated
tokamak plasmas
Nuclear Fusion 34(3). 401 - 415 (1994)

P26 A. Fasoli, M.Q. Tran, F.N. Skiff
Study of wave-particle interaction from the linear regime to dynamical
chaos in a magnetized plasma
35th Annual Meeting APS, Division of Plasma Physics, Saint Louis, MO,
USA, November 1993. Bull, of APS, Vol. 38, No. 10, 1932 (1993)
Physics of Plasmas 1(5). 1452 - 1460 (1994)

P27 WJV. Cooper, H.H. Gardner
Ballooning optimised pressure profiles in toroidal HELIACS
Nuclear Fusion 34(5). 729 - 734 (1994)

P28 A. Bondeson. D.J. Ward
Stabilization of external modes in tokamaks by resistive walls and plasma
rotation
Phys. Rev. Lett. 72(17), 2709 - 2712 (1994)

P29 D.R Whaley, M.Q. Tran. T.M. Tran, T.M. Antonsen Jr.
Mode competition and startup in cylindrical cavity gyrotrons using high-
order operating niudes
5th Special Issue on High Power Microwaves of the IEEE Transactions on
Plasma Science 22(5) (ISSN 0093-3813). 850 - 860 (1994)

P30 O. Sauter, J. Vaclavlk
Gyrokinetic approach to the propagation of electromagnetic waves in
nonuniform bounded plasma slabs
25th Anntversery Issue of Computer Phys. Commun. 84 (1994) 226-242
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PSI F. Hofmann, J.B. Lister, M. Anton, and TCV team
Creation and Control of Variably Shaped Plasmas In TCV
Plasma Phys. & Contr. Fusion 36 (1994) B277-B287

P32 A P1et?er, A. Bcmdescm. RL. Dewar
Linear stability of resistive MHD modes: Axisymmetric toroidal
computation of the outer region matching data
J. of Comput. Phys. 115 (1994), 530-549

P33

P34

M.R Siegrist, F. Kellmann, Ch. Nieswand, M. Urban
Far-infrared Wave Generation by Frequency Tripling
Infrared Physics and Technology 36(1). 407-414 (1994)
M. Urban, Ch. Nieswand, M.R Siegrist, F. Keilmann
Intensity dependence of the third harmonic generation efficiency for high
power far infrared radiation in n-Silicon
accepted for publication in J. of Appl. Phys.

P33 P.H.M. Vaessen, W. van Toledo
Poloidal edge-plasma rotation driven by angular momentum transfer
originating from charge exchange In the scrape-off layer of a tokamak
accepted for publ. in Phys. of Plasmas

P36 A. Fasoli, M.Q. Tran
Le chaos déterministe induit dans un plasma
Accepted for publication in 'Pour la Science"

P37 D. J. Ward, A, Bondeson
Stabilization of ideal modes by resistive walls in tokamaks with plasma
rotation and its effect on the beta limit
accepted for publication In Physics of Plasmas

P38 M.J. Dutch, F. Hofmann, B.P. Duval, M. Corboz, A. Htrt, B. Joye, J.B. Lister,
Y. Martin, Ch. Nieswand, RA. Pitts, A. Pochelon, H. Weisen
ELM control during double-null ohmic H-modes In TCV
accepted for publication in Nuclear Fusion (Letters)
M. Fivaz, S. Brunner, W. Schwarzenbach, A.A. Howling, Ch. Hollenstein
Reconstruction of the time-averaged sheath potential profile in an Argon RF
plasma during the ion energy distribution
accepted for publication In Plasma Sources Science and Technology
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Mat. Sci and Eng. A164 (1993) 159

P-TF
2
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Total reflection X-ray fluorescence spectrometry of metal samples using
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Influence of the irradiation temperature on the intracascade ion mixing
J. Mater. Res. 6 (1993) 449

P-TF
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Nanoscale phase transitions induced by heat spikes in collision cascades
Phys. Rev. Lett. 70 (1993) 2098
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5
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Radiation induced disordering and defect production in CusAu and
studied by molecular dynamics simulation
Nuc. Instr. and Math. B80/81 (1993) 86
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6

T. Diaz de la Rubia, A. Caro, M. Spaczer
Kinetics of radiation-induced disordering of A&B intermetallic compounds:
A molecular dynamics simulation study
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Stochastic plasma heating by electrostatic waves: A comparison
between a particle-in-cell simulation and a laboratory
experiment
R Moeckli, W.A. Cooper
Effect of the parallel current density on the local ideal 3D MHD
stability of HELIAS configuration
D.R Whaley, M.Q. Tran, T.M. Tran, T.M. Antonsen Jr.
Mode competition and startup in cylindrical cavity gyrotrons
using high-order operating modes
O. Sauter. RW. Harvey. F.L. Hinton
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Papers contributed to the 6th Joint EPS-APS International
Conference on Phvsics Computing, Manno, Switzerland, August
22-26, 1994
G. Sauter, J. Vaclavik
Gyrokinetic approach to the propagation of electromagnetic
waves in nonuniform bounded plasma slabs
M.R Siegrist, F. Keilmann, Ch. Nieswand, M. Urban
Far-infrared wave generation by frequency tripling
T.M. Tran, K. Appert, O. Sauter
A direct Poisson solver for particle-in-cell (PIC) simulation
L. Villard, S. Brunner, J. Vaclavik
Global marginal stability of TAEs in the presence of fast ions
M.J. Dutch, F. Hofmann, B.P. Duval, A. Hirt, B. Joye, J.B. Lister,
Y. Martin, Ch. Nieswand, A, Pochelon, H. Weisen
ELM control during double-null ohmic H-modes in TCV
D.J. Ward, A. Bondeson
Stabilization of ideal modes by resistive walls in tokamaks with
plasma rotation and its effect on the beta limit
Theory Group
Invited and Contributed Papers presented at the
Joint Varenna-Lausanne International Workshop on "Theory of
Fusion Plasmas", Varenna, Italy, August 22-26, 1994
J.B. Lister, and TCV Team, D.J. Ward, A. Bondeson, A. Fasoli ,
TAEat JET
Papers presented at the 15th International Conference on
Plasma Physics and Controlled Nuclear Fusion Research,
Seville. Spain. September 26 - October 1. 1994
A, Pochelon
Electron cyclotron resonance heating - Lecture given at the 36th
Course of the "Association Vaudoise des Chercheurs en
Physique" The Challenges of Magnetic Fusion Research,
Grimentz. Valais, Switzerland, March 21-26. 1994
L. Villard, S. Brunner, A. Jaun, J. Vaclavik
AlfVên wave heating and stability - Invited talk given at the
International Workshop on Alfvén Waves in Honor of Prof.
Hannes Alfvén, Rio de Janeiro, Brazil, November 8 - 10, 1994
M. Urban, Ch. Nieswand, M.R Siegrist, F. Keilmann
Intensity dependence of the third harmonic generation
efficiency for high power far infrared radiation in i?.-Silicon

Conferences

W.A. Cooper
Ideal MHD stability of 3D stellarator configurations
AINSE Plasma Science and Technology Conference and Elizabeth and Frederick
White Workshop en Fundamental Problems in the Physics of Magnetically-Confined
Plasmas. Canberra. Australia. July 1993
W.A. Cooper, F. Troyon, R Gruber
Nearly omnigenous high beta MHD stable stellarators
5th European Fusion Theory Conference. Madrid. Spain. September 1993
C. Bruderer, K. Appert, J. Vaclavik
Nonlinear propagation of lower hybrid wave
5th European Fusion Theory Conference. Madrid. Spain, September 1993
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S. Brunner, J. Vaclavik
On absorption of low frequency electromagnetic fields
5th European Fusion Theory Conference, Madrid. Spain. September 1993
F. Troyon, W.A. Cooper
Ideal MHD stability in 3D tokamaks with external L=3 helical windings
5th European Fusion Theory Conference, Madrid. Spain. September 1993
A. Jaun, K. Appert, J. Vaclavik, L. Villard
Pollution free discretization of Maxwell's Equations in a toroidal waveguide
5th European Fusion Theory Conference. Madrid. Spain. September 1993
R Moeckli, WA. Cooper
The parallel current density and ideal local 3D MHD stability
5th European Fusion Theory Conference. Madrid. Spain, September 1993
A. Pletzer, A. Bondeson
Toroidal Delta Prime computations of tearing modes using PEST-3,4
5th European Fusion Theory Conference, Madrid. Spain, September 1993
L. Villard. J. Vaclavik, S. Brunner
Global damping and growth rates of Alfven gap modes
5th European Fusion Theory Conference, Madrid. Spain, September 1993
M. Fivaz, A. Fasoli, K. Appert, M.Q. Tran, T.M. Tran
Particle-in-cell self-consistent study of stochastic heating by ion acoustic waves
5th European Fusion Theory Conference. Madrid. Spain, September 1993
WA. Cooper, R Gruber, S. Merazzi, D.V. Anderson, U. Schwenn
Stability calculations in MHD and plasmas
Computing Techniques and Applications Conference. Canberra. Australia. July 1993
T.M. Tran. D. Whaley, M.R Siegrist
Participation in 18th International Conference on Infrared and Millimeter Waves,
Colchester. Essex. U.K.. September 1993
WA. Cooper, H.J. Gardner
Ballooning optimised pressure profiles in toroidal heliacs
5th European Fusion Theory Conference. Madrid, Spain, September 93
J. Nuhrenberg, P. Merkel, C. Schwab, U. Schwenn, A. Cooper, et al.
MHD-Theoretical aspects of stellarators. Invited paper 20th EPS Conf. on Contr.
Fusion and Plasma Physics. Lisboa. Portugal, July 1993
M. Urban, M. Siegrist, F. Keilmann, Ch. Nieswand
Far-Infrared nonlinear optical properties of semiconductors
13th General Conference of the Condensed Matter Division of the EPS in conjunction
with Arbeitskreis Festkôrperphysik of the Deutsche Physikalische Gesellschaft,
Regensburg, Germany. March/April 1993
M. Urban, Ch. Nieswand, M.R Siegrist, F. Keilmann
Frequency tripling of high power far infrared radiation in silicon timeresolved
measurements
Int. Conference on Millimeter and Submillimeter Waves and Applications, San
Diego. ÇA. U.SA.. January 1994
A.D. Turribull, T.S. Taylor, S.J. Thomson, et al., A. Bondeson, O. Sauter, D. Ward
Stabilization of Ideal Kink Modes in Dm-D by a Resistive Wall, Oral presentation
Int. Sherwood Fusion Theory Conf.. March 14-16. 1994
M.R Siegrist. F. Keilmann, Ch. Nieswand, M. Urban
Far-Infrared wave generation by frequency tripling
6th International Conference on Infrared Physics "CIRP 6", Ascona, Switzerland,
May/June 1994
G. Besson, J.D. Pahud, M.Q. Tran, W. Schminke, N. Tomljenovic
Regulated high voltage power supply for gyrotrons based on pulsed step modulator
technology
18th Symposium on Fusion Technology. Karlsruhe, Germany, August 1994
P. Pain. G. Tonon. T.M. Antonsen Jr.. M.Q. Tran, T.M. Tran, D.R Whaley, E. Borie,
C. Grùber, A. Môbius, B. Piosczkk, J. Pretterebner, M. Thumm, A. Wien, A. Dubrovin
etal.
Quasi-CW 0.5 MW - 118 GHz gyrotron for ECRH
18th Symposium on Fusion Technology, Karlsruhe, Germany, August 1994
F. Troyon
Plasma research
5th EPS International Conference on "Large Facilities in Physics", Dorigny,
Switzerland, September 1994
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J.B. Lister, F. Hofmann, M. Anton, R. Behn, S. Bernel, F. Buhlmann, R. Chavan,
M.J. Dutch, B.P. Duval, D. Fasel, A. Favre, S. Franke, A. Heym, Ch. Hollenstein et al.
Variable Configuration Plasmas in TCV
15th Int. Conference on Plasma Physics and Controlled Nuclear Fusion Research,
Sevilla, Spain, September-October 1994
D.J. Ward, A. Bondeson
Wall stabilization of ideal modes in tokamaks
15th Int. Conference on Plasma Physics and Controlled Nuclear Fusion Research,
Sevilla. Spain. September-October 1994
A. Fasoli. S. Ali-Arshad, D. Borba, G. Bosia, D. Campbell, J.A. Dobbing,
C. Gormezano, J. Jacquinot, P. Lavanchy, J. Lister, P. Marmillod, J.M. Moret,
A. Santagiustina, S. Sharapov
Alfvén Eigenmodes - Active excitation experiments in JET
15th Int. Conference on Plasma Physics and Controlled Nuclear Fusion Research,
Sevilla, Spain. September-October 1994
A.D. Tumbvdl, T.S. Taylor, E.J. Strait, et al., O. Sauter
Wall Stabilization of Rotating High b Discharges in DIII-D
15th hit. Conference on Plasma Physics and Controlled Nuclear Fusion Research,
Sevilla, Spain, September-October 1994
RL. Dewar, D.-B. Singleton, H.J. Gardner, J. Lewandowski, AW. Cooper
WKB-Ballooning vs global expansion methods for short-wavelength MHD waves in
stellarators
21 Australian Institute of Nuclear Science and Engineering Conference, Australia,
October 1994
M.R Siegrist, M. Urban, Ch. Nieswand, F. Keilmann
Frequency tripling of high power far infrared radiation in silicon
19th International Conference on Infrared and Millimeter Waves, Sendai, Japan,
October 1994
G. Soumagne, S. Alberti, J.-P. Hogge, M.R Siegrist, M.Q. Tran, T.M. Tran
Measurement of the parallel velocity spread of the electron beam in a quasi-optical
gyrotron by electron cyclotron emission (ECE)
19th International Conference on Infrared and Millimeter Waves, Sendai, Japan,
October 1994
M.Q. Tran, T.M. Tran, D.R. Whaley, C. latrou, S. Kem, A. Môbius, H.-U. Nickel,
P. Norajitra, M. Thumm, G. Bon-Mardion, M. Pain, G. Tonon
Feasibility study of the EU home team on the manufacture of a gyrotron for ECRH on
ITER
19th International Conference on Infrared and Millimeter Waves, Sendai, Japan,
October 1994
P.J. Paris
IASEN - Symposium, Diablerets, Switzerland, November 1994
Participation ______
Y. Dai, F. Paschoud, M. Victoria
Defect microstructure of 600 MeV proton irradiated copper single crystal after
deformation
13th hit. Congress on Electron Microscopy, Paris. France. July 1994
F. Hegedus, P. Wobrauschek, Ch. Streli, P. Winkler, R Rieder, W. Ladisich, M.
Victoria, RW. Ryon, W.F. Sommer
Detection of transmutational elements in copper by means of total reflection X-ray
fluorescence spectrometry using synchrotron radiation
European Conf. on Energy Dispersive X-Ray Spectrometry. May/June 1994
M. Victoria, E. Batawi, Ch. Briguet, D. Gavillet, P. Manny, J. Peters, F. Rezai-Aria
The microstructural stability and mechanical properties of a low activation
martensitic steel
17th Symposium on Effects of Radiation on Materials, Sun Valley, Idaho, USA, June
1994
M. Victoria
An overview of the PEREX program and results
Int. Conf. on Accelerator Driven Transmutation Technologies and Applications, Las
Vegas. Nevada. USA. July 1994
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M. Victoria
The PIREX proton irradiation facility
Int. Conf. on Accelerator Driven Transmutation Technologies and Applications. Las
Vegas, Nevada, USA, July 1994 *
P. Manny, et al.
In beam fatigue of a ferritic martensitic steel
Conference "The Effect of Irradiation on Materials of Fusion Reactors",
St Petersburg, Russia. September 1994
A. Anghel, C. Marinucci, G. Vecsey, Y. Takahashi, J. Schultz, L. Bottura
The ITER quench experiment on long length at the SULTAN facility
18th Symposium on Fusion Technology. Karlsruhe. Germany, August 1994

Publications in conference Proceedings

Cl J. Manickam, A. Bondeson
Ideal MHD analysis of advanced regime tokamaks
Proc. 1993 Int. Sherwood Fusion Theory Conference, Newport, Rhode Island,
USA, March 1993.3C12 (1993)

C2 O. Sauter, RW. Harvey, M.G. McCoy
A 3D Fokker-Planck Code for studying transport along the magnetic field
lines
Proc. 1993 Int. Sherwood Fusion Theory Conference, Newport, Rhode Island,
USA. March 1993, ID 12 (1993)

C3 D. Fasel
19 convertisseurs AC/DC multi-megawatt
Proc. Journée d'Information de l'ETG, EPF-Lausanne, Mars 1993, 51-63
(1993)

C4 A. Perez
Le Tokamak TGV
Proc. Journée d'Information de l'ETG, EPF-Lausanne, Mars 1993, 23 - 41
(1993)

C5 P.J. Paris
Le CRPP et la recherche en fusion
Proc. Journée d'Information de l'ETG, EPF-Lausanne, Mars 1993. 5 - 2 1
(1993)

06 A. Favre
Stabilisation du plasma, un convertisseur AC/DC de puissance modulaire et
rapide
Proc. Journée d'Information de l'ETG, EPF-Lausanne, Mars 1993. 65-71
(1993)

C7 A. Bondeson
MHD stability at high beta poloidal and high qo
Proceedings International Workshop on Steady-State Tokamaks, Princeton,
USA, January 1993, Vol. II. No93-930111-PPPL/RGoldston-01B - MHD
Regimes n
D.J. Ward, A Bondeson, F. Hofmann
Pressure and inductance effects on vertical stability of shaped tokamaks
Proceedings International Workshop on Steady-State Tokamaks, Princeton,
USA, January 1993, Vol. H. No93-930111-PPPL/RGoldston-01B - Tokamak
Technology

C9 A. Bondeson
Beta limits for tokamaks with a large bootstrap fraction
Proc. 20th EPS Conference on Controlled Fusion and Plasma Physics,
Lisboa, Portugal, July 1993. Contriputed papers. Vol. 17C, Part IV-1339 - 1342
(1993)

CIO WJV. Cooper, F. Troyon
Ideas on tokamak concept improvement
Proc. 20th EPS Conference on Controlled Fusion and Plasma Physics,
Lisboa, Portugal, July 1993, Contriputed papers, Vol. 17C, Part IV-1283 - 1286
(1993)
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Cil S. Medvedev, L. Villard, L.M. Degtyarev. A. Martynov, R Gruber, F. Troyon
MHD equilibrium and stability of Doublet configurations
Proc. 20th EPS Conference on Controlled Fusion and Plasma Physics,
Llsboa. Portugal. July 1993. Contrlputed papers. Vol. 17C. Part IV-1279 - 1282
(1993) " "

C12 A. Pochelon, K. Appert, T.P. Goodman, M. Henderson, A. Hlrt, F. Ho&nann,
A. Kritz, J.-M. Moret, RA. Pltts, M.Q. Tran, H. Weisen, D.R Whaley
Electron cyclotron resonance heating calculations for TGV
Proc. 20th EPS Conference on Controlled Fusion and Plasma Physics,
Llsboa, Portugal, July 1993, Contributed papers. Vol. 17C, Part HI-1029 -
1032 (1993)

CIS L. Villard, J. Vaclavik, S. Brunner, H. Lutjens, A. Bondeson
Alfvén gap modes in elongated plasmas
Proc. 20th EPS Conference on Controlled Fusion and Plasma Physics,
Lisboa, Portugal, July 1993, Contrlputed papers. Vol. 17C, Part 1V-1347 - 1350
(1993)

C14 D.J. Ward, A. Bondeson, F. Ho&nann
Pressure and inductance effects on vertical stability of shaped tokamaks
Proc. 20th EPS Conference on Controlled Fusion and Plasma Physics,
Llsboa, Portugal, July 1993, Contrlputed papers. Vol. 17C, Part IV-1295 - 1298
(1993)

CIS J.F. Scharer. M. Bettenhausen, N.T. Lam, RS. Sund, O. Sauter
ICRF 3D antenna coupling and fast Ion heating models for fusion plasmas
Proc. 20th EPS Conference on Controlled Fusion and Plasma Physics,
Lisboa, Portugal, July 1993, Contrlputed papers. Vol. 17C, Part HI-985-988
(1993)

C16 A. Bondeson, G. Vlad, H. Lutjens
Computation of resistive instabilities In toroidal plasmas
Proc. IAEA Technical Committee Meeting on Advances In Simulation and
Modelling of Thermonuclear Plasmas, Montréal, Canada, June 1992 (IAEA,
Vienna 1993). p. 306

C17 S.C. Jardin et al., A. Bhattacherjee , et al., M.A. Bondeson, B. Eriksson,
J.M. Greene, F. Hofmann, M. Hughes et al., H. Lutjens, J. Ramos, L. Villard,
D.J. Ward
MHD constraints for advanced tokamak operation
Proc. 14th hit. Conference on Plasma Physics and Controlled Nuclear Fusion
Research, Wurzburg, Germany, September-October 1992, IAEA-CN-56/D-4-
13, IAEA Vienna. 1993. Vol. 2. p. 285 - 291 (1993)

CIS M.Q. Tran
Summary talk: Plasma physics as an illustration of the interdisciplinary
field
Programme et Résumés des "Journées Maxwell", Bordeaux. France. Mai 1993

C19 T.M. Antonsen Jr., A. Bondeson
Influence of trapped thermal particles on global n=l modes In high
temperature tokamak plasmas
Proc. 1993 Int. Sherwood Fusion Theory Conference, Newport, Rhode Island,
USA, March 1993. 2C06 (1993)

C2O RW. Harvey. C.B. Forest, O. Sauter, J. Lohn, Y.R Liu-Liu
Modification of electrical conductivity in T-10 by electron cyclotron heating
Proc. 10th Topical Conf. on Radio Frequency Power in Plasmas, Boston,
USA, April 1993 (1993): General Atomics Report, Genral Atomics, San Diego,
USA ( 1993) GA-A21292

C21 K. Appert
The theory of plasma heating by the use of waves
36ème Cours de Perfectionnement de l'Association Vaudoise des Chercheurs
en Physique. Grimentz. 21-26 mars 1994. m-01 (1994)

C22 K. Appert
Heating and current drive in the lower-hybrid range of frequency
36ème Cours de Perfectionnement de l'Association Vaudoise des Chercheurs
en Physique, Grimentz, 21-26 mars 1994, EI-25 (1994)
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C23 A. Pochelon
Electron cyclotron resonance heating
36ème Cours de Perfectionnement de l'Association Vaudolse des Chercheurs
en Physique. Grimentz. 21-26 mars 1994. m-35 (1994)

C24 F. Hofmann
The TGV Tokamak
36ème Cours de Perfectionnement de l'Association Vaudolse des Chercheurs
en Physique. Grimentz. 21-26 mars 1994. A2.1 (1994)

C25 D.J. Ward, A. Bondeson
Stabilization of pressure-driven external modes in tokamaks with a
resistive wall and toroidal rotation
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier, France, June/July 1994
Vol. 18B, Part, n-544 - 547 (1994)

C26 R Moeckli, W.A. Cooper, F. Troyon
Ideal MHD stability in tokamaks with external helical windings
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier. France, June/July 1994, Vol. 18B. Part, n-548 - 551 (1994)

C27 A. Pletzer, J. Manickam, D.A. Monticello
Tearing stability of an ITER shaped plasma
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier. France. June/July 1994, Vol. 18B, Part. 11-552 - 555 (1994)

C28 L. Degtyarev, A. Martynov, S. Medvedev, F. Troyon, L. Villard
MHD limits and axisymmetric stability of doublets
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier. France. June/July 1994. Vol. 18B. Part. H-556 - 559 (1994)

C29 J.L. Ségui, Y. Mlchelot, G. Glruzzi. T. Goodman, A. Kritz, A. Pochelon,
O. Sauter, G.R Smith, M.Q. Tran
Measurement of the optical depth at the third electron cyclotron harmonic
In tore supra
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier. France, June/July 1994. Vol. 18B. Part, n-1004 - 1007 (1994)

C3O C. Nieswand, R Behn, F. Buhlmann, F. Hofmann, Y. Martin
Studies of the density limit of elongated plasmas in TCV using a FIR
interferometer
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier, France, June/July 1994,
Vol. 18B, Part, m-1224 - 1227 (1994)

C31 R. Behn, S. Franke, Z.A Pietrzyk
The Thomson scattering diagnostic on the TGV Tokamak
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier. France. June/July 1994. Vol. 18B. Part. HI-1252 - 1255 (1994)

C32 A.F. Fasoli, F.N. Skiff
Experimental study of Ion phase space in the approach to large scale chaos in
wave-particle interaction
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier. France. June/July 1994. Vol. 18B. Part. HI-1382 - 1385 (1994)

C33 A. Pochelon, M. Anton, F. Buhlmann, M.J. Dutch. B.P. Duval, A. Hirt,
F. Hofmann, B. Joye, J.B. Lister, X. Llobet, Y. Martin, J.M. Moret,
Ch. Nieswand. A.Z. Pietrzyk, G. Tonetti, H. Weisen
MHD-actlvity in ohmic, diverted and limited H-mode plasmas in TCV
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier, France, June/July 1994, Vol. 18B. Part. HI-1554 - 1557 ( 1994)

C34 J.B. Lister, Y. Martin. J.-M. Moret
The dynamics of shaping control in TCV
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier. France. June/July 1994. Vol. 18B. Part, m-1558 - 1561 (1994)

C35 J.R Ferron, et al., O. Sauter
The effect of the edge current density on confinement and kink mode
stability in H-mode and VH-mode discharges
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier. France, June/July 1994. Vol. 18B. Part. 1-86 (1994)
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C36 T. Strait, et al., O. Sauter
Wall stabilization Effects in DHI-D high beta discharges
Proc. 21st EPS Conference on Controlled Fusion and Plasma Physics.
Montpellier. France, June/July 1994. Vol. 18B. Part. 1-242 (1994)

C37 W.A. Cooper, R Gruber, S. Merazzi, D.V. Anderson, U. Schwenn
Stability calculations in MHD and plasmas
Proc. of the 6th Biennial Conference on Computing Techniques and
Applications CTAC93. Canberra. Australia, July 1993, 2-11 (1993)

C38 A. Pletzer
Finite element discretization of Hamiltonlan systems: Application to a
driven problem with a regular singularity
Proc. 6th Joint EPS-APS International Conference on Physics Computing,
Manno. Switzerland. August 1994, 187 - 190 (1994)

C39 T.M. Tran, D.R Whaley, S. Merazzi, R Gruber
DAPHNE, a 2D axisymmetric electron gun simulation code
Proc. 6th Joint EPS-APS International Conference on Physics Computing,
Manno, Switzerland. August 1994. 491 - 494 (1994)

C4O O. Sauter, Y.R Lin-Liu, F.L. Hinton, J. Vaclavik
3-D Fokker-Planck code valid for arbitrary collisionality and adjoint
function for current-drive and bootstrap current calculation
Proc. Joint Varenna-Lausanne Int. Workshop on 'Theory of Fusion
Plasmas". Varenna. Italy. August 1994, ISPP-15. 337 - 344 (1994)

C41 A. Jaun, H. Lutjens, K. Appert, J. Vaclavik, L. Villard
Linear wave propagation in resistive/hot tokamak plasmas
Proc. Joint Varenna-Lausanne Int. Workshop on "Theory of Fusion
Plasmas". Varenna. Italy. August 1994, ISPP-15. 369 - 378 (1994)

C42 C. Bruderer, J. Vaclavik, K Appert
Nonlinear interaction of lower hybrid waves
Proc. Joint Varenna-Lausanne Int. Workshop on "Theory of Fusion
Plasmas", Varenna. Italy. August 1994. ISPP-15. 409 - 416 (1994)

C43 S. Brunner, L. Villard. J. Vaclavik
A kinetic model for the global power transfer between particles and MHD
waves
Proc. Joint Varenna-Lausanne Int. Workshop on "Theory of Fusion
Plasmas". Varenna. Italy. August 1994. ISPP-15. 431 - 436 (1994)

C44 L. Villard. S. Brunner, J. Vaclavik
Theoretical aspects of effects of high energy particles on MHD modes
Proc. Joint Varenna-Lausanne Int. Workshop on "Theory of Fusion
Plasmas". Varenna. Italy. August 1994. ISPP-15. 301 - 316 (1994)

C45 D.R Whaley. M.Q. Tran. T.M. Tran
Particle simulation of cyclotron maser cooling experiment
Proc. Workshop on "Beam Cooling and Related Topics", organized by CERN at
Montreux. Switzerland. October 1993, CERN 94-03, Geneva 1994

C46 M.R Siegrist, M. Urban, Ch. Nieswand. F. Keilmann
Frequency tripling of high power far Infrared radiation In silicon
Conference Digest of the 19th Int. Conf. on Infrared and Millimeter Waves,
Sendai, Japan, October 1994, JSAP Catalog Number AP 941228. 23 - 24
(1994)

C47 M.Q. Tran, T.M. Iran, D.R. Whaley, C. latrou, S. Kern, A. Môbius, H.-U.
Nickel, P. Norajitra, M. Thumm, G. Bon-Mardlon, M. Pain, G. Tonon
Feasibility study of the EU home team on the manufacture of a gyrotron for
ECRH on ITER
Conference Digest of the 19th Int. Conf. on Infrared and Millimeter Waves,
Sendai, Japan, October 1994, JSAP Catalog Number AP 941228, 67 - 68
(1994)

C48 G. Soumagne, S. Albert!, J.P. Hogge, M.R Siegrist, M.Q. Tran, T.M. Tran
Measurement of the parallel velocity spread of the electron beam in a quasi-
optical gyrotron by electron cyclotron emission (ECE)
Conference Digest of the 19th Int. Conf. on Infrared and Millimeter Waves.
Sendai, Japan, October 1994, JSAP Catalog Number: AP 941228, 468 - 469
(1994)
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confinement magnétique?"
H. Lûtjens
Ecole Polytechnique, Lab. de Physique des Milieux Ionisés, Palaiseau, France,
Janvier 1993
"MHD stability of internal kink modes in tokamaks"
H. Weisen
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R.A. Pitts
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"Poloidal beta values at the sawtooth collapse"
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'Toroidal boundary layer computations of tearing modes using PEST'
F. Troyon
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'Tokamak Stellarator Concept"
F. Troyon
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Université Populaire de Neuchâtel, Octobre 1993
"Pourquoi la recherche dans le domaine de la fusion? Le potentiel et les perspectives
de la fusion nucléaire comme source d'énergie"
F. Troyon
Commissariat à l'Energie Atomique, Paris. France, June 1993
Exposé lors de la journée "Le point sur la fusion par confinement magnétique"
D.J. Ward
General Atomics, San Diego, USA, November 1993
"Stabilization of external modes in tokamaks by resistive walls and plasma
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"Pressure and inductance effects on vertical stability of shaped tokamaks"
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"Stabilization of external modes in tokamaks by resistive walls and plasma
rotation"
D.J. Ward
Princeton Plasma Physics Laboratory, Princeton, NJ, USA, November 1993
"Stabilization of external modes in tokamaks by resistive walls and plasma
rotation"

182
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J.B. Lister
Max-Planck-Institut, Garching, Germany, December 1993
"TCV Tokamak - Beginning of operation"
M. Dutch
MTT Plasma Fusion Center, Cambridge, Mass., USA, October 1993
'TCV - First Operation"
RA. Pitts
University of California at Los Angeles, Dep. Fusion Engineering, Los Angeles,
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'TCV - Tokamak à Configuration Variable, Machine, Diagnostics and Present
Status"
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'TCV - Tokamak à Configuration Variable, Machine, Diagnostics and Present
Status"
M. Dutch
Flinders University of South Australia, December 1993
"TCV - Machine, Diagnostics and First operation"
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University of California at Santa Barbara, UCSB Center for Free-Electron Laser
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"Frequency tripling of high power far infrared radiation in silicon timeresolved
measurements"
A. Pochelon
Institute for Plasma Research, Bhat, Gandinagar, Gujarat, India, January 1994
1TCV Tokamak ECRH plans and ECRH results in the TCA Tokamak"
J.B. Lister
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"Modélisation d'ondes plasmas"
J.B. Lister
Journées Scientifiques et Pédagogiques, Villars-sur-Ollon, Suisse, Mars 1994
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P.J. Paris
Institut de Microtechnique de l'Université de Neuchâtel. Neuchâtel, Avril 1994
A. Pletzer
Plasma Physics Laboratory, Princeton University, Princeton, USA, May 1994
"Delta-prime stability vs full resistive MHD computations: A comparative study"
J.B. Lister
Centre d'Etudes Nucléaires, Tore Supra, Cadarache, France. Juin 1994
'TCV: Birth of a new project"
A. Pochelon
Max-Planck-Institut fur Plasmaphysik, ASDEX-Upgrade, Garching, Germany. July
1994
"ECRH studies at the CRPP: TCA breakdown, TCV plans (01, X2, X3). TS X3 absorption
tests; and TCV ohmic H-mode MHD results"
H. Weisen
FOM - Instituut voor Plasmafysica, Rijnhuizen, Nieuwegein, The Netherlands,
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"Recent results from the TCV tokamak"
J.M. Moret
Max-Planck-Institut fur Plasmaphysik, Garching, Germany, October 1994
'Tokamak transport phenomenology and plasma dynamic response"
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F. Hofrnann
JET Joint Undertaking, Ablngdon, Great Britain. November 1994
"ELM control during double-null ohmic H-modes In TCV"
Y. Martin
Fusion Research Center. Austin, Texas, USA, November 1994
"Density control during ohmlc H-mode In the TCV tokamak"
H. Welsen
MIT - Massachusetts Institute of Technology, Cambridge, Massachusetts, USA,
November 1994
"Recent results from TCV"
B. Duval
General Atomics, San Diego, CA, USA, November 1994
"Density control during ohmlc H-mode In the TCV Tokamak"
A. Pochelon
Lawrence Livermore Laboratory, Llvermore, CA, USA, November 1994
"Recent TCV tokamak H-mode results and ECRH plans for TCV"
A. Pochelon
General Atomics, San Diego, CA, USA, November 1994
"ECRH plans for TCV"
A. Pochelon
PPL, Princeton, N.J., USA, November 1994
"Recent TCV results: Ohmlc H-mode and ELM control. ECRH plans for TCV"
M. Anton
Max-Planck-Institut fur Plasmaphysik, Garching, November 1994
"Rontgenstrahlcndlagnostik am Tokamak TCV"
RWesche
DPMC, Université de Genève, July 8. 1993
"Design of Superconducting Current Leads"
RWesche
NFP30 Projektsemlnar "Materialforschung und Anwendungen", Universitàt Zurich-
Irchel, 13 September 1993
"Hochstromleiter mit Hoch-Tc Supraleitern"

Seminars given at CRPP

5 January 1993
Prof. M.Q. Tran, CRPP/EPFL
Gyrotron: from the concept to the physics and technology issues related to Megawatt
sources for fusion reactor
14 January 1993
Prof. T.M. Antonsen (Lab. for Plasma Research, Univ. of Maryland, College Park -
U.S.A.)
Self-focussing and Raman scattering of laser pulses In tenuous plasmas
18 January 1993
Dr. Z.A. Pietrzyk (CRPP/EPFL)
Gossips from JET
8 February 1993
H. Lumens (CRPP/EPFL)
Magnetohydrodynamic stability of internal kink modes in circular and shaped
tokamaks
15 February 1993
Dr. C. Courteille (Lab. Physique des Milieux Ionisés, Ecole Polytechnique, Palaiseau -
France)
Etude d'une source multipolaire hybride d'ions négatifs
22 February 1993
Prof. F. Troyon (CRPP/EPFL)
Y a-t-il encore des problèmes physiques intéressants à. résoudre dans le domaine du
confinement magnétique?
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1 March 1993
Dr. S.L. Prunty (Dept. of Electrical Engin. & Microelectronics, University College,
Cork - Ireland)
Poloidal magnetic field measurement bv Faradav rotation in RFX
5 April 1993
Dr. A.J.H. Donné (FOM. Rijnhuizen, Nieuwegein - The Netherlands)
Electron temperature and density measurements at the RTF tokamak
17 May 1993
Dr. M. Tanaka (National Institute for Fusion Research, Nagoya - Japan)
An implicit particle simulation of kinetic - MHD plasmas in three-dimensions
24 May 1993
Dr. D. Whaley (CRPP/EPFL)
118 GHz gyrotron design for third harmonic heating on TCV
7 June 1993
Dr. C.K. Birdsall (Dept. of Electrical Engin. & Computer Sciences, Univ. of California
at Berkeley - U.S.A.)
Plasma computer experiments as aids to modelling discharges
5 July 1993
Dr. Ch. Nieswand, Dr. M.R. Siegrist, M. Ubran (CRPP/EPFL)
Third harmonic generation in the far infrared
9 July 1993
Prof. P. VandenPlas (Ecole Royale Militaire, Bruxelles - Belgique)
Improved confinement and heating in combined NBI/ECRH and edge radiation
cooling in TEXTOR
12 July 1993
Prof. F. Skiff (Lab. for Plasma Research, Univ. of Maryland, College Park - U.S A.)
Progress in ion and electron diagnostics
1 September 1993
Dr. G. Denisov (Inst. of Applied Physics, Nizhny Novgorod - Russie)
Quasi-optical component for gyrotron and transmission line
13 September 1993
Prof. Vomvoridis (Technical University, Athens - Greece)
Electrostatic effects on the quality of gyrotron beams
4 October 1993
S. Barry (Dept. of Electrical Engin, and Microelectronics, University College, Cork -
Ireland)
A 38 GHz microwave receiver for PCN applications
20 October 1993
Prof. V. Shafranov (Plasma Physics Division, Inst. Nuclear Fusion, Kurchatov
Institute, Moscow - Russie)
Isodynamical and quasi-symmetrical three-dimensional magnetic systems
6 December 1993
Dr. T. Sato (Theory & Computer, Simulation Center, NIFS, Nagoya - Japan)
Self organizing plasmas
7 December 1993
Dr. W. Van Toledo (Nuclear Fusion Institute, Lisboa - Portugal)
Results and status of diagnostics used at the ISTTOK/TORTUR tokamak
24 January 1994
Dr. P. Gibbon (Centre d'Etudes de Saclay, Gif-sur-Yvette - France)
Interaction physics of ultra-intense femtosecond laser pulses with solid density
plasmas
31 January 1994
Dr. D.V. Anderson (Anderson Scientific Consulting, Oakland, ÇA - U.S.A.)
The HOPS (Hybrid Ordered Simulation) code for plasma modelling on parallel
computers
23 February 1994
Dr. F. Romanelli (ENEA, Centre Ricerche Energia, Frascati - Italy)
Hybrid fluid-particle simulations of gap modes
28 February 1994
S.F. Shaer (Gymanisum, Kantonsschule Hardwald, Olten)
Dr. R Keller (CRPP/EPFL)
Coaxial plasma gun in the high density regime and Injection into a helical field
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7 March 1994
Dr. S. Sattler (Max-Planck-Institut fur Plasmaphysik, Garching - Germany)
Electron température fluctuations in the core plasma of the W7-AS steUerator
10 March 1994
Dr. A Ghlzzo (LPMI-URA 835, Univ. de Nancy I - France)
Apport des codes eulériens de Vlasov à la simulation numérique en physique des
plasmas
25 April 1994
M. Corboz (CRPP/EPFL) - Modelling of the TGV first-wall power flux
A. Hirt (CRPP/EPFL) - Electron distribution function
R. Moeckli (CRPP/EPFL) - TokamaVg with helical windings
6 May 1994
Dr. S. Succi (IBM-Roma - Italy)
Extended-self-rimilarity in the numerical simulation of Rayleigh-Benard
turbulence
16 May 1994
Dr. P. O'Leary (Istituto Gas lonizzati, ENEA-CNR, Padova - Italy)
Single-chord polarimetry results on RFX ____
27 May 1994
Prof. R. Brazis (Semiconductor, Physics InstituteVilnius - Lithuania)
Nonlinear millimeter waves in semiconductors
30 May 1994
Dr. A. Niemczewski (Alcator Edge Physics Group, Plasma Fusion Center, MIT, Boston
- U.SA.)
Edge plasma physics results from Alcator C-mod tokamak
27 June 1994
Prof. J. Monagham (Monash University, Melbourne, Victoria, Australia)
A review of particle methods for fluid dynamics
11 July 1994
Dr. W. Von der Linden (Max-Planck-Institut, fur Plasmaphysik, Garching - Germany)
The maximum entropy concept: theory and applications
18 July 1994
Dr. A Madhavi (Doublet IH-D, San Diego - U.SA.)
Recent divertor experiments on Dni-D tokamak
22 July 1994
Dr. N. Alexandrov (tost, of Applied Physics, Nizhny Novgorod - Russie)
The quasi-optical converter for waveguide mode conversion to a gaussian-like
microwave beam
1 September 1994
Dr. V. Piffl (Inst. of Plasma Physics, Prague - Rep. Tchèque)
Ultra soft X-ray spectroscopy on the CASTOR and TGV tokamaks
7 September 1994
Dr. D. Van der Weid (Max-Planck-Institut fur Festkorperforschung, Stuttgart
Germany)
Femtosecond nonlinear transmission lines and applications to FIR spectroscopy
26 September 1994
Dr. V.K. Decyk {UCLA Los Angeles - U.SA.)
Computational aspects of the numerical tokamak project
5 October 1994
Dr. T. Luce (General Atomics San Diego - U.S-A)
Dimensionless scaling of energy transport
3 October 1994
Dr. AD. Tumbull (General Atomics San Diego - U.SA.)
Wall stabilization effects on ideal MHD stability in DHI-D
10 October 1994
Dr. K. Sakamoto (JAERI, Tokyo - Japan)
Development of high efficiency gyrotron at JAERI
21 November 1994
Dr. A Fasoli (CRPP/EPFL. detached to JET)
Direct excitation of Alfvén eigenmodes in JET
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5 December 1994
Dr. A. Refke (Inst. fur Plasmaphyslk, Forschungszentrum, Jûlich - Germany)
Chemical erosion of graphite and boron/carbon materials due to energetic oxygen
16 Decsmtcr 1994
Dr. J.-P. Boeuf (CNRS/CAPT, Univ. P. Sabatier, Toulouse - France)
Modelling of plasma processing reactors and other low pressure discharges devices
19 December 1994
Dr. R Gruber (CSCS, Mano - Switzerland)
Electrostatic precipitator: pollution control via plasmas
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