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Foreword 
This is the fourth JET Progress Report which covers the 
third full year of JET's operation. These Progress 
Reports were introduced in 1983 to provide a more 
detailed account of JET's scientific and technical 
progress than that contained in the JET Annual Reports. 

The first two Reports (in 1983 and 1984) described the 
main activities and advances made on JET during the 
relevant periods, and concentrated on the scientific and 
technical involvement of the relevant JET Departments. 
As an experiment, it was decided in 1985 to change the 
format of the Progress Report, so that it provided 
an overview summary of the scientific and technical 
advances during the year, and was supplemented by 
appendices of detailed contributions (in preprint form) of 
the more important JET articles produced during that 
year. 

The early Progress Reports provided good reference 
documents of developments and results during the early 
operation period, before JET advances were published in 
the conventional literature. Now, JET results receive 
world-wide dissemination at International Conferences 
and meetings and in various scientific journals, at an 
earlier stage. Therefore, there is now less need for such 
a detailed record of all JET events, as the machine now 
operates almost in a routine manner. This change in 
format was introduced to reflect that change in circum
stances, and comments from recipients showed that they 
appreciated this new format. Consequently, this Report 
follows that revised scheme. 

The document is still aimed not only at specialists and 
experts engaged in nuclear fusion and plasma physics, 
but also at a more general scientific community. To assist 
in meeting these general aims, the Report contains a brief 
summary of the background to the Project, describes the 
basic objectives of JET and the principal design aspects 
of the machine. In addition, the Project Team structure is 
included as it is within this structure that the activities and 
responsibilities for machine operation are carried out and 
the scientific programme is executed. 

There is no doubt that 1986 provided another suc
cessful year for JET both from the technical and scientific 
viewpoints. The Project completed Phase HA of its 
programme devoted to the first stage of additional 
heating studies to observe the effects on plasma tempera
tures and confinement properties of large powers of ion 
cyclotron resonance heating (ICRH) and of neutral beam 
heating, singly and in combination. 

Most of 1986 was devoted to machine operations with 
a previously planned major shutdown starting at the 
end of November. More time was devoted to tokamak 
operations during 1986 than in any year since the 

experimental programme started in 1983. The total 
number of pulses achieved was 4,900, an increase of 
56% on the previous year. In the operational period, the 
machine operated routinely and reliably at its maximum 
design level with toroidal fields up to 3.4T and plasma 
currents exceeding 5MA. In spite of the complexity of 
operation with the introduction of new systems, there 
was a clear shift to the use of higher plasma currents 
compared with operations in previous years. 

An important aspect of the JET programme during the 
year was the introduction, commissioning and operation 
of the first neutral beam heating system. The expected 
level of operation was reached and up to 10MW of power 
was injected into the torus with an 80keV deuterium 
beam. The first stage of the radio-frequency heating 
system, which started in 1985, also reached its planned 
capability for this phase with 12MW of output power 
from the generators, and 8MW of net power launched 
into the torus. This level exceeded considerably that 
previously used on a tokamak. 

An important advance during the year was the estab
lishment on JET of stable discharges with a separatrix or 
X-point in the magnetic configuration, which formed a 
clear magnetic limiter for JET plasmas. This scheme has 
been maintained with a plasma current of 3MA in a 
single-null and a 2.5MA with a double-null configur
ation. A significant break-through was a transition to 
high plasma confinement (Η-mode) for about 2s which 
was achieved in the single-null configuration using 
neutral beam heating levels above 5.5MW. 

These major technical achievements have formed the 
basis for the most encouraging scientific results obtained 
during the year. During neutral beam heating exper
iments in normal discharges, temperatures up to 6.5keV 
have been attained with ion densities n = 3xl0l9m~\ 
With radio-frequency heating, the peak ion temperature 
achieved was 5keV with a peak density n = 3.5xl019m~-\ 
In both cases, the energy confinement times degraded as 
the heating power was increased, irrespective of the 
heating method being used. 

The fusion product <n Τ τ > obtained in material 
limiter configurations was similar for all heating 
methods as gains made in density and temperature were 
offset by degradation in confinement time. Under these 
conditions, the value for the fusion parameter was <n T 
τ >=lxl02om"\s.keV. Operations with the X-point 
magnetic limiter configuration using a single-null in 
the Η-mode has yielded a record value for the fusion 
parameter of 2xl020m_:,.s.keV within a region directly 
relevant for achieving reactor conditions. If tritium has 
been introduced into the machine under these conditions, 
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it would correspond to a fusion power production 
above 1MW. These results announced at the '11th IAEA 
Conference on Plasma Physics and Controlled Nuclear 
Fusion' held in Japan during November, were widely 
acclaimed and firmly established JET as the world's 
leading nuclear fusion experiment. 

The scientific results so far achieved on JET are most 
encouraging. In terms of plasma parameters - density, 
temperature and confinement - JET has already reached 
the stage where each of these parameters is within a 
factor of two or three of those needed for fusion reactor. 
Considerable effort has been devoted towards the design, 
procurement and commissioning of equipment for instal
lation during the 1987 shutdown and at later stages. This 
task is of utmost importance as these preparations will 
determine the future performance of JET. 

New additions proposed for JET aim to build up a high 
density and high temperature plasma in the central 
region, where α-particles could be observed, while 
maintaining a sufficiently high energy confinement time. 
This is planned by: tailoring the current profile by 
lower hybrid current drive and neutral beam injection to 
eliminate or reduce sawteeth oscillations to obtain 
improved temperatures; increasing the central density by 

high velocity pellet injection; reducing edge density by 
edge pumping; achieving high central temperatures by 
on-axis ICRF heating and high energy neutral beam 
heating. In addition, the confinement will be improved by 
increasing the plasma current to 7MA in limiter dis
charges and to 4MA in X-point magnetic limiter con
figurations. This represents a major modification to the 
poloidal field coil system to allow these plasma currents 
to be achieved. Since operations at these plasma currents 
constitute a considerable extension of the original design 
parameters, a study has been undertaken to reassess the 
machine and its power supplies. 

The most encouraging results obtained to date are a 
tribute to the dedication and skill of all who work on the 
Project. They also reflect the continuous co-operation 
and assistance received from the Associated Laboratories 
and from the Commission of the European Communities. 
They support the confidence and guidance given to the 
management of the Project by the JET Council, JET 
Executive Committee and JET Scientific Council. 

I have no doubt that with such devotion from all sides, 
the Project will face with confidence the many problems 
and challenges that are likely to be encountered in the 
future. 



Introduction, Background and 
Report Summary 

Introduction 
The first two JET Progress Reports (EUR-JET-PR1 and 
EUR-JET-PR2) described activities and advances up to 
the end of 1983 and 1984, respectively, and concentrated 
mainly on the scientific and technical activities of the 
relevant Departments in JET. The Reports provided 
detailed records of JET's achievements and advances in 
all its aspects reported on a Division by Division basis. 
However, the staff effort involved in preparation and 
compilation of the detailed reports was considerable and 
the information was already outdated by the time of 
publication. As an experiment for the 1985 version 
(EUR-JET-PR3), it was decided that, in order to speed 
up the production process and to minimise the staff effort 
involved, a Progress Report would be produced which 
provided an overall summary of the scientific and 
technical advances achieved during the year, following 
by appendices of detailed contributions (in preprint form) 
of the most important JET technical articles produced 
during that year. In view of many favourable comments 
received, especially on the timely production of the 1985 
edition, it was decided that the 1986 JET Progress Report 
would follow the same format as that in 1985. 

For completeness, this section contains a brief 
summary of the background to the Project. It describes 
the basic objectives of JET and the principal design 
aspects of the machine. In addition, the Project Team 
structure is detailed, as it is within this structure that the 
activities and responsibilities for machine operation are 
carried out and the scientific programme is executed. 

Background 
Objectives of JET 
The Joint European Torus (JET) is the largest single 
project of the nuclear fusion research programme of the 
European Atomic Energy Community (EURATOM). 
The project was designed with the essential objective of 
obtaining and studying plasma in conditions and with 
dimensions approaching those needed in a fusion reactor. 

The studies are aimed at 
(a) investigating plasma processes and scaling laws, 

as plasma dimensions and parameters approach 
those necessary for a fusion reactor; 

(b) examining and controlling plasma-wall inter
actions and impurity influxes in near-reactor 
conditions; 

(c) demonstrating effective heating techniques, 
capable of approaching reactor temperatures in 
JET, in the presence of the prevailing loss 
processes (particularly, RF and Neutral Beam 
Heating processes); 

(d) studying alpha-particle production, confinement 
and subsequent plasma interaction and heating 
produced as a result of fusion between deuterium 
and tritium. 

Two of the key technological issues in the subsequent 
development of a fusion reactor are being faced for the 
first time in JET. These are the use of tritium and the 
application of remote maintenance and repair techniques. 
The physics basis of the post-JET programme will be 
greatly strengthened if other fusion experiments cur
rently in progress are successful. The way should then be 
clear to concentrate on the engineering and technical 
problems involved in progressing from an advanced 
experimental device like JET to a prototype power 
reactor. 

Basic JET Design 
To meet these overall aims, the basic JET apparatus was 
designed as a large tokamak device with overall dimen
sions of about 15m in diameter and 12m in height. A 
diagram of the apparatus is shown in Fig.l and its 
principal parameters are given in Table I. At the heart of 
the machine, there is a toroidal vacuum vessel of major 
radius 2.96m having a D-shaped cross-section 2.5m wide 
by 4.2m high. During operation of the machine, a small 
quantity of gas (hydrogen, deuterium or tritium) is 
introduced into the vacuum chamber and is heated by 
passing a large current (up to 5MA at present but may be 
enhanced to 7MA subsequently) through the gas. This 
current is produced by transformer action using the 
massive eight-limbed magnetic circuit, which dominates 
the apparatus (see. Fig.l). A set of coils around the 
centre limb of the magnetic circuit forms the primary 
winding of the transformer with the plasma acting as the 
single turn secondary. Additional heating of the plasma is 
provided by propagating and dissipating high power 
radio frequency waves in the plasma and by injecting 
beams of energetic neutral atoms into the system. 
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The plasma is confined away from the walls of the 
vacuum vessel by a complex system of magnetic fields, in 
which the main component, the toroidal field, is provided 
by 32 D-shaped coils surrounding the vacuum vessel. 
This field, coupled with that produced by the current 
flowing through the plasma, forms the basic magnetic 
field for the tokamak confinement system, which pro
vides a full design field at the centre of 3.45T. The 
poloidal coils, located around the outside of the vacuum 
vessel, shape and position the plasma in operation. 

Initial experiments have been undertaken using 
hydrogen and deuterium plasmas, but in the later stages 
of operation, it is planned to operate with deuterium-
tritium plasmas, so that fusion reactions can occur to 
produce significant α-particle heating in the plasma. 

In order to reach conditions close to those relevant to a 
fusion reactor, a plasma density of — 1020m~3 at a 
temperature of lOkeV would be needed. Even with a 
current of 5MA in JET, this would be inadequate to 
provide the temperature required using ohmic heating 

TABLE I 
Principal Parameters 

Parameter 

Plasma minor radius (horizontally), a 
Plasma minor radius (vertically), b 
Plasma major radius, R(i 
Plasma aspect ratio, Ro/a 
Plasma elongation ratio, e = b/a 
Flat top pulse length 
Toroidal magnetic field (plasma centre) 
Plasma current. D shaped plasma 
Volt-seconds available 
Toroidal field peak power 
Poloidal field peak power 
Additional ''•eating power (into torus) 
Weight of vacuum vessel 
Weight of toroidal field coils 
Weight of iron core 

Value 

1.25m 
2.10m 
2.96m 
2.37 
1.68 
10s 
3.45T 
4.8MA 
34Vs 
380MW 
300MW 

-50MW 
108t 
364t 
2800t 

Fig. 1: Diagram of the JET Tokamak. 
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alone. Consequently, additional heating is required and 

two main systems are being added to JET as follows: 

• Injection into the plasma of highly energetic 

neutral atoms (Neutral Injection Heating) 

• Coupling of high power electromagnetic radi

ation to the plasma (Radio Frequency (RF) 

heating). 

The total power into the torus will increase in discrete 

steps up to 50MW. 

Project Team Structure 

A rationalisation of the Project Structure was undertaken 

at the beginning of 1986 and the structure adopted, for 

management purposes, was divided into four Depart

ments (see Table II): 

• Machine and Development Department 

• Experimental Department 

• Heating and Theory Department 

• Administration Department 

The main duties of the Administration Department have 

been described in previous JET Annual Reports. This 

Report concentrates on progress made in the scientific 

and technical Departments during 1986. To aid this 

description, the functions of these technical Departments 

are described below. 

Machine and Development Department 

The Machine and Development Department is respon

sible for the performance capacity of the machine as well 

as equipment for the active phase, together with directly 

related enhancements (excluding heating) and the inte

gration of any new elements on to the machine. In 

addition, the Department is responsible for machine 

services. The Department contains three Divisions: 

(a) Magnet and Power Supplies Division, which is 

responsible for the design, installation, oper

ation, maintenance and modification of all power 

supply equipment needed by the Project. In 

addition, the Division is responsible for mainten

ance and operation of the coil systems, structural 

components and machine instrumentation; 

(b) First Wall Division, which is responsible for the 

vital area of plasma wall interactions. Its main 

tasks include the provision and maintenance 

inside the vacuum vessel of conditions leading to 

high quality plasma discharges. The Division 

develops, designs, procures and installs first wall 

systems and components, such as limiters, wall 

protections and internal pumping devices. The 

area of responsibility encompasses the vacuum 

vessel as a whole together with its associated 

TABLE II 
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Department Head 
M. Huguet 

Deputy Head 
E. Bertolini 

Fusion 
Technology 
J.R. Dean 

First 
Wall 

K.J. Dietz 

Magnet and 
Power Supplies 

E. Bertolini 

Remote Handling Group 
T. Raimondi 

Remote Handling 
Application Group 

A. Rolfe 

Tritium Group 
W. Riedikcr 

Machine Services Group 
M. Cooke 

Limiter and Wall Group 
M. Pick 

Vacuum Systems Group 
J.L. Hemmerich 

Pellet Injection Group 
P. Kupschus 

Magnet Group 
J. Last 

Additional Heating 
Power Supplies Group 

R. Claesen 

Power Distribution Group 
J. Paillère 

Poloidal and Toroidal Group 
M. Huart 

Advanced Power Supplies 
and Operation Group 

P.L. Mondino 

Fig. 2: Machine and Development Department, Group Structure (December 1986). 

systems, such as pumping, bake-out, gas intro
duction and pellet fuelling; 

(c) Fusion Technology Division, which is respon
sible for the design and development of remote 
handling methods and tools to cope with the 
requirements of the JET device, and for mainten
ance, inspection and repairs. Tasks also include 
the design and construction of facilities for 
handling of tritium. 

The Structure of the Machine and Development Depart
ment to Group Leader level is shown in Fig.2 and the list 
of staff within the Department is shown in Fig.3. 

Experimental Department 
The main functions of the Department relate to the 
measurement and validation of plasma parameters. The 
main tasks are: 

• to conceive and define a set of coherent 
measurements; 

• to be responsible for the construction of necessary 
diagnostics; 

• to be responsible for the operation of the diag
nostics, the quality of measurements and the 
definition of the plasma parameters; 

• to play a major role in the interpretation of data. 

The Department contains two Groups (Diagnostics 
Engineering Group and Data Processing and Analysis 
Group) and two Divisions: 

(a) Experimental Division 1 (EDI), which is respon
sible for specification, procurement and oper
ation of approximately half the JET diagnostic 
systems. EDI undertakes electrical measure
ments, electron temperature measurements, 
surface and limiter physics and neutron 
diagnostics; 

(b) Experimental Division 2 (ED2), which is 
responsible for specification, procurement and 
operation of the other half of the JET diagnostic 
systems. ED2 undertakes all spectroscopic diag
nostics, bolometry, interferometry, soft X-ray 
array and neutral particle analysis. 

The structure of the Experimental Department to Group 
Leader level is shown in Fig.4 and the list of staff in the 
Department is shown in Fig.5. 

Heating and Theory Department 
Heating and Theory Department is responsible for 
heating the plasma, the theory of tokamak physics, the 
organisation of experimental data, and the day to day 
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MACHINE AND DEVELOPMENT DEPARTMENT 

Head of Department: M. Huguet 
Deputy Head of Department: E. Bertolini 

D Carre 
M Cooke 

Mrs A Cranstone 
L Nickesson 

MAGNET AND POWER SUPPLIES DIVISION 
Head: E Bertolini 
Mrs C Allen 
Ρ Bertoldi 
Τ Bonicelli 
I Borch 
0 Bue 
D Cacaut 
J Carwardine 
C Christodoulopoulos 
R Claesen 
E Daly 
Ρ Doidge 
Β Τ Eriksson 
Η Τ Fielding 
J Goff 

D Halliwell 
M Huart 
A Key more 
J R Last 
V Marchese 
G Marcon 
L Mears 
A Moissonnier 
Ρ Mondino 
G Murphy 
Mrs J Nolan 
Ρ Noll 
J Paillere 
C Raymond 

FUSION TECHNOLOGY DIVISION 
Head: J R Dean 
S J Booth 
Ρ G Brown 
R Cusack 
Mrs M Daish 
L Galbiati 
A Galetsas 
E Gebier 

Mrs Μ E Jones 
Ρ D Jones 
A Konstantellos 
A Nowak 
Ρ Presle 
Τ Raimondi 
J Removille 

FIRST WALL DIVISION 
Head: Κ Dietz 
W Ρ Bailey 
Β Bignaux 
A Boschi 
Η Buttgereit 
G Celentano 
Mrs D Cranmer 
W Daser 
C Froger 
E Deksnis 

M Gadeberg 
K Grabenstätter 
L Grobusch 
J Hemmerich 
D Holland 
Mrs I Hyde 
G Israel 
H Jensen 
Ρ Kupschus 

A Santagiustina 
K Selin 
S Shaw 
A Skinstad 
S Turley 
J van Veen 
Ν Walker 
Mrs L Τ Wall 
C R Wilson 
G C Wilson 
M E Young 
L Zannelli 
J Zwart 

W Riediker 
J Schreibmaier 
L Sonnerup 
A Tesini 
M Tschudin 
M Wykes 

Ρ McCarthy 
J Orchard 
M Pick 
R L Shaw 
Κ Sonnenberg 
R Thomas 
E Usselmann 
M Walravens 
Τ Winkel 

Fig. 3: Project Team Staffin Machine and Development Department (December 1986) 

operation of the machine. The main functions of the 

Department are: 

• following the theory of tokamak physics; 

• heating the plasma and analysis of its effects; 

• centralising the interpretation of experimental 

results and investigating their coherence; 

• organising data acquisition and computers; 

• preparing and coordinating operation of the 

machine across the different Departments. 

The Department is composed of three groups (Machine 

Operations Group, Physics Operation Group and Data 

Management Group) and four Divisions: 

(a) Control and Data Acquisition System Division 

(CODAS), which is responsible for the im

plementation, upgrading and operation of 

computerbased control and data acquisition 

systems for JET; 

(b) Neutral Beam Heating Division, which is 

responsible for the construction, installation, 

commissioning and operation of the neutral 

injection system, including development towards 

full power operation of the device. The Division 

also participates in studies of the physics of 

neutral beam heating; 

(c) Radio Frequency Heating Division, which is 

responsible for the design, construction, 

commissioning and operating the RF heating 

system during the different stages of its develop

ment to full power. The Division also participates 

in studies of the physics of RF heating; 

(d) Theory Division, which is responsible for 

prediction by computer simulation of JET 

performance, interpretation of JET data and the 

application of analytic plasma theory to gain an 

understanding of JET physics. 
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Department Head 
M. Keilhacker 

Experimental I 
P.E. Stott 

Experimental II 
W.W. Engelhardt 

Plasma Boundary Group 
L. de Kock 

Neutron Diagnostics Group 
O.N. Jarvis 

Electron Temperature Group 
A.E. Costley 

Diagnostic Engineering Group 
P. Millward 

Data Processing and 
Analysis Group 

J.G. Cordey 

Spectroscopy and 
Impurity Physics Group 

K. Behringer 

Particle Dynamics Group 
A. Gondhalekar 

Soft XRay Analysis Group 
R.D. Gill 

Fig. 4: Experimental Department, Group Structure (December 1986). 

EXPERIMENTAL DEPARTMENT 
Head of Department: M Keilhacker 

M Barnes 
C H Best 
C CaldwellNichols 
J Christiansen 
J G Cordey 
N Foden 
J Gowman 
C J Hancock 
J Hoekzema 

Miss J Kedward 
R C Lobel 
Ρ Millward 
E Oord 
Miss A Reichenau 
JReid 
Ρ J Roberts 
F Sieweke 

EXPERIMENTAL DIVISION I 
Head: Ρ Stott 
Miss Ν Avery S Gregoli 
D Bartlett Ρ J Harbour 
Β W Brown M Hone 
D Campbell I Hurdle 
J Coad O Jarvis 
A Costley J Källne 
L de Kock G Neill 
J Fessey C Nicholson 
C Gowers Ρ Nielsen 

Miss Κ Slavin 
Mrs Ρ Stubberfield 
A R Talbot 
A Tiscornia 
E Van der Goot 
M L Watkins 
C H Wilson 
D Wilson 

R Prentice 
Ρ Roach 
G Sadler 
A Stevens 
Miss D Strange 
D Summers 
Ρ van Belle 
J Vince 

EXPERIMENTAL DIVISION II 
Head: W Engelhardt 
Κ Behringer 
J L Bonnerue 
G Braithwaite 
A D Cheetham 
S Corti 
Miss G Denne 
A Edwards 
Mrs A Flowers 
R Gill 

A Gondalekar 
J Holm 
Mrs S Humphreys 
E Källne 
L Lamb 
G Magyar 
J L Martin 
Ρ Morgan 

J O'Rourke 
A Ravestein 
J Ryan 
Β Κ Scheidt 
Mrs C Simmons 
M Stamp 
Β Viaccoz 
M von Hellerman 

Fig. 5: Project Team Staffin Experimental Department (December 1986) 
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Department Head 
R.J. Bickerton 

Deputy Head 
A. Gibson 

Radio 
Frequency 
J. Jacquinot 

Neutral 
Beam Heating 

G. Duesing 

Theory 
D.F. Diichs 

Codas 
H. van der Beken 

Physics Group 
D.F. Start 

Antenna Systems 
A. Kaye 

R.F. Power 
T. Wade 

Profile Control Group 
C. Gormezano 

Operations Group 
E. Thompson 

Beam Line Construction Group 
R. Haange 

Testbed Group 
R. Hemsworth 

Control and Instrumentation 
Group 

M. Mead 

Analytic Theory Group 
D.F. Diichs (acting) 

Interpretation Group 
T.E. Stringer 

Prediction Group 
A. Taroni 

Machine Operations Group 
B. Green 

Physics Operations Group 
F.C. Schiiller 

Data Management Group 
R. Ross 
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Fig. 6: Heating and Theory Department, Group Structure (December 1986). 

The structure of the Heating and Theory Department to 
Group Leader level is shown in Fig.6, and the list of staff 
in the Department is shown in Fig.7. 
In addition, all Divisions are involved in: 

• execution of the experimental programme; 
• interpretation of results in collaboration with 

other appropriate Divisions and Departments; 
• making proposals for future experiments. 

Report Summary 
Section 1 of this Report provides a brief introduction and 
some background information relevant to the Report. 

Section 2 sets out an overview of progress on JET during 
1986 and with a survey of scientific and technical 
achievements during 1986, sets these advances in their 
general context. This summary is specifically cross-
referenced to reports and articles prepared and presented 
by JET staff during 1986. The more important of these 
articles which are of general interest, are reproduced as 
appendices to this Report. 

In Section 3, certain developments are considered 
which might enable additional improvements/ 
modifications of the machine to further improve its 
overall performance. These improvements are con
sidered to overcome certain limitations encountered 
generally on Tokamaks, particularly concerned with 
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density limits, with plasma MHD behaviour, with Laboratories, and selected articles prepared by JET 
impurities and with plasma transport. Some attention has authors are reproduced in detail, which provide some 
been devoted to methods of surmounting these limitations details of the activities and achievements made on JET 
and these are detailed in this section. during 1986. In addition, a full list is included of all 

The Appendices contain a list of work topics carried Articles, Reports and Conference papers published in 
out under Task Agreements with various Association 1986. 
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Technical Achievements during 1986 

Torus Systems 

Many new elements had been added to the machine 

vacuum system during the late 1985 shutdown, ready for 

1986 operation. Eight carbon limiters (instead of the 

previous four) were fitted symmetrically on the outboard 

periphery of the vacuum vessel wall, and additional 

graphite protection was installed to further reduce the 

contamination of the plasma by metal impurities. The 

inboard protection was extended by eight discrete 

poloidal rings covering the octant joints and the inner 

wall was covered with tiles to ±lm of the midplane. 

Graphite tiles were also fitted at the outboard wall in the 

vicinity of the Octant No.5 horizontal port, to protect the 

vessel wall against tangential neutral beams, originating 

from Octant No.8. As well, the second neutral injection 

box with its high vacuum rotary valve and a third RF 

antenna were connected to the main vacuum system, and 

a number of new diagnostics were also installed. 

However during 1986, nearly the whole year was 

dedicated to machine operation, and few new systems 

could be brought into service. It was necessary 

for the various machine systems to prove their re

liability, especially those elements added to the machine 

during 1985. 

Vacuum Systems 

The pumping systems performed reliably during 1986, 

and in addition, all vacuum related systems operated 

without major problems. The year was mainly dominated 

by a gradual increase in power of neutral beam heating. 

During this programme, several incidents occurred 

which demonstrated both the strength of the vessel and 

the vacuum system, but also indicated the need for 

improvement in some areas, related to rotary valves and 

vacuum instrumentation. 

Leak testing has been a problem since deuterium was 

first introduced into the vessel. Standard leak detectors as 

well as quadrupole mass analysers cannot easily separate 

deuterium (mass 4.028) from helium (mass 4.003). 

As a consequence, outgassing of deuterium, previously 

implanted in the wall during discharges, masked the 

helium normally used as a tracer gas. Employing other 

gasses such as neon or argon does not relieve the situation 

as normally these elements are masked by various 

deuterated chemical compounds. Since this situation was 

no longer tolerable, a different type of mass analyser  the 

omegatron  was adopted by JET and brought into 

operation. Leak detection can now be carried out in the 

presence of deuterium with helium as a tracer gas [1], 

The tritium phase of JET requires careful screening of 

the compatibility of vacuum components with the 

envisaged tritium environment. One point of concern was 

the compatibility of the main turbopumps. An exper

iment was devised by JET and carried out at the KFA 

Jülich, F.R.G., to clarify this situation. A simulation 

experiment, with a tritium dose equivalent to 250 years of 

JET operation, was set up to investigate the changes in 

the viscosity of the pump oil. The viscosity of the 

lubricant is the determining parameter for the life of a 

turbopump, and since no changes were found, it can be 

concluded that the JET turbopumps are fully compatible 

with the expected tritium operation [2]. 

InVessel Components 

The eight discrete limiters worked reliably and showed 

virtually no surface damage at the end of the operational 

period, indicating that the design criteria were properly 

chosen. Beam shinethrough and port protection tiles 

were also in an excellent condition at the end of 1986 

operation. 

The inner wall graphite tiles were initially designed as 

protection against disruptions only, but subsequently 

were extensively used as a limiter. This operation mode 

was extremely useful for controlling the density at the 

end of a discharge and to achieve particle pumpout 

during discharges. This allowed JET to run low density, 

high temperature discharges as well as slideaway 

discharges. However, some wall damage occurred 

mainly during these modes, but the extent was not as 

severe as to endanger operation. Three areas of the inner 

wall especially, in which tiles protruded by 510mm, 

showed strong marks, and required special attention. 

The Ujoint graphite protection tiles, initially designed 

as wall protection against vertical instabilities, were used 

as dump plates during XPoint operation. Initial power 

limits of 10MW for Is did not allow Ηmode discharges. 

Under these conditions, surface temperatures of the 

protection tiles exceeded 3000CK locally. A design 

modification was made and new tiles installed during 

1986. The power handling capability was 16MW for 2s 

without exceeding the design limit surface temperature of 

2000K. Amongst other things, this increase in perform
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ance was a prerequisite to achieving Ηmode operation in 

JET. 

The procurement of additional graphite tiles to cover 

the bellows protection plates continued satisfactorily and 

most tiles together with their support plates were ready 

for assembly in the vessel at the end of the year. The 

manufacture of the belt limiter was also nearly complete 

and by the end of 1986, many limiter sectors were 

delivered and successfully leak tested at elevated 

temperatures in the JET oven. Assembly was planned to 

start in January 1987. For the belt limiter, both graphite 

and beryllium tiles were procured in 1986, but a decision 

was taken to use graphite first. Beryllium will be used 

later, probably early in 1988, and this decision will be 

confirmed before the end of 1987. 

Electromagnetic Systems 

For the containment of forces occurring during vertical 

instabilities, new supports linking the main vertical ports 

of the vessel to the magnetic limbs were designed in 1985 

(see Fig.8). The procurement of these supports went 

ahead satisfactorily during 1986 and deliveries, already 

started in December, were expected to be complete in 

January 1987. These new supports involved the replace

ment of the existing flanges at main vertical ports with 

new rigid forged pieces. 

During the whole of 1986, the toroidal field and 

poloidal field coils systems were operated routinely and 

reliably at their maximum design parameters. No major 

change of the coil system took place in 1986, except that 
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Fig. 8: Final design of vacuum vessel supports 

for Xpoint operation in the single null configuration, the 

poloidal shaping field circuit was used in an assymetric 

configuration with the upper coils only. This new mode 

of operation was completely successful but, if used 

routinely, would require a modification of the safety 

system (DMSS) which detects electrical faults. A new 

system was designed for implementation early in 1987. 

Major modifications of the poloidal field coil system 

were decided in 1986 and planned for implementation 

during the 1987 shutdown. These are: 

a) the central poloidal field coil stack will be 

increased from eight to ten subcoils in order to 

reduce stray fields and improve discharge break

down and plasma startup conditions; 

b) additional busbars connecting the six centre sub

coils will be manufactured and installed in order 

to allow separate control of the current flowing in 

these six centre subcoils with respect to the 

current flowing in the four top and bottom sub

coils. This new circuit configuration will require 

a new power· supply and will make use of the 

PVFA56 which was being erected at the end of 

1986. 

The new poloidal field coil configuration is extremely 

versatile and opens up a wide range of operational 

scenarios. In particular, it allows: 

a) compensation of stray fields by means of small 

differential currents flowing in the six centre sub

coils; 

b) an increase of the total flux swing by driving the 

current in the six centre subcoils above the 

design value of 40kA. This should allow plasma 

current flattops of 7s at 7MA; 

c) an increase of the plasma current achieveable in 

the Xpoint mode of operation (up to 4MA). 

Preparation and procurement for these farranging 

modifications were carried out during the second half of 

1986, and work started on the machine in December. By 

the end of December, the central poloidal field coil stack 

was extracted from the machine and dismantled into 

elementary coils. At this stage, some slight damage was 

observed on the subcoils. Keys which located and inter

locked the subcoils together were fractured due to a 

tendency for the subcoils to rotate with respect to each 

other. This rotation was driven by the large twisting 

moment acting on the mechanical structure and the forces 

involved were considerable. Some design modifications 

were being prepared to prevent the reoccurrence of this 

effect. 

The modifications of the poloidal field coil system 

were in line with the enhancement of JET performance up 

to a current of 7MA in the limiter mode of operation, and 

up to 4M A in the Xpoint mode of operation. Since this 

enhancement calls for a considerable extension of the 

original design parameters, a major design review (The 

7MA and Xpoint Study) was launched in 1986. The aim 

of this study is to reassess the machine and its power 

supplies from the mechanical, thermal and electrical 

point of view and identify safe operation boundaries. A 

task force was established to carry out this work. By the 
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end of the year, a number of study contracts had been 
placed and work was proceeding along several lines. 
Major results are expected by July 1987. 

References 
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Power Supplies and Plasma 
Control 
Since the machine was in operation throughout most of 
1986, the priority duty was to maintain and operate, in 
good operational condition, the JET power supplies for 
the tokamak systems, for the additional heating and for 
power distribution. Therefore, little intervention was 
allowed for modifications and improvements on the 
power supplies. However, certain problems arising 
during operation have been analysed and necessary 
modification work has been carefully prepared for 
implementation during the 1987 shutdown. In addition, 
as part of the JET development programme towards 
performance well beyond the original design parameters, 
some major design work has been undertaken, on both 
tokamak and additional heating power supplies, leading 
to a considerable number of contracts being placed with 
manufacturers for construction. 

Development 
This activity includes both systems related to the 
extension to full performance and systems related to the 
new JET development plan. 

Tokamak Power Supplies and Plasma Control 
The highlight in this area has been activities associated 
with development of the Poloidal System to allow 
operation up to 7MA plasma current with a material 
limiter and up to 4MA operation with a magnetic limiter 
(X-Point) configuration. Efforts have been devoted to 
design work, preparation of technical specifications, 
contracts, and installation and commissioning of 
components for the implementation of the new Poloidal 
Circuit (see Fig.9). 

The present status is that: the Thyristor Power Supplies 
for PFX (the new PVFA 5,6 with the existing PVFA2) 
and the Additional Switching Network are on site and 
commissioning work has started; the contract for the 
Booster Amplifiers has been placed; one of the blocking 
diodes (BDXa) is on site, while for the other (BDXb) the 
procurement process has started; and the design of the 
resistors RXa, RXb and of the inductors LXa, LXb has 

Πφ 

The New Poloidal Field Power Supply Scheme 

Fig. 9: The new poloidal circuit. 

been completed. All the required new busbars have been 
ordered. 

Although all components may not be available by June 
1987, it is expected to have all the essential components 
operational during 1987, so that both 7MA and 4M A 
operation in the respective machine configurations can be 
achieved. A study to enhance the poloidal power supply 
capability (PVFA 1, 2, 3, 4, 5, 6) up to 40kA for 10s has 
been initiated. 

Another important achievement has been digitalisation 
of the Plasma Current Control and the study to change the 
Plasma Position Control from analog to digital operation 
has started. An assessment of Plasma Shaping has shown 
that it could be achieved in all present and future 
operating conditions by using only one Amplifier (PVFA 
1), thus releasing PVFA2 for use eventually as part of 
PFX together with the newly acquired PVFA 5,6. Instal
lation is in progress for PVFA 5,6 and the New Switching 
Network. 

Additional Heating Power Supplies 
During early 1986, the first set of eight Neutral Beam 
PINI Power Supplies started to supply the first PINI Box, 
to inject up to 10MW of neutral beam power into the 
plasma. The second set of eight PINI Power Supplies has 
been installed and fully commissioned on dummy loads. 
The Power Supplies for the PINI Test-Bed have been re
arranged to supply the PINI's at 160kV and a compre
hensive test programme has been undertaken: one 
injector has been tested up to 160kV and 45A for 5s. 

All eight power supplies for the ICRH system have 
been installed and three of these have been used in 
continuous operation to supply the three RF antennae 
during the 1986 experimental period. The design for 
upgrading these power supplies to cater for the new 
2MW RF generating tubes has been completed. A call for 
tender has been issued and offers received: orders will be 
placed in February 1987. 

Power Distribution 
A significant achievement has been the successful 
completion of further negotiations with UK Central 
Electricity Generating Board (CEGB) to revise the 
operational limits foreseen in the existing agreement. 

14 



Technical Achievements During 1986 

This relates to voltage drops and power derivatives and is 
an essential feature required to operate JET at the future 
enhanced performance, without increasing the modest 
size of the active and reactive power compensation 
equipment already foreseen in development plans. Other 
major activities have been the rescheduling of the load 
feeders in the 33kV substation. This will allow simpler 
isolation procedures during operation and the installation 
of feeder metering equipment at 1 lkV and 3.3kV and the 
installation of a new 33kV/11 kV, 30MVA transformer of 
improved design to supply the two flywheel generators. 

Operation and Maintenance 
So far, operation has been carried out with separate 
responsibilities for the tokamak and for the additional 
heating power supplies. As soon as the latter achieves the 
same reliability as the former, these responsibilities will 
be unified, with an expected reduction in total number of 
staff involved. The reliability achieved by the tokamak 
power supplies must be considered satisfactory, since, on 
average, as few as three faults a week have led to some 
loss in operating time. 

Regular maintenance and prompt distribution through
out the project has been successfully carried out making 
use of a team of twelve electricians. The successful 
maintenance organisation set up for power distribution 
and for tokamak power supplies will be extended to the 
additional heating power supplies. 

Studies 
A number of studies of new power supplies and/or 
modifications of existing ones have been initiated. In 
particular, high frequency supplies (0-10kHz) to plasma 
disruption control coils to be fitted inside the vacuum 
vessel, a third set of power supplies for a new PINI Box 
and the possibility of enhancing the power output of the 
existing PINI power supplies, have all been investigated. 
As part of the 7MA enhancement study to assess the 
ultimate capability of JET, a comprehensive investi
gation of the capability of the overall JET power supplies 
to match the requirement of plasma performance beyond 
design value has also started. In addition, a new AC/DC 
power supply system has been designed to supply the 
twenty-four lower hybrid resonance heating (LHRH) 
klystrons with 500kW each. 

A detailed analysis has also been undertaken of the 
effect on the CEGB grid of the planned JET operating 
scenarios, and a preliminary assessment of the active and 
reactive power compensation has been completed. 

Neutral Beam Heating System 
Beamline Construction 
The first beamline system was successfully brought into 
full operation at the beginning of 1986, and the first 
experimental programme, in which hydrogen beams 
were injected into deuterium target plasmas, was carried 
out with few technical problems. The computer control 
and data acquisition system [1] proved to be particularly 

valuable in setting parameters and in ease of operation of 
this complex subsystem. The complete setting-up and 
operation of the eight-source beamline system plus 
associated subsystems can be carried out by one operator. 
Furthermore, it was confirmed that injector conditioning 
pulses were not required between tokamak pulses. 

The injection system is capable of operation in two 
distinct modes: 

(a) independent of tokamak operation in which the 
beams are intercepted by the beam-line calor
imeter (ASYNCH mode); 

(b) fully synchronised with the machine, in which the 
beams are injected into the plasma (SYNCH 
mode). 

Following operation with hydrogen, the working gas was 
changed to deuterium to increase the injected power and 
to investigate D° injection into deuterium plasmas. The 
maximum power levels so far injected into the torus have 
been 

• 5.5MW H° beams at 65kV extraction voltage; 
• 10MW D° beams at 80kV extraction voltage. 

Pulse lengths of up to 7s have been used. Over 700 
pulses have been injected into the torus at power levels 
>1MW and pulse lengths >ls. 

Beamline performance [2] has been extensively 
monitored during both operation modes using thermal 
and optical diagnostics and results were similar to those 
obtained during single beam operation in the Testbed 
(Fig. 10), except for one significant deviation during 
SYNCH operation. Due to a higher than expected inter
action between the injected beam and the stray machine 
magnetic field, a sideways deflection of the beams and a 
higher power interception on some of the beam-line 
components occurred. A single mechanical realignment 
of the beams was sufficient to compensate for the stray 
magnetic field over the range 1-3MA plasma current but 
additional realignment was necessary to compensate for 
higher plasma currents. 
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The otherwise high overall mechanical and vacuum 
reliability of the injectors was marred by two incidents, 
which resulted in the melting of the water-cooled nickel 
liner in the beam entrance port. These incidents were due 
to excessive re-ionisation losses due to anomalously high 
gas pressure. These highlight one of the additional (but 
not fundamental) problems associated with long pulse 
operation. 

For the JET beamline, - 4 % of the 80keV D° beams 
are re-ionised by collisions with the background gas 
downstream of the deflection magnets, corresponding to 
~400kW of beam swept out by the stray poloidal 
magnetic field. This leads to high localised power 
densities caused by magnetic focussing effects in the 
entrance duct. Instrumentation installed subsequent to the 
two incidents has determined that although the 2D design 
computations were broadly correct, both the position and 
magnitude of the peak re-ionised power is different from 
original predictions. More extensive 3D computations 
indicate better agreement with measurements due to the 
inclusion of vertical focussing of the re-ionised particles 
and a more accurate representation of the stray magnetic 
field. 

In addition, measurements of the Dn light emission 
from the background duct gas have indicated the 
importance of cleanliness of the duct walls. Unless the 
duct surfaces are well outgassed prior to beam operation, 
considerable gas is released from surfaces which inter
cept the re-ionised beams. An extensive programme of 
duct conditioning is necessary to avoid excessively high 
power densities in this region. Consequently, more 
robust copper cooling structures have been installed in 
the duct, relying on thermal capacity to absorb energy 
during the beam pulse and then cool during the inter-
pulse period. Operational experience has shown that this 
system has a much higher safety margin and should 
prevent any re-occurrence of such incidents. 

Heating Experiments 
Injection experiments have been carried out over a wide 
range of target plasma conditions and have resulted in 
major extensions of the plasma parameters achieved in 
JET. The most obvious feature of first experiments was 
the plasma density increase obtained during injection. 
High density disruptions at the end of the 5s pulses were 
avoided by moving the plasma to the inner graphite 
covered vessel wall, co-incident with a staggered switch-
off of the beams. This method of discharge termination, 
which relies upon the inner wall pumping effect to lower 
the plasma density prior to the current decay, has been 
used routinely for all neutral injection heated limiter 
discharges. Inner wall pumping has also been used to 
produce low density target plasmas. Experiments with 
H° injection produced ion temperatures of ~6.5kV for 
this type of discharge [3,4]. Subsequently, deuterium ion 
temperatures of ~ 12.5keV were achieved using D° 
injection into low density deuterium plasmas. In this 
case, wall pumping was further enhanced by pre
conditioning the wall using tokamak discharges in 
helium. 

Other major features expected from neutral beam 
injection have been observed, including beam fuelling, 
beam driven current, plasma rotation and reduced energy 
confinement consistent with L-mode scaling. In addition, 
experiments with combined NB and RF heating were 
carried out at a total power level of ~ 15MW. 

Modification and Testing of the Prototype 160KV 
Source 
The JET PINI's were originally designed to allow 
modification from the initial 80kV, 60A operation with 
hydrogen to 160kV, 30A with deuterium. Modification 
of a prototype 80kV PINI for higher voltage operation 
and testing was carried out at the EURATOM-CEA 
Association Laboratory, Fontenay-aux-Roses (FAR), 
France [5]. Successful operation with a Periplasmatron 
type plasma source at 160kV with a perveance matched 
current of 38A was achieved. Further source modifi
cations were necessary. As a temporary and reversible 
measure, it was advantageous to operate at a slightly 
lower beam energy but higher power. As a consequence, 
it was decided to optimise the upgraded sources at 
140kV, 30A, rather than 160W, 30A. In addition, the 
deuterium yield of the JET bucket plasma sourses is 
sufficiently higher than that obtained from the Peri
plasmatron source [3], that even at the reduced voltage of 
140kV, the perveance matched current would be >30A. 

The modified source was installed on the JET Testbed 
in January 1986. Few problems were encountered with 
either conditioning the source or with the operation of 
the power supplies, and operation at 160kV, 40A was 
achieved by the end of April 1986. The optimum 
perveance was exactly that required. However, the 
measured power loads on the grids were found to be 
above the predicted levels, but below acceptable limits. 
The power loadings on other parts of the system 
(neutraliser, box scraper, etc.) were also determined and 
found to be within acceptable limits. The principal 
characteristics of the extracted beam were determined by 
obtaining self consistent fits to calorimetrically measured 
profiles and these were within acceptable limits. 

Testing the Second Central Column 
The central column of the injection system is suspended 
from the lid of the Neutral Injector Box (NIB); it carries 
the main water flow into the NIB and supports the beam 
deflection magnets and their liners, the various ion 
dumps and the beamline calorimeter. It can be installed 
directly into the NIB that forms part of the Testbed. 
However, for these tests the lower Full-Energy Ion 
Dumps (FEID) were not installed in order to reduce 
water flow requirements. As only the upper four PINI 
positions could be used in the Testbed, this did not 
restrict the proposed experimental programme. During 
the test of the first Central Column, it had been found that 
the measured profile of the deflected full-energy ion 
beam differed significantly from the predicted profile. 
Consequently, it was decided to modify the magnet 
slightly by the addition of shims to the input and exit faces 
of the pole pieces. 
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Fig.l 1: Power density on the Full Energy Ion Dump 

(FEID) from the Lower Beam. 

The basic instrumentation installed on the Central 

Column does not enable a precise measurement of the 

deflected beam profile. Therefore, for this second 

Central Column test, extensive additional thermocouple 

instrumentation was installed on one of the dumps. 

Deflected profiles were measured for beams from both 

the upper and lower positions for one quadrant of the 

Central Column for a range of deuterium gas flows and 

perveance values for energies up to 140kV. Two PINT s 

simultaneously could not be operated as the schedule did 

not allow sufficient time for commissioning of the second 

set of auxiliary power supplies installed in the Testbed. 

The power density profile on the surface of the dump 

due to a 140kV, D beam (30A extracted) from the lower 

PINI is shown in Fig. 11 (the dump vapotrons are Opened 

out' in order to clarify the presentation). Similar data was 

obtained for beams from the upper PINI. These data 

demonstrated that the power density everywhere on the 

dump was within the safe operating range for the 

vapotrons and that the beams were contained within the 

dumps. However, extrapolation of these data indicate 

that the dumps would be overloaded for 160kV, 30A 

beams. Several parameter scans were carried out to 

establish the safe operating regime; including variation in 

gas flow, (i.e. neutralisation); magnet current; extracted 

current at fixed extraction voltage (perveance scan); and 

beam alignment. 

The results were consistent with the first tests, which 

showed beam broadening for highly deflected beam 

currents. Low gas flow gave low neutralisation, and 

hence a higher deflected beam current. High perveance 

(constant voltage) also gave a relatively high deflected 

beam current. Measurements were made of the neutralis

ation efficiency by comparing the power to the Testbed 

Beam Dump with and without the deflection magnet 

energised. The data [6] showed a neutralisation ef

ficiency significantly below that expected. 

Operational Experience with Main Mechanical 

Components 

In deuterium, components downstream of the deflection 

magnets, (i.e. the calorimeter, the box scrapers, the fast 

shutter, the wall protection system in the rotary high 

vacuum valve (RHVV), and the duct scraper assembly) 

received about twice the power with hydrogen. Even 

under these severe conditions, beamline operation was 

generally satisfactory. However, focussed reionised 

particle beams occurring in the duct area led to power 

density levels greatly exceeding design values. This 

necessitated installation of additional copper protection 

plates in October 1986 (as mentioned previously). 

During the 1987 shutdown, the Octant No.8 duct scraper 

assembly will be replaced and the liner side walls will be 

protected by watercooled copper plates allowing a much 

higher duty cycle. The increased beampower also led to 

overloading of the calorimeter for long pulses and 

restricted pulse lengths to the calorimeter to ^ l s . 

However, the reduced pulse length allowed acceptable 

beam source conditioning and an indication of beam 

alignment. 

Several heat transfer components were originally made 

by galvanic copper deposition, which permits incorpor

ation of watercooling channels into thin copper struc

tures. However, during manufacture, it proved difficult 

to consistently produce copper of UHV quality especially 

with concave surfaces (and corners) and to achieve equal 

deposition rates over large areas. After manufacture, 

these components were all subjected to stringent accept

ance tests including thermal cycling in vacuum furnaces 

to temperatures well in excess of those expected during 

operation. Only after passing these tests were galvano

plastically formed components assembled into the 

beamlines. Nevertheless, some of these components 

developed leaks after assembly and during injector 

operation. These leaks occurred especially at concave 

geometries and transitions. Therefore, it was decided to 

replace these components (except neutralisers and grids) 

with simpler designs avoiding copper deposition. 

The fast shutter has been operated routinely during 

1986 and the conductance after initial runningin was 

well within specification. During the 1987 shutdown, the 

actuator penetration through the front wall of the NIB is 

being modified to include a double bellows arrangement, 

allowing interspace leak detection which is a prerequisite 

for the tritium phase and the flexible hose system for the 

water inlet and exit to the watercooled shutter doors is 

being modified to allow a cycle life time in excess of 

100,000 shutter closing and opening movements. 

During operation, stray magnetic fields from the 

plasma and poloidal coil system affect the neutral 

injection system. To minimise these, part of the beamline 

is fitted with a magnetic shield of 5cm thick soft iron. The 

shielding design was based on a 3D computer compu

tation which predicted stray fields of <10_4T around the 

beam sources. However, the measured fields exceeded 

this value. Thus, the stray field deflects ionised beams on 

passing through the neutraliser. The remedy requires off

set beam steering, depending on the stray field strength. 
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Fig. 12: Computed and measured stray fields for 

I =4MA and computed value for I = 7MA. 

In practice, beam resteering is required for I >3MA. 

Extrapolation from I =5MA up to I =7MA, (required 

for later operation) shows that unacceptably high stray 

fields would leak through the magnetic shielding. Conse

quently, installation of an active magnetic shield is 

planned during the 1987 shutdown. The basic system 

consists of both horizontal and vertical axis coils fitted 

inside the existing shielding and passing around the outer 

perimeter of the system. Computations suggest that a 60 

turn coil with a 130A current would be sufficient to 

cancel a stray field of — 10_:,T. Fig. 12 shows the 

computed and measured stray fields for I =4MA and 

the computed value for I =7MA when the value is 

expected to reach 10~3T. The system is designed to 

cancel stray fields up to 1.5xl0~3T near the beam 

sources and neutraliser positions. 

Procurement and Testing of Components for the 

Second Injector 

The central column assembly for Octant No.4 beamline 

system was completed in early 1986 and transferred for 

tests in the Testbed. In summer 1986, leaks developed in 

Inconel bellows of the calorimeter. A combination of 

high material hardness due to plastic forming of the 

convolutions and of induced vibrations led to rapid high 

cycle fatigue failure. Ways of damping and avoiding 

vibration together with improved forming methods are 

being investigated. Meanwhile, the Inconel 600 bellows 

will be replaced with stainless steel doubleply bellows 

during the 1987 shutdown. 

During 1986, contracts were placed for the procure

ment of a third central column assembly, which will 

allow quick replacement, in case of problems with those 

at Octants No.8 and No.4. The only components not yet 

ordered are fullenergy ion dumps, which await results of 

Testbed performance tests of a modified design with 

increased safety margin in power handling capability. 

Cryosystem 

The main achievements on the cryosystem were the 

successful operation of the Octant No.8 cryopump, 

commissioning of the Octant No.4 cryopump from the 

cryoplant, procurement of the cryopump system for 

the multipellet injection system and preparation of a 

substantial upgrade of the cryosupply system of LHe and 

LN, required for the pellet injection system in parallel 

with the Octant No.4 and No.8 cryopumps. The Octant 

No.8 cryopump system was continuously operational and 

provided the necessary NIB vacuum for the NI beam 

injection. The cryoplant, cryolines and cryopump have 

operated reliably, but the overall control and failsafe 

approach needed modification following operational 

experience in early 1986. In most failure modes, 

the cryopumps are now supplied from a LHe dewar. 

allowing a considerable margin for plant restart after 

failure without unplanned regeneration of the cryopump. 

Commissioning of the Octant No.4 cryopump system 

has started and showed that a second cryopump can be 

cooled and operated during continuous operation of the 

first one. Tests simulating operation of the future multi

pellet injection system have been successfully carried 

out. A complete cryopump system for the JET multi

pellet injector has been procured together with the 

necessary cryotransfer lines, including those for the 

pellet launcher. 
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Radio Frequency Heating 
System 

Three main lines of work have dominated the activities of 

the RF Division during 1986 [1]; 

a) online plasma operation [2] with three antennae 
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TABLE HI 
Conditions and Parameters During Plasma 

Operation 
Power launched in plasma with 

3 antennae 

Power launched with the monopole 
antenna 

Maximum energy launched 
(3 antennae) 

Maximum pulse length 

Typical conditions 

Frequency range explored 

Automatic matching during the 
pulse by frequency modulation 

8MW 

4.2MW 

40MJ 

10s 

6MW for 2s 

25 to 47MHz 

and up to four generators each capable of 3MW 
output; 

b) continuation and testing of the equipment 
necessary for the second stage of the ICRF 
programme. This second stage starts in 1987 
with the installation of eight new water-cooled 
antennae; 

c) conception and initial preparations for a Lower 
Hybrid Current Drive system (see a separate 
section in this Report). 

On-Line Plasma Operation 
Three antennae were available during twelve months of 
continuous plasma operation (November 1985 to 
November 1986). For most of this period, each antenna 
was connected to a generator unit delivering 3MW at its 
output. As expected, about two-thirds of the output 
power was delivered to the plasma, the remaining power 
being lost in the antenna conductors, in the transmission 
lines or in reflected power due to imperfect matching 
between the antenna and source. 

In the last two months of operation, two generator units 
were coupled to a single antenna in order to test its power 
limit. This experiment demonstrated that a net power of 
4.2MW could be launched by a single antenna. In this 
experiment, the total power from all three antennae 
reached 8MW for 2s. Table III summarises the maximum 
parameters achieved, which far exceed the original 
design parameters based on 1.5MW for Is per antenna. 

In normal operation with the plasma lying on the 
outboard limiters or on the inner wall, the systems 
reached full power after one or two plasma pulses which 
were used to determine the matching parameters. During 
X-point operation with the large antenna-plasma distance 
necessary for the occurrence of the Η-mode, the antenna 
loading resistance became small and launching the full 
power would have required a large antenna voltage 
(typically ~40kV). Arcing in the antenna or vacuum 

Fig. 13 The main components 
(monopole) after removal from the torus. 

of the A0 antenna 

transmission lines occurring between 20-25kV prevented 
the attainment of full power. After a number of design 
improvements, the new water-cooled antennae (A,) did 
not show similar arcing behaviour. 

Fig. 13 shows the main antenna components after 
removal from the torus. The antenna is remarkably free 
of damage or deterioration, with the exception of a small 
zone on the screen sides near the equatorial plane. These 
marks come from steady arcs which appear during high 
current discharges. They exist during ohmic discharges 
but are enhanced by additional heating. 

Fig. 14 The ICRF power source installed in the North 
Wing of the Torus Hall. Two 3MW units are seen in the 

foreground. Six units were installed by the end of 1986. 
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Enhancement of the ICRF Power Plant and 
Transmission Lines 
The ICRF power plant (Fig. 14) has been enhanced using 
line trimming devices which allowed operation in a wider 
range of conditions. The installation of a phase shifter 
(trombone construction) on each output transmission line 
allowed all the transmission lines to be precisely set to the 
same length, which was a necessary condition to operate 
the antennae as a matched phased array. Two antennae 
have been operated in this phased mode and the possi
bility of matching this configuration has been demon
strated. Furthermore, the phase shifter allows a balance 
of matching between the two halves of the antenna. 

A variable capacitive tuning stub has been installed in 
one of the three antennae. The element is placed just after 
the vacuum window and can match the antenna by itself 
in two frequency bands around 30 and 35MHz. This 
mode minimises losses and voltage requirements on the 
main transmission lines. This element can also be used in 
combination with the motorised tuning stub located at the 
generator end. This second mode of operation combined 
with the frequency feedback loop has been used to match 
a highly variable load during a pulse. The system worked 
successfully with loads varying from 4Ω to 1Ω in X-point 
discharges. Fig. 15 shows the main components of the 
capacitive stubs [3]. 

When completed, 1.5km of coaxial lines (24cm 
external diameter) will link the generators in the North 
Wing to the antennae in the vacuum vessel. Nearly half of 
the supply is now installed. The lines have to withstand a 
peak RF voltage of 50kV, a value which proved to be 
difficult to achieve. It required the development of 
ceramic insulators of a particular conical shape. Tin 
plating, used in some Stage 1 components, developed 
whiskers which considerably reduced the power handling 
performance. These faulty elements have been elimin
ated during 1986 and the installed equipment has reached 
the full design value [4]. 

Fig. 15 The main elements of a capacitive tuning stub 
placed closed to the antenna which has allowed dynamic 
matching on varying loads. 

Fig. 16 One of the two RF power combiners used in the 
experiments demonstrating the 4MW capability of a 
single ICRF antenna. 

Before being fully committed to upgrading the ICRF 
system to 4MW per unit, an experiment has been 
performed combining two ICRF generators into a single 
antenna. Purpose designed combining units (Fig. 16) 
have been procured and installed in 1986. The exper
iment required precise phase control of the four output 
circuits of the generators. During plasma heating exper
iments 4.2MW was effectively launched by a single 
antenna and this value appears to constitute a power limit 
as hot spots started to appear on the antenna structure. 

Seven (3MW) generators have been delivered to JET. 
One has been installed in the testbed area and feeds the 
prototype water-cooled antenna. The others are installed 
in the North Wing of the Torus Hall and have been either 
in operation or undergoing commissioning. The eighth 
unit is being tested, at the contractor's site, in its up
graded 4MW version [5], In the initial tests, the required 
peak power has been obtained and the tests will continue 
on the JET site where the installed DC power supplies 
will allow long pulse operation. It is planned to upgrade 
all the generators by stages during 1987. 

Construction of the Second Generation Antennae 
The three prototype antennae (A0) installed during the 
1986 experiments were designed to test, at moderate 
pulse length, various internal antenna configurations. 
Fig. 13 shows one of these antennae constructed in the 
monopole configuration. A compromise must be found 
between the coupling efficiency and the radiated wave 
spectrum for minimum impurity production. Exper
imental results have shown that the most interesting 
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Fig. 17 A complete water-cooled A, antenna installed in 
the Testbed. Graphite tiles cooled by nickel fins can be 
seen on each side. The nickel bars acting as an electro
static screen are drilled to allow internal water flow. 

Fig. 18 Components of the /4; antenna. The At antenna 
housing is seen on the left. The screen assembly without 
graphite tiles is on the right and this fits on top of the 
housing. 

configurations are the monopole (all RF currents in 
phase) for its high power coupling capability or a toroidal 
dipole for its low perturbation of the plasma edge. 

A new configuration has been designed to allow both of 
these modes to be achieved with the same antenna. After 
successful operation on the Testbed this new configur
ation has been chosen for the new antennae. 

The eight second generation antennae (A,) are being 
installed between the two toroidal limiters and are 
actively cooled by water flowing inside each screen 
element [4]. The graphite (or later beryllium) protection 
tiles are located between nickel fins in order to increase 
the radiation transfer to the water cooled manifold. 
Fig. 17 illustrates the new arrangement photographed 
inside the testbed vessel. The main antenna components 
can be seen on Fig. 18. 

The vacuum transmission lines are cooled by a closed 
circuit airflow. The turbomolecular vacuum pumping 
system of the prototype antennae has been replaced by 
renewable getter pumps [5] (zirconium, iron) which 
combined simplicity and reliability. The coaxial vacuum 
feedthroughs are now all using an assembly of two brazed 
conical ceramic windows with high voltage capability. 

The Testbed Facility 
The JET ICRF Testbed was first constructed and 
installed at EURATOM-CEA Association Laboratory, 
Fontenay-aux-Roses; France and operated for JET on the 
prototype antenna by CEA. It then was moved to JET to 
test the second generation antennae. It has been exten
sively used in 1986 to validate antenna or transmission 
line components and to perform endurance tests of a 
complete antenna assembly at full reactive power. Pulses 
of 50kV and 20s duration were routinely achieved after 
the correction of a number of weaknesses in the design of 
the insulators and central conductors. 

References 
[ 1 ] For an overview of the JET RF systems see "The 

JET Annual Report 1986"; 
For a detailed description see "Radio Frequency 
Heating System", A. Kaye, J. Jacquinot, 
P. Lallia, T. Wade, Fusion Technology 11, No. 1, 
p203 (1987); 

[2] "RF Heating on JET" by the JET Team 
(presented by J. Jacquinot), 11th International 
Conference on Plasma Physics and Controlled 
Nuclear Fusion Research, Kyoto, Japan, 1987, 
Paper IAEA-CN-47/F-1-1; 

[3] "Overview of the JET ICRF Power Plant 
Operation and Development", R.J. Anderson, 
J. Plancoulaine and M. Schmid. Proceedings of 
the 14th Symposium on Fusion Technology, 
SOFT, Avignon (1986); 

[4] "Design and Manufacture of the Water Cooled 
Electrostatic Screens for JET ICRF Antennae", 
C.I. Walker, A.S. Kaye, H. Brinkschulte, 
R.A. How, J. Plancoulaine, D. Sigournay, 
G. Bevilacquay, F. Anselni, Proceedings of the 
14th Symposium on Fusion Technology, SOFT, 
Avignon (1986); 

[5] Non evaporable getter pumping for JET ICRF 
antennae, C.I. Walker, A.S. Kaye, R.A. How, 
F. Mazza, Proceedings of the 14th Symposium on 
Fusion Technology, SOFT, Avignon (1986). 

21 



Technical Achievements During 1986 

Remote Handling 
Further progress has been made in specifying, acquiring 
and commissioning major items of remote handling 
equipment. This equipment comprises special tools 
to suit the features and to provide access to JET 
components; end-effectors to lift and attach large 
components; large, high-precision transporters to carry 
the equipment to all parts of the JET machine; and control 
systems for all this equipment. 

During 1986, further efforts were devoted to analysis 
of tasks inside and outside the vessel to provide the basis 
for specifications of equipment and to supply material for 
data bases which will be used to direct operations. 

The introduction of tritium into the machine, which 
will require that all work on the JET machine is per
formed by remote control from outside the Torus Hall, is 
now proposed for mid-1991. Until this time, increasing 
background radiation, the generation of slightly activated 
dust and the use of beryllium will necessitate special 
equipment and methods for gaining access and carrying 
out hands-on work safely inside the torus. 

Transporters 
An additional joint, which extends the reach of the 
articulated boom to the whole vacuum vessel from a 
single post was procured and commissioned. The local 
capacity of the boom is 350kg in this new configuration. 
The boom extension was completed and a family of 
grabbers was designed, procured and tested for handling 
the belt limiter segments, the antenna housing and 
screen. 

A micro-processor based control system was specified 
and procured. It provides the functions: 

• "teach and repeat", to achieve an automatic 
repetition of the difficult manoeuvre of inserting 

Fig. 19: Articulated boom being used for installation of 
belt limiters. 

the boom into the post of the vessel and pos
itioning it in the working area; 

• resolved motion to permit the operator to move 
the end effector with a joystick in an absolute or 
relative co-ordinate frame; 

• single joint, velocity controlled or positioned 
controlled operation. 

The articulated boom is being used for the installation of 
the belt limiters and antennas in the 1987 shutdown (see 
Fig. 19). 

The conceptual study of a crane mounted telescopic 
arm able to carry the manipulator all around the machine 
has been carried out. This will be mounted on the existing 
150 tonne crane and provided with TV cameras sup
ported by articulated arms. Finite element calculations 
have been undertaken on critical parts of this very large 
structure. Specifications for an international call for 
tender are being prepared and will be issued at the end of 
March 1987. 

A low level transporter was specified and procured for 
the handling of turbo-pump, valves and diagnostic 
equipment which cannot be reached with the crane. This 
transporter, without remote control, was commissioned 
and due for delivery to JET in February 1987 and will be 
used to install seven pumps during the machine shutdown 
in March and April. Its remote control unit will be 
specified and ordered before the end of the year. The 
vehicle used is a modified conventional electric fork-lift 
truck, which should result in a fairly high level of 
reliability. However, the end-effectors are specially 
designed and manufactured one-off items. The load 
carrying capacity of the truck is 2 tonnes, which should 
allow pick-up of 200kg components with an horizontal 
extension of approximately 4m where access is difficult. 
The vertical lift of the mast is 2m. 

Servomanipulators 
The contract for manufacture of the two sets of Mascot 4 
servomanipulators is close to completion. This has 
needed the resolution of a number of technical issues 
regarding the mechanisms and more particularly the new 
advanced microprocessor based serial link controller. 
Special gaiters with rotary seals have been developed for 
the servomanipulator, including, the arm and the tongs. 
A remotely operated connector has been designed and 
procured for either manipulator or grabber. It provides 
both automatic mechanical attachment and electrical and 
pipe connection. The wiring and piping for all services 
through the manipulator shoulders up to a remotely 
operated connector is being installed. These services 
include electric and gas lines for arc welding and high 
pressure water for cutters. 

Tools 
The self-propelled welder and cutter trolleys for the 
standard U joints have been completed in their reduced 
size version. They are able to negotiate corners with a 
minimum radius of 60mm and all the rectangular parts 
will be radiused accordingly (see Fig.20). A flexible 
microprocessor based controller for the various cutting 
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Fig. 20: Welding and cutting trolleys on a simulated 
vertical port loop joint. 

tools, providing control for the cutting parameters and 
sequences has been developed and will be commissioned 
¡nearly 1987. 

Television 
The in-vessel inspection vacuum system has been re
designed to include more reliable valves and separate 
getter pumps. This will improve reliability and allow for 
individual leak detection of the four viewing units. The 
system will be installed in the 1987 shutdown. 

An upgraded version to inspect the vessel under 
vacuum at 300°C has been developed. This uses a special 
thin cylindrical water jacket, retaining the already 
existing viewing probe and glass cylinders. Tests have 
shown that these can withstand the temperature gradients 
and regain transparency impaired by radiation through 
exposure to the operating temperature. Light pipes are 
being developed to give continuous illumination of the 
vessel to ease operation, which was difficult with flash
lights only. 

Light, waterproof and high resolution cameras on 
articulated arms have been manufactured for the work 
with the manipulator and the boom grabbers. 

Remote Handling Controls 
A prototype remote handling work-station has been 
specified and built but not yet used extensively. The full 
remote handling CCTV system requirements have been 
specified and the system ordered. This will facilitate 
display of up to 40 video pictures from any of 70 camera 
inputs including those on the transporters and the Torus 
Hall walls. 

A Servo Manipulator Master Station, the concept of 
which was derived in an Article 14 study undertaken by 
EURATOM-CEA Association, Saclay, France, has been 
designed and procured. This will be fully evaluated in 
1987. 

Fig. 21: Tool used for installing belt limiter tiles. 

Special Tools 
A fully remote handling compatible welding power pack 
for all remote handling tools has been specified, tendered 
and ordered. Three hands-on units have been procured 
for use in the 1987 shutdown and these will be modified 
for remote handling compatibility later in 1987. 

A single remote handling connector for connection of 
all tools to their service lines has been specified, designed 
and about 50 manufactured. This facilitates connection 
of weld current, high and low pressure hydraulics, 
pneumatics and electrical signals through a single type of 
connector. 

In addition, the design and manufacture of 20 different 
types of tool was completed for use in the 1987 shutdown 
to install vacuum vessel windows of all sizes, belt limiter 
segments, A, RF antennae shields and housings, NBH 
shine-through protection tiles and the belt limiter and 
antennae tiles (see Fig.21). 

Active Handling 
The manufacture was completed and delivery taken of the 
torus access cabin (see Fig.22) which was described in 
the 1985 Progress Report. This will be in daily use in the 
1987 shutdown, to provide clean entry, services and 
communications. It will continue to be used, particularly 
when beryllium in introduced into the vessel. A ber
yllium laboratory to test monitoring samples is being 
installed and a strategy has been derived for maintenance 
of machine components during the period that beryllium 
is installed and prior to the active phase. 

Tritium Handling 
During 1986, development and testing continued on 
components for the plant needed to handle the exhaust 
gases from the JET machine and its auxiliary systems, 
notably the neutral beam injectors. The exhaust streams 
consist mostly of hydrogen isotopes in various mixtures, 
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Fig.22: Torus Access Cabin. 

but also contain impurities, water, methane and carbon-
oxides. A cryogenic transfer pump, accumulator, cold 
trap and gas chromatagraphy column were successfully 
demonstrated. 

The level of methane in the exhausts, due to the use of 
graphite as wall-lining material, is found to be much 
greater than expected earlier, so that methane cracking to 
strip the tritium from the waste could be essential. Also, 
hydrogen isotopes deposited in the wall materials could 
need to be removed by extensive glow discharge cleaning 
employing oxygen, and the water so produced would 
need to be cracked to strip it of tritium. 

Results obtained during 1986 point to eventual pellet 
injection and neutral beam injection not only with 
deuterium but also with tritium beams and pellets. For 
these reasons, a tritium purification and separation plant 
is now envisaged to cater for a much greater range of 
isotope mixtures, impurities, throughput and product 
purity than envisaged earlier. As a result, studies were 
made of a cryodistillation plant for separating the 
isotopes, which is capable of giving a much greater 
throughput than the previously proposed gas chroma
tography separation plant. It will be used in conjunction 
with a small gas chromatography unit, better suited to 
small quantities, unpredicted isotope mixtures, and 
intermittent operation during commissioning of JET with 
tritium and operation with scenarios needing limited 
throughputs. 

Decisions were taken to proceed with the tritium plant 
in this way, and implementation started in 1986. The 

basic design of the cryodistillation plant is established 
and it will be put to tender in Spring 1987. 

Control and Data Acquisition 
System (Codas) 

The Control and Data Acquisition System (CODAS) 
Division is responsible for the design, procurement, 
implementation, upgrade and operation of the computer-
based control and data acquisition system of JET. 
This system, based on a network of NORSK DATA 
minicomputers, allows centralised control and monitor
ing. The various components of JET have been logically 
grouped in subsystems like Vacuum, Toroidal Field, 
Poloidal Field, etc. Each subsystem is controlled and 
monitored by one computer and the various computer 
actions are co-ordinated by supervisory software running 
on the machine console computer. This supervisory 
function includes the countdown sequences for each 
plasma discharge. 

The allocation and configuration of all CODAS 
computers is given in Table IV, and Table V provides 
other quantitative data. Recent publications related to 
CODAS are given in the reference list [1,2]. 

The main achievements during 1986 are summarised, 
as follows: 

• Development and commissioning of the digital 
feedback to control the plasma current; 

• Development and commissioning of the plasma 
density validation which monitors and correlates 
various diagnostic channels; 

• Modification and improvement of the plasma 
fault protection system (PFPS) to provide better 
machine protection and accommodate density 
diagnostic disturbances related to pellet injection; 

• Development and commissioning of hardware 
and software to allow usage of Westward ter
minals on the IBM Computer through a Gandalf 
terminal multiplexer and the IBM 7171 interface 
unit; 

• Design, manufacture, installation and com
missioning of 15 CODAS interface cubicles; 

• Design and installation of the first Remote 
Handling workstation and part of its software; 

• Design, development and commissioning of the 
sequencer unit required by the pellet launcher 
built by Oak Ridge National Laboratory (ORNL), 
USA, and due to be installed at JET in early 1987; 

• Improvement of data collection and archiving 
throughput to accommodate the larger amount of 
data collected at each pulse (about 9 MByte 
per pulse); 

• Introduction of larger mass storage devices based 
on Winchester technology; 

• Completion of the suite of on-line test programs 
for all standard CODAS CAMAC modules; 
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Table IV 

CODAS Computer Configuration at the end of 1986 

Subsystem 

AH* 

AS 

CA* 

CB 

CP 

DA* 

DB* 

DC* 

DD* 

DE* 

DF* 

DG 

EC* 

EL 

GS* 

HL* 

MC* 

PF* 

PL 

RB* 

RF* 

RH 

SA* 

SB 

SD 

SS* 

TB* 

TF* 

TR 

TS 

VC* 

YB 

YC 

YD 

YE 

Usage 

NI Additional Heating 

Assembly Database 

Message Switcher A 

Message Switcher Β 

Cable Database 

Online diagnostic 

Online diagnostic 

Online diagnostic 

Online diagnostic 

Offline diagnostic 

Online diagnostic 

Diagnostic Commissioning 

Experiment Console 

Electronic 

General Services 

Harwell Link 

Machine Console 

Poloidal Field 

Pellet Launcher 

Radio Frequency Test Bed 

Radio Frequency 

Remote Handling 

Storage & Analysis 

StandbySystem/Backup 

Builtin, Pool, Computer db 

Safety & Access 

NI Test Bed 

Toroidal Field 

Tritium 

Test 

Vacuum 

Integration 

CODAS Commissioning/NIBC 

Sc Dpt Development 

CODAS Development 

Model 

ND100 

Compact 

ND100 

ND100 

ND530 

ND520 

ND520 

ND520 

ND520 

ND520 

ND520 

ND520 

ND570 

ND100 

ND100 

ND100 

ND100 

ND100 

ND100 

ND100 

ND530 

ND100 

ND560 

ND100 

Compact 

ND100 

ND100 

ND100 

ND100 

ND100 

ND100 

ND530 

ND100 

ND570 

ND520 

Memory 

(MByte) 

2.0 

0.75 

0.5 

0.5 

5.0 

3.0 

3.0 

3.0 

3.0 

3.0 

3.0 

5.0 

5.0 

1.0 

1.5 

1.5 

1.5 

2.0 

2.0 

1.25 

3.0 

1.5 

3.0 

1.5 

0.75 

1.5 

1.5 

1.5 

1.5 

1.5 

2.0 

3.0 

1.5 

5.0 

5.0 

Disks 

(MByte) 

1X75 1X450 

1X45 

1x75 

1X75 

1x75 1x288 

2X75 

1x75 1x288 

2x75 

2x75 

2x75 

2x75 

2x75 

1x75 1x288 

1X75 

1X75 

1X75 

1X75 

1X75 

1X75 

2X75 

2X75 

1x75 

1x75 1x288 1x450 

2X75 1x288 

2X45 

1x75 

1x75 1x450 

1x75 

1x75 1X288 

1x75 

1x75 

2x75 

1x75 1x450 

1x75 1X288 

1x75 1x288 

indicates online computers. 

• Installation on the Main Frame Computer of 

terminal handling and PLOT10 software; 

• Installation of hardware and software to allow 

access to all CISS logical states by CODAS, so 

that full CISS MIMICs could be displayed on the 

consoles. 

A breakdown of electronics modules is given in Table VI 

comparing the end of 1985 and the end of 1986 figures. 
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TABLE V 
Quantitative Information on CODAS Installation at 

end of 1986 

CODAS Interface Cubicle 

CAMAC Crates 

CAMAC Modules 

Eurocard Modules (Signal Conditioning) 

Computer Terminal 

CAMAC Serial Loop (Fibre Optic) 

On-line Computers 

Off line and Commissioning Computers 

Size of JPF 

Number of diagnostics on-line 
with CODAS 

Number of diagnostics under 
commissioning with CODAS 

128 

198 

2,982 

6.254 

238 

21 

20 

15 

9MB 

26 

8 

TABLE VI 
Review of CODAS Electronics Stock Holding 

(Installed, Pre-procurement and spares) 

1. CAMAC system modules 
2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
12 
13 
14 
15 
16 
17 
18 

CAMAC digital I/O modules 
Timing system (CAMAC & Eurocard) 
CAMAC analogue I/O modules 
CAMAC display modules 
CAMAC Auxiliary controllers 
CAMAC powered crates 
U-port adaptor 
CISS modules 
CCTV 
Cubicle frames 
Console devices (not CAMAC) 
Power supply modules 
Intercom, Public Address 
Pool 
Analogue I/O in Eurocard 
Digital I/O in Eurocard 
Eurocard sub-racks 

End 85 
705 
662 
910 
803 
265 
mi 
187 
141) 
753 
414 
223 
344 

1,350 

818 
1.816 
3.923 

744 

14.564 

Increase 2.923 

End 86 
760 
738 

1.073 
1.073 

377 
110 
227 
155 
753 
470 
280 
387 

1.570 

889 
2.006 
4,584 

751 

17.490 

207c 

Diagnostic Systems 
The status of JET's diagnostic systems at the end of 1986 
is summarised in Table VII and their general layout in the 
machine is show in Fig. 23. The staged introduction of the 
diagnostic systems onto JET has proceeded from the 
start of JET operation in June 1983 and is now nearing 
completion. The present status is that of 39 systems in 
total, 24 are in routine operation, 10 are being installed/ 
commissioned and 5 have still to be constructed. 
Operational experience has been good and many of the 
systems are now operating automatically with minimal 
manual supervision. The resulting measurements are of a 
high quality in terms of accuracy and reliability, and 
provide essential information on plasma behaviour 
in JET. 

Magnetic Measurements 
The magnetic diagnostics have been described in 
previous JET Annual and Progress Reports and have 
continued to work routinely and reliably during the year. 
The diamagnetic loop measuring the plasma energy 
content has been a most useful tool during additional 
heating studies and information on MHD oscillations has 
been extended to include monitors of modes of distinct 
toroidal mode number n up to n = 3, as well as of locked 
(ie. non-oscillating) n= l modes. 

Extensive use has been made of the facility to inter
connect a large number of pick-up coils in different 
poloidal and toroidal locations into different data 
recording channels with selectable time windows. Very 
accurate correlation studies have been made for many 
different fluctuating plasma quantities, using soft X-ray 
detectors, ECE, probes and reflectometers. 

Plasma Boundary Probes 
Measurements of the plasma temperature, density and 
heat flux in the region outside the limiters have been 
routinely made with Langmuir probes in the carbon 
protection tiles of the RF antennas. Similar probes have 
been used on a system that is introduced from the top of 
the machine by a vertical probe drive. This system has 
been mainly used in discharges with a single null at the 
top of the machine. The collected data are important to 
develop models for the plasma boundary layer and to 
assess impurity production mechanisms. 

Plasma-Wall Interactions 
The systems designed to expose samples in order to 
measure the hydrogen, deuterium and impurity fluxes in 
the boundary are now operational. One system that 
introduces the time resolving collection probe from the 
top has successfully monitored standard ohmically heated 
discharges. 

The other system that is based on a train powered by 
linear motors and running in a vacuum tube, can transfer 
probes from the Diagnostic Hall to the torus on a shot-by-
shot basis. Langmuir probes and time resolving collector 
probes have been successfully exposed. A surface 
analysis system is directly coupled to this system and 
surface collector probes can be analysed immediately 
after exposure to the plasma without leaving an ultra high 
vacuum environment. This system has been installed and 
is in the last stage of commissioning. 

The programme of exposing long term wall samples in 
the vessel was continued. These samples which are 
accessible only at shutdowns show the actual state of 
the vessel wall as a function of poloidal and toroidal 
locations. Also representative samples of the limiters, the 
protective tiles of the RF antennae and inner wall have 
been taken routinely. All data obtained from post
mortem surface analyses provide valuable information 
on the release mechanisms of the impurities from 
surfaces in contact with the plasma. 
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TABLE VII 
Status of JET Diagnostic Systems 

System 
Identifier 

K B I 

K C l 

K E I 

KE3 

K O I 

KG2 

K G } 

KG4 

K H I 

K H 2 

KJ I 

KJ 2 

K K I 

K K 2 

K U 

K L 2 / 3 

K M I 

KM.1 

K M 4 

K M 2 

K M 5 

K M 7 

K N I 

K N 2 

K N 3 

K N 4 

KP: 

K R l 

KSI 

KS2 

KS3 

KS4 

Κ Τ Ι 

κτ: 

KT3 

K T 4 

κχι 

K-i I 

K Y 2 

K Y J 

K Z I 

KZ3 

Diagnostic 

Bolometer Array 

M agnell i Diagnostics 

Single Point 
Thomson Scattering 

1 i.l.κ Thomson 
Scattering 

Mul t ichannel Far 
Infrared Interferometer 

Single Channel 2 m m 
Interferometer 

Mic rowave Reflcctomcter 

Polarimeter 

Hard X-ray Moni tors 

X-ray Pulse Height 
Spectrometer 

Soft X-ray Diode Arrays 

Toroidal Soft X-ray 
Detectors 

Electron Cyc lo t ron 
Emission Spatial Scan 

Electron Cyc lo t ron 
Emission Fast System 

Limi ter surface 
lempe rature 

2.4 M e V Neutron 
Spectrometer 

2.4 MeV T i me-of-Fl ight 
Neutron Spectrometer 

2.4 M e V Spherical 
Ionisation Chamber 

14 M e V Neutron 
Spectrometer 

14 M e V Neutron 
Spectrometer 

T imereso lved 14 M e V 
Neutron Yie ld Mon i to r 

T ime Resolved Neutron 
Yield Moni t i» 

Neutron Act ivat ion System 

Neutron Yie ld Profi le 
Measuring System 

Delayed Neutron Counters 

Fusion Product Detectors 

Neutral Particle 
Analyser Array 

Act ive Phase Spectroscopy 

Spatial Scan X-ray 
Crystal Spectroscopy 

Η-alpha and Vis ible 
Light Moni tors 

Act ive Beam Diagnostics 
lusing heating beam) 

V U V Spectroscopy 
Spatial Scan 

V L ' V Broadband 
Spectroscopy 

Vis ible Spectroscopy 

Extreme Ultraviolet 
Spectrometer 

H igh Resolution X-rav 
Crystal Spectroscopy 

Surface Analysis Station 

Surface Probe Fast 
Transfer System 

Plasma Boundary Probe 

Diagnostic Pellet Launcher 

Laser B low-o f f 

Purpose 

Time and space resolved total radiated 
power 

Plasma current , loop volts, plasma 
posi t ion, shape o f f lux surfaces 

T ( and n, at one point several t imes 

T f and n, profi les 

ι D. ds on 7 vertical chords and 3 
horizontal chords 

i n i i i t K on 1 vert ical chord in low 
density plasmas ( < 10-" m - ') 

η,, prof i les and fluctuations 

jn.Bpds on 6 vert ical channels 

Runaway electrons and disruptions 

Plasma puri ty monitor and Τ,, on axis 

M H D instabilit ies and location of 
rational surfaces 

M H D instabil it ies 

T,.(r.l) w i th scan t ime of a few 
mil l iseconds 

T,.(r.i) on microsecond t ime scale 

Moni tor of hot spots on l imi ter 
and RF antennae 

Temperature of wal l and l imiter 
surface 

Neutron spectra in D-D discharges. 
ion temperatures and energy distr ibut ions 

Neutron spectra in D-T discharges. 
ion temperatures and energy distr ibut ions 

Tr i ton burn up studies 

T ime resolved neutron flux 

Absolute fluxes of neutrons 

Space and t ime resolved prof i le of 
neutron flux 

Absolute fluxes of neutrons 

Charged particle produced by fusion 
reactions 

Profiles of ion temperature 

Impur i ty behaviour in active condit ions 

Space and t ime resolved 
impur i ty density profi les 

Ionisation rate. Ζ , « , 
impuri ty f luxes 

Ful ly ionized light impurity concentrat ion, 
T , l r ) . rotation velocities 

T ime and space resolved 
impurity densities 

Impur i ty survey 

Impur i ty (luxes f rom wal l and l imiters 

Impur i tv survey, rotation velocit ies. 
T,,r> 

Ion temperature by line broadening 

Plasma wal l and l imiter interactions 
including release of hydrogen 
isotope recycl ing 

Vert ical probe drives for electr ical and 
surface col lect ing probes 

Particle transport, fueling 

Inject ion o f trace elements 

Association 

IPP Garehing 

JET 

Riso 

JET and Stuttgart 
Universi ty 

C E A Fontenayaux-
Roses 

JET and F O M 
Ri jnhuizen 
JET 

JET 

C E A Fontcnay-aux-
Roscs 

JET 

JET 

IPPGarch ing 

JET 

N P L . Culham Lab. 
and JET 

F O M . RijnjuJzcn 

JET and Κ FA 

JET 

U K A E A Harwel l 

N E B E S D . Sludsvik 

K F A Ji i l ich 

U K A E A Harwel l 

N E B E S D . Golhcnbcrg 

JET-Harvsell 

U K A E A Harwel l 

U K A E A Harwel l 

U K A E A Harwel l 

M o l 

JET 

E N E A Frascati 

IPPGarch ing 

IPPGarch ing 

JET 

JET 

CEA Fontcnay-aux 
Roses 

U K A E A Culham Lab. 

JET 

U K A E A Culham Lab. 

E N E A Frascati 

IPP Garching 

U K A E A Culham Lab. 

JET . U K A E A Culham 
Lab . . IPPGarch ing 

IPPGarch ing 

JET 

Status 
Dec. 1986 

Upe rational 

| l ) Operational 
(2) Enhancement 

Operational 

Commissioning 

Operational 

Operational 

(1) Prototype 
system operating 
(2) Mult ichannel 
system in construct ion 

Under construction 

Operational 

Operational 

Operational 

Under construct ion 

Operational 

Operational 

Operational 

K L 2 Operational 
K L 3 Under development 

Commissioning 

Commissioning 

Commissioning 

Under construct ion 

Under construction 

Operational 

Operational 

Operational 

Cum m issi oning 

Commissioning 

Prototype operational 
Upg rade-

Ope rali una I 

Commissioning 

Commissioning 

Operational 
Poloidal Scan. 
Operational 

Provisional system 
Under construct ion 

Operational 

Operational 

Operational 

Operational 

Operational 

Commissioning 

Operational 

Operational 

Operational 

Being designed 

Date of 
Operation 

in JET 
M i d 1983 partly 

Early 1984 fully 

M i d 1983 
Late 1985 

M i d 1984 

M i d 1987 

M i d 1984 partly 
Early 1985 ful ly 

M i d 1983 

M i d 1984 

End 1987 

M i d 1987 

M i d 1983 

Early 1986 

End 1985 

M i d 1987 

Late 1985 

Early 1985 

M i d 1984 

1986 
M i d 1987 

M i d 1987 

M i d 1987 

M i d 1987 

1990 

1990 

M i d 1986 

M i d 1983 

M i d 1986 partly 
M i d 1987 ful ly 

M i d 1987 

M id 1987 

1985 
M i d 1987 

M i d 1984 partis 
End 1985 fu l l y ' 

M i d 1987 

M i d 1987 

Early 1983 
M i d 1986 

Early 1986 
M i d 1987 

M i d 1985 partly 
M i d 1987 ful ly 

Early 1984 

M i d 1983 

M i d 1986 

Early 1986 

M i d 1987 

M i d 1986 

M i d 1984-86 

M i d 1986 

End 1987 
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Location of J.E.T. Diagnostic Systems 

Neutron Activation System 

Neutron Yield Profite Double Crystal 
Measuring System Spectrometer 

Plasma Boundary Probe 

Single Point 
Thomson Scattering 

Active Phase 
Spectroscopy 

V.U.V. Spectroscopy 
Spatial Scan 

V.U.V. Broadband 
Spectroscopy 

_ Neutral Particle 
'Á Analyser 

Bolometer Camera 

Surface Probe 
Fast Transfer System 

Soft XRay 
Diode Array 

Neutron Yield Prolile 
Measuring System 

Fig. 23 General layout of diagnostics in the machine 

High Resolution XRay
Crystal Spectrometer 

2mm Microwave 
Interferometer 

Limiter Diagnostics 

The interaction of the plasma with the limiters and wall 

surfaces has been routinely monitored and recorded by 

means of a video system based on infrared cameras. 

As well as routine monitoring of the limiters and RF 

antennae, observations of the target plates near the single 

null during Xpoint operation have been of great import

ance for maintaining safety limits on the machine. This 

camera system is excellent in detecting hot spots and 

excessive temperatures but lacks the dynamic range for 

accurate temperature measurements. A new system 

working at a wavelength of 35μιτι has become oper

ational. This is based on a cooled infrared diode array of 

32 χ 32 pixels and has successfully monitored the spatial 

temperature distribution of one of the JET limiters. 

Electron Cyclotron Emission Measurements 

Radiation measurements of electron cyclotron emission 

(ECE) have been made routinely during the year using 

the Michelson and Fabry Perot interferometers and the 

grating polychromator described in previous reports. 

From the measurements, the electron temperature is 

determined with good temporal and spatial resolutions 

and with an absolute accuracy of about 10%. 

Several significant developments have been achieved 

in 1986. Automation of the instrumentation has been 

completed and during normal tokamak operating periods 

only occasional manual monitoring of the system is now 

necessary. The measured temperatures have been 

compared systematically with those measured by 

Thomson scattering and, with only a few exceptions, the 

measurements agreed within the estimated experimental 

uncertainties. This has given a high degree of confidence 

in the electron temperature measurements. Measure

ments made with Michelson interferometers along four 

different viewing chords have been combined to derive 

the lines of constant temperature (ie. isothermals) in the 

poloidal crosssection. Extensive use has been made 

of a special code developed by EURATOMCNR 

Association, Milan, Italy in the interpretation of this 

data. A code for interpreting nonthermal ECE spectra 

has been developed by EURATOMFOM Association, 

The Netherlands. A novel technique for improving the 

relative calibration of the Michelson interferometers has 

been developed and the shape of the electron temperature 

profile is now determined to an accuracy of ±5 %. 

The measurement system has also been extended. A 

high resolution Michelson interferometer has been 

commissioned and preliminary plasma measurements 

carried out. This device will provide measurements of 

the temperature over the entire plasma crosssection 

instead of covering half, as is the case with the present 

Michelson interferometers. In addition, a heterodyne 

system has been constructed and commissioned. This 

system provides the time dependence of the temperature 

at eight different locations with a spatial resolution 1 .5 

cm, and a time resolution — 10 μϊ and a signal to noise of 
typically 100/1. At Β = 3.4T, the system probes the edge 
region of the plasma (3.8 < R < 4.0 m). 

Electron temperatures determined from ECE measure
ments have been used extensively in many physics studies 
on JET. In particular, they have played a central role in 
studies of energy confinement, disruptions, sawteeth and 
heat pulse propagation. 
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Thomson Scattering 
The Single Point Thomson scattering system, which 
measures the electron temperature at a single position in 
the plasma several times during a pulse, has operated 
reliably and routinely throughout the year. A source of 
systematic error due to chromatic aberration has been 
identified and rectified, and the measured temperatures 
now agree well with those measured by ECE. The system 
has been made fully automatic and only occasional 
monitoring of the system is necessary during tokamak 
operation. 

All the major components of the LIDAR Thomson 
Scattering system, which will measure the spatial profile 
of the electron temperature by a time of flight technique, 
have been constructed. A provisional installation was 
achieved late in 1986 and some promising first plasma 
measurements obtained. The system will be completed 
and brought into full operation in 1987. 

Microwave Transmission Interferometry and 
Reflectometry 
The microwave transmission interferometer has con
tinued in routine use for measurements of the line-of-
sight electron density and for plasma control purposes. 
The system has a high reliability and no further develop
ments are planned. 

The provisional microwave reflectometer which uses 
one of the ECE waveguides, has been used extensively in 
studies of several different phenomena, such as plasma 
fuelling and particle transport. In addition, this reflec
tometer has tested successfully the novel operating mode 
of the new 12 channel reflectometer. The design of the 12 
channel system has been completed and contracts placed 
for all the major components. This system will be 
installed during the 1987 shutdown. 

Neutron Flux Measurements 
Routine measurements of the time-resolved neutron yield 
are made using 235U fission chambers fixed to the 
magnet limbs. The absolute detection efficiency of these 
chambers for one particular machine configuration has 
been established using a neutron source inside the JET 
vacuum chamber during a previous shutdown. Unfortu
nately, the detector response is sensitive to changes to 
other equipment close to the detectors and to changes to 
JET itself, especially at the horizontal diagnostic ports. 

These dependencies can be avoided by determining the 
total neutron yield from activation measurements with 
samples for irradiation being placed just outside the 
vacuum vessel but within the coils and support shell. In 
such a position, the measurement will be independent of 
changes to the external equipment or to the ports. A 
pneumatic transfer system has been installed to facilitate 
the removal of activated samples to a remote counting 
station for analysis. Four lower irradiation positions have 
been installed (beneath the median plane of JET), leaving 
four upper positions to be installed during the present 
shutdown. A preliminary examination of the first 
measurements with this system, using indium foils, 

provide neutron yields somewhat lower than those 
estimated from the fission chambers. 

The deduction of the total neutron yield from either the 
fission chamber or the activation measurements depends 
on a knowledge of the geometry of the neutron emitting 
region of the plasma. Information on the shape of this 
neutron source can now be obtained using the neutron 
yield profile measuring system which was installed on 
JET late in 1986. The performance of this diagnostic is 
only now being evaluated. For ohmic discharges, the 
electron temperature profiles can be used to obtain a 
broadly acceptable prediction of neutron emission profile 
but the profile for neutral beam heating with D° injection 
is much flatter. The diagnostic also shows that the local 
neutron emission exhibits the familiar sawtooth inversion 
effect. 

Neutron Spectroscopy 
Continued work with a 'He ionization chamber in the 
Roof Laboratory has provided ion temperature measure
ments which agree well with results from neutral particle 
analysis (NPA) and from the nickel impurity X-ray 
spectrometer. The operating position originally planned 
for the 'He spectrometer was within a shielded enclosure 
positioned in the Torus Hall as close as possible to the 
diagnostic port to obtain high neutron fluxes. This shield 
has now been installed (see Fig.24) and results from this 

Fig.24: The photograph shows the substantial radiation 
shield opposite Octant No: 4 which has been provided for 
the neutron spectrometer (3He ionisation chamber). 
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diagnostic have been obtained. In future, 'He spec
trometers in both positions (Roof Laboratory and Torus 
Hall) will be operated. 

The major challenge for neutron spectrometry will be 
to measure and interpret the energy spectra of neutrons 
emitted from deuterium beam-heated discharges. 
Adjustable collimators will be fitted on the torus to 
control the neutron fluxes falling on the 'He spec
trometers. The time-of-flight neutron spectrometer, 
also in the Roof Laboratory, operates with the full flux 
available from present JET plasmas and has provided 
measurements which are being analysed. 

Two contracts have recently been placed, with 
UKAEA Harwell, U.K., and Chalmers University, 
Gothenburg, Sweden, for 14MeV neutron spectrometers 
for operation during the tritium phase of JET operations. 

Charged Fusion Products 
A prototype detector mounted inside the vacuum vessel 
has been used to study the emission of 14.6MeV protons 
from the 'He + d — ρ + a reaction. Based on experi
ence gained, an upgraded version has been constructed 
which should be operational by mid-1987. 

Fusion Gamma-Ray Studies 
With the 14.6MeV proton measurements, it is difficult to 
obtain the total proton yield, since most of the protons are 
confined by the high plasma currents. The 16.5MeV 
gamma-rays emitted from the 'He + d — 5Li + 7 
reaction are not so constrained. Measurements of the 
gamma-ray emission strength lead to a calibration of the 
proton experiment. Strong gamma-ray emission has been 
observed from D plasma with RF heating of 'He 
minority ions, for which conditions the d-d neutron 
emission is weak. The results (see Fig.25) indicate the 

presence of ions heated by the RF waves to energies of 
~200keV or higher. 

Triton Burn-up Studies 
The study of the confinement and slowing down of the 
lMeV tritons emitted from the d + d — t+ ρ reaction is 
useful as an analogue to the 3.5MeV alpha-particle 
emitted by the d-t reaction and thus has a bearing on the 
alpha-heating of deuterium-tritium plasmas. The tritons 
are easily studied through the emission of 14MeV 
neutrons by the t + d — η + 4He reactions which take 
place as they slow down in the plasma. 

The pneumatic transport system has been applied to the 
measurement of the ratio of the 14MeV to 2.5MeV 
neutron fluxes through the activation of copper and 
indium samples, respectively. A preliminary analysis of 
the measurement indicates that the burn-up fraction of 
tritons varies with operating conditions over the range 
0.3 to 0.8%, the higher values being obtained for X-point 
configuration plasmas. A simple classical calculation for 
the burn-up, including prompt losses of the tritons, 
predicts a typical burn-up of 1.2%. 

The triton burn-up has also been studied with a silicon 
detector placed just outside the vacuum vessel. This 
technique exploits the high (m,a) and (n,p) reaction 
thresholds in silicon to disciminate the 14MeV neutrons 
from the dominant 2.5MeV neutron flux; the detector is 
therefore a poor energy resolution spectrometer which 
gives the time-resolved yield of the 14MeV neutrons. 
The time dependence of the 14MeV neutron emission 
relative to that of the 2.5MeV neutrons is shown in 
Fig.26, which exhibits clearly the time delays associated 
with lMeV tritons slowing down in the plasma following 
a brief period of deuterium beam heating. Detailed 
calculations aimed at reproducing the observed time 
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Fig. 25: Gamma-ray energy spectra observed with a large NalfTl) crystal scintillator viewing the plasma from the Roof 
Laboratory. The left-hand spectrum was obtained under conditions of high neutron production from deuterium neutral 
beam injection into a deuterium plasma and shows only gamma rays from neutron capture in structural materials. 
The right-hand spectrum was obtained for 3He minority ICRF heating of deuterium plasma, with low neutron 
production: the 16.5MeV gamma-rays from the 3He+d~5Li + y reactions are clearly visible. 
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2000 

Detected count-rate 
from 14 MeV neutrons 

2.5 MeV neutron emission 

Fig. 26: Illustrating the burn-up tritons from the 
d+d—t+p branch of the d-d reaction. The lower curve 
shows the 2.5MeV neutron flux (d+d—'He+n) whilst 
the upper curve shows the 14MeV neutron flux from the 
t-\-d-~4He+n reaction. The good confinement of the 
I MeV tritons is clearly displayed. 

structure from the measured machine parameters are in 
progress. 

H and Visible Radiation Monitors 
or 

The intensity of Ht/Dir emission is measured absolutely 
at several points in the torus, at the limiters, RF antennae, 
the inner wall and at the top and bottom wall. This 
enables the ionisation rate to be calculated and, by 
establishing the particle balance in the plasma, the global 
particle confinement time and the recycling coefficient 
can be deduced. In addition, measurements of the 
absolute bremsstrahlung emission provide information 
on the effective ion charge (Zcff) of the plasma. 

The light collected through windows in the torus is 
relayed by optical fibres to the Diagnostic Hall, where it 
is analysed by filters or spectrometers and detected by 
photomultipliers. Recently, the capabilities of the system 
have been enhanced by the addition of a 13-channel 
array, aligned in a common poloidal cross-section of the 
plasma. The array has been used to determine the radial 
profile of Zcff and its temporal evolution. In particular, 
the abrupt drop in Zcff (r) over its whole profile has been 
observed following the injection of a deuterium pellet 
into the plasma. Data from the Η ΙΌ emission have 

r a a 

been used to determine the poloidal variations in re
cycling at the plasma edge, which are considerable 
during the formation of discharges limited by a magnetic 
separatrix. 

Visible Spectroscopy 
Some of the optical fibres of the Hci monitor are 
equipped with visible spectrometers, provided under a 
Task Agreement with EURATOM-UKAEA Associ
ation, Culham Laboratory, UK or are fitted with inter
ference filters for observing impurity emission. In 
addition, a spectrometer closely coupled to the torus is 

installed for limiter observation. In this way, the influx of 
impurities can be measured from various different 
sources such as walls, limiters and antennae. 

Charge Exchange Recombination Spectroscopy 
The active beam diagnostic system based on charge 
exchange recombination spectroscopy (CXRS) uses the 
neutral beams as probe beams. During the first year of 
neutral beam heating, ion temperatures deduced from 
Doppler broadened charge exchange recombination 
spectra of fully ionized light impurity atoms and local 
particle densities calculated from absolutely calibrated 
CXRS photo fluxes were measured in a wide range of 
plasma parameters. Two viewing lines providing 
localised data from the plasma centre (R = 3.1m) and 
another active volume at R = 2.3m were commissioned. 
Six different recombination lines of the main light 
impurities and the bulk of a JET plasma such as 
deuterium, hydrogen, helium, carbon and oxygen were 
analysed. A dual spectrometer arrangement, employing 
the same viewing line twice, has enabled simultaneous 
measurement of two different CXR spectra. The deduced 
low-Z ion temperatures of helium, carbon and oxygen 
were found to agree within 15%. 

Absolute calibration of the detection system has 
enabled determination of local densities of carbon, 
oxygen and helium between 1 and 10% of the electron 
density. Simultaneous measurement of carbon and 
oxygen concentrations has given values of Zcff in 
approximate agreement with independent measurements. 
The effective CXR excitation rates which were used for 
the quantitative analysis of the observed photon fluxes 
were corrected for cascading and 1-mixing effects and 
modelled to the actual plasma parameters such as 
electron temperature and bulk ion density. The total error 
of the resultant impurity densities are estimated to 
be approximately 50%. Further detailed modelling 
including experimental data gained on JET and on other 
tokamaks is under progress. 

During the 1987 shut-down, a multi-chord viewing 
system will be installed providing a dual-Z radial profile 
of ion temperature, toroidal velocity and low-Z impurity 
density. 

Vacuum Ultraviolet Spectrometry 
The combined 1-250 nm range of the JET VUV and XUV 
spectrometers allows a study of light emission from most 
impurities as these emit mainly in this band due to the 
high temperature of JET. A multi-channel broadband 
instrument, covering the wavelength range 10-170 nm, is 
used for time-resolved line identification. It has been 
absolutely calibrated and thus allows quantitative 
monitoring of impurities. The instrument has been 
routinely operated since May 1984. 

This system is complemented by a XUV instrument in 
the range 1-33 nm, with two multichannel detectors. 
Due to its higher spectral resolution, it can solve line 
identification problems and allows estimates of ion 
temperatures and plasma rotational velocities from 
Doppler-broadening measurements. The system became 
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operational in June 1986. The two systems share the same 

port. 

The spatial distribution of impurities can be measured 

by an instrument resolving in the 10250 nm range, 

which views the plasma through an additional rotating 

mirror. It scans the plasma for 80 ms, repeatedly. Two 

lateral channels, viewing the top and bottom half of the 

plasma, have been installed. Each channel can monitor 

two lines simultaneously (and a visible line for branching 

ratio calibration). The third channel, viewing the plasma 

vertically through a bottom port, will be installed during 

the 1987 shutdown. 

Wide Band XRay Spectroscopy 

In order to determine concentrations and radial distri

butions of highly stripped light impurities (such as 0) and 

metal impurities (such as Ni and Cr), two double crystal 

monochromators have been built during the year under 

contract with IPP EURATOMAssociation, Garching, 

F.R.G.. Both the monochromators will be able to record 

Xray emission from the plasma in the wavelength range 

1 to 24Å . This range covers emission from H and He

like Ni, Ne, Na and Mglike Ni, H and Helike O. 

These ionisation stages are of importance for mapping 

the impurity content of the plasma, the equilibrium 

conditions and particle transport processes. 

The spatial scan monochromator has been delivered 

and preliminary tests were made on JET at the end of the 

1986 operation phase. The instrument is close coupled to 

a top vertical torus port in order to get a sufficiently wide 

horizontal aperture for the spatial scan (see Fig.27). The 

two crystals have the capability to scan wavelength and 

Fig.27: The spatial scan Xray Spectrometer showing 

close coupling to a top vertical torus port. 

plasma radii during a single plasma discharge and the 

instrument has a resolution Ε/ΔΕ —500 which is 

sufficient for intensity measurement of the resonance 

lines. The monochromator was removed from the 

machine after preliminary tests to allow further cali

brations with an absolutely calibrated Xray laboratory 

source and will be reinstalled in 1987 with a new 

vacuum interface compatible with the new torus support 

structure. 

The second double crystal monochromator was 

delivered in late1986 and installed in a newly built 

concrete shielding outside the biological wall of the 

Torus Hall. The monochromator is planned for active 

phase operation on JET, as one of the main impurity 

survey diagnostics. The monochromator has a horizontal 

lineofsight to the plasma through one of the main 

horizontal ports adjacent to the scanning vacuum ultra

violet monochromators. The precision scans of the two 

crystals were tested both optically and with Xrays and 

the instrument will be capable of both survey measure

ments with a resolution of 500 and line broadening 

measurements with a resolution of 6000. During 1987, 

the high vacuum beam line connecting the torus with the 

monochromator will be installed, and both double crystal 

monochromators are expected to operate. 

High Resolution XRay Spectroscopy 

A high resolution curved crystal spectrometer (radius of 

curvature 24m) was installed and operated in 1986. The 

instrument measures characteristic Xray spectra in the 

wavelength region of 2Å which covers H and Helike 

ionisation stages of metal impurities such as Cr and Ni. 

During 1986, H and Helike Ni spectra were recorded 

with a resolution of 20 which is sufficient to measure 

accurately the widths of Doppler broadened line profiles 

over a wide temperature range. Nickel ion temperatures 

have been measured routinely during the various 

operational scenarios of JET, with temperatures in the 

range of 1.514keV. The time resolution achievable is 

dependent on the signal to noise level at the detector and 

varies from 20ms to several seconds, the latter being 

limited by the low nickel concentrations in the plasma 

during certain operation schemes. In addition to 

measuring the central impurity ion temperature, the X

ray spectra provide information on plasma rotation from 

lineshifts. Toroidal velocities of 5xl043xl05ms~' have 

been recorded during neutral beam injection. During 

1987, new crystals will be installed to increase the 

possible time resolution in order to respond better to fast 

varying phenomena in plasma behaviour. 

Soft XRay Pulse Height Analysis 

A three detector pulse height analysis (PHA) system has 

been installed on JET to measure continuum and line 

radiation in the Xray region. 

This diagnostic makes measurements of the plasma 

electron temperature, impurity concentrations and 

deviations of the distribution function from a Maxwellian 

and has operated throughout 1986. Comparisons made 

with other diagnostics have shown good overall 

agreement. 
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In addition, the X-ray spectra have been modelled 
using a radiation code to form a consistent picture of the 
X-ray emission from the plasma centre. In 1987, the 
diagnostic is being reconfigured to allow operation into 
JET's active phase. The detectors will be moved behind 
the Torus Hall biological walls, which will act as an 
efficient neutron shield. This new configuration will be 
operating after mid-1987. 

Soft X-Ray Diode Array 
The Diode Array system, built by EURATOM-IPP 
Association, Garching, F.R.G,. consists of two X-ray 
imaging cameras, which view the plasma from or
thogonal directions. The diagnostic is used to investigate 
MHD plasma properties and to measure the radiation 
profiles with coarse energy resolution using different 
absorption filters. The system was fully operational 
during 1986 and has obtained several important new 
results. 

The sawtooth instability has now been very closely 
studied and it has been shown that all sawteeth crashes 
proceed as a rapid displacement of the hot central plasma 
followed by an equally rapid collapse of this hot zone. 
The measurements have also greatly clarified the role of 
sawtooth precursor and successor oscillations. These 
results have had important consequences for the theory of 
the sawteeth instability. 

During pellet injection, the diode array has provided 
detailed measurements of the pellet ablation and the 
penetration of the pellet into the plasma. Immediately 
following the pellet injection, a striking new phenom
enon has been discovered called the "snake", due to its 
characteristic appearance in the X-ray cameras (see 
Fig.28). The snake is a small long lived region of high 
plasma density and is thought to be caused by a small 
magnetic island. It is important, as it gives information 
on the internal q-profile of the plasma. 

LINES OF 
SIGHT 

' VERTICAL 
CAMERA 

PELLET SNAKE 
ABLATION 

/ ,("> VACUI 

PELLET 

TRAJECTORY 

M 

9229 

Fig.28: Soft X-Ray flux profile as a function of time 
following pellet injection, indicating the phenomenon of 
the 'snake'. 

Detailed studies of disruptions in JET have shown 
many similarities with observations in other machines, 
but a new phase had also been identified during which a 
rapid plasma collapse occurs. This does not seem readily 
explicable in terms of existing theoretical ideas. 

The diagnostic has also provided detailed measure
ments on ELMS and profile broadening observed during 
X-point (or separatrix) magnetic configurations. 

The radiation shield design for the horizontal camera 
has been completed. This shield will extend the useful
ness of the diagnostic into the D-D phase. A satisfactory 
alternative detector system, less sensitive to neutron 
induced effects, has not yet been identified although work 
continues in this area. 

Bolometry 
This diagnostic measures the total radiation power of the 
plasma in the energy range 5eV-9keV, resolved in time 
and space. Two horizontal arrays of bolometers (10 each) 
and an orthogonal array of 14 provide data, with —20ms 
time resolution. 

The relative radiation power loss, Prad/Pin ul, depends 
sensitively upon the plasma density and upon the influx of 
impurities. In discharges where a magnetic separatrix 
with one or two stagnation points is formed inside the 
vacuum vessel, reduced particle influx results in power 
loss as low as about 20%. Increase of the density leads 
to an increase of the power loss. In discharges with 
improved confinement properties (Η-mode) the signifi
cant increase in density results in power losses up 
to about 60%. In all cases, the radial emissivity 
profile is hollow. Pellet injection causes a jump in the 
plasma density and thus an enhanced power loss which, 
typically, is moderate if the pellet is deposited deeply 
inside the plasma region, but up to 100% if the pellet is 
ablating further out. 

Interferometry 
Electron density is one of the fundamental plasma 
parameters, which must be measured reliably every 
discharge. On JET, this task is fulfilled by a far-infrared 
(195 μιη) multi-channel interferometer. It serves not only 
to obtain the profile of electron density as a function of 
time, but also as a safety interlock signal for neutral beam 
injection and a feed-back signal for gas puffing. The 
system has 7 vertical and 3 lateral channels. The vertical 
part has been operated routinely since September 1984. 
The lateral channels require compensation for mech
anical vibrations as they use retro-reflectors in the 
vacuum vessel. The short wavelength laser beam 
originally envisaged for this purpose was difficult to 
maintain alignment, so it is being replaced by a 119 μπι 
laser during the 1987 shutdown. 

During 1986, measurements of the density profiles 
were used to study particle transport and wall pumping in 
inner-wall, X-point and limiter configurations. Increased 
particle confinement and a broadening of the density 
profile are signatures of the transition from L-mode to H-
mode (in the single null X-point configuration), which 
was one of the most important observations during 1986. 

33 



Technical Achievements During 1986 

Finally, the evolution of the density profile in pellet 
injection experiments has permitted more reliable 
measurements of the particle transport coefficients in the 
centre of the plasma. 

Polarimetry 
The magnetic field of the plasma interacts with the 
linearly polarized laser beam of the interferometer to 
cause rotation of the plane of polarization (Faraday 
effect). Hence, information on the poloidal field and, 
after some manipulation, on the plasma current distri
bution can be obtained. During the 1987 shutdown, the 
vertical channels of the far-infrared interferometer will 
be equipped with the additional optics and detection 
necessary for such measurement as part of a contract with 
EURATOM-CEA Association, Cadarache, France. 

Neutral Particle Analysis 
An array of five passive neutral particle analysers has 

been in operation since the end of 1985. The system, 
constructed for JET by EURATOM-ENEA Association, 
Frascati, Italy, has been extensively used during 1986 
operation in all plasma scenarios to infer information on 
neutral particle behaviour and ion temperatures. 

In collaboration with the Frascati NPA Group, 
particular emphasis has been given to the development of 
data analysis codes which have allowed: 

• the evaluation, together with data from other di
agnostics, of information on the ion temperature 
profile; 

• the study of the minority tail during ICRH heating 
to infer the RF power deposition profile; 

• the study of the slowing down of the neutral 
particles injected during NB operation. 

Single Shot Pellet Injector 
A single shot pellet injector was installed in May, and 
following commissioning was ready for operation at the 
end of June (see Fig.29). The rapid installation and short 
commissioning period for such complex apparatus were 
made possible by careful planning and preparation of the 
hard- and soft-ware interfaces and by the dedicated 
efforts of those involved. 

The injector was operational for three months and a 
total of 170 pellets were fired into JET plasmas with high 
reliability. The cylindrical pellets with diameters of 
3.6 mm or 4.6 mm with velocities between 0.8 and 
1.2 km s~' were injected into various target plasma 
configurations (limiter, inner-wall and X-point) using 
different combinations of the available heating methods 
(OH, ICRF and NBI). The results of these investigations 
are described elsewhere in this report. 

The single shot pellet injector will be reinstalled with 
the new multi-pellet injector for the next operational 
period. The two systems will be operated independently 
but will use a common cryo-pump box to exhaust the 
propellant gas and a common protection system to inhibit 
pellet injection when the machine conditions are not 
suitable. It is planned to use the facility of the single shot 
injector to supply pellets of deuterium, hydrogen or 
known mixtures of both and also to dope any of these with 
trace amounts of neon, to further the studies of particle/ 
impurity transport, confinement, recycling and fuelling 
in JET plasmas. 

Fig. 29: Single-shot pellet injector. 
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Summary of JET Technical 
Achievements 

During 1986, the toroidal magnetic field (BT) operated 
routinely at its maximum design value of 3.4T. The 
plasma current (±<3%), horizontal plasma position 
(±<10mm), plasma elongation e(±5%) and shape were 
all controlled by feedback circuits acting on poloidal field 
coils. Following considerable work on these systems, 
stable control has been obtained with elongations in the 
range 1.2 -1.7. However the plasma vertical position is 
naturally unstable due to both the quadrupole poloidal 
field necessary for the elongated plasma and de
stabilising effect of the iron magnetic circuit. Loss of 
vertical position feed-back control at higher elongations 
can lead to large vertical forces on the vessel. Some 
additional vessel supports have been introduced, but 
the plasma current, I , was still restricted within the 

f ρ' 

operating regime given by 12(e-1.2)<5.0(MA)2. So far, 
the full inductive flux (34Vs) has not been used as the 
maximum premagnetisation current creates stray fields, 
which inhibit reliable plasma breakdown. 

The vacuum vessel has usually been operated with wall 
temperatures at 250-300°C and with a base pressure of 
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10 7mbar H and 10~9mbar residual impurities. To 
reduce the level of metallic impurities and oxygen, the 
torus walls have been carbonised by glow discharge 
cleaning in a mixture of hydrogen or deuterium and 
hydrogenic methane (CH4). Difficulties in controlling 
the density during Tokamak discharges following 
carbonisation limited the number of carbonisations 
performed in 1986. The vessel is also conditioned by 
glow discharge cleaning in hydrogen and/or deuterium. 

Eight carbon plasma limiters were located symmetri
cally on the outer equatorial plane of the vessel. Since 
disruptions mostly terminated on the inner walls, these 
have been covered by carbon tiles to a height of ±lm 
around the mid-plane. Similar tiles also protected the 
frames of the RF antennae, eight octant joints, and the 
outer wall from neutral beam shine-through. Additional 
tiles were installed to protect the top and bottom of the 
vessel during X-Point (Separatrix) operation. The total 
surface area covered is 45m2, corresponding to —20% 
of the vacuum vessel area. The inner wall tiles used as 
limiters and those for X-Point protection provided 
powerful pumping (with speeds up to lOOmbar.l.s-1)-
This allowed operation at low density near the plasma 
edge and was used to reduce the density after neutral 
injection to avoid disruptions. Recently, helium dis
charges prior to normal operation have improved the 
inner wall tiles pumping capacity. 

RF Heating System 
Three RF antennae were installed at the outer equa

torial wall. Power was transferred to the plasma at a 
radiation frequency (25-55MHz) equal to the cyclotron 
resonance of a minority ion species (H or He'). Each 
antenna was fed by a tandem amplifier delivering up to 
3MW in matched conditions. The three units have been 
regularly operated up to 7.2MW for 2s pulses. Exper
iments with 8s pulse duration were also performed 
delivering — 40MJ to the plasma. Recently, a fourth RF 
generator has been installed so that two generators fed 
one antenna, and over 4MW was coupled to the plasma in 
this configuration. 

Neutral Beam System 
A long pulse (— 10s) neutral beam (NB) injector with 
eight beam sources operated on JET from early 1986. H° 
beams were injected into D plasmas with particle 
energies (in the full energy fraction) of up to 65keV. The 
neutral power fractions were 69%, 23% and 8% in the 
full, half and one-third energy components, respectively, 
giving a total beam power of —5.5MW injected into the 
torus. D° beams have also been injected into D plasmas, 
with particle energies up to 75keV (injected power 
fractions of 76%, 17% and 7%) giving a total power up 
10MW. Up to 40MJ was delivered to the plasma during 
a pulse. 
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General Plasma 
Characteristics and Global 
Confinement 

Experiments have been performed with ICRF and NBI to 

determine the response of the plasma to additional 

heating. Up to 7MW of ICRF and 9MW of neutral beam 

injection (NBI) have been applied to a wide range of 

plasmas (BT= 1.73.4T, Ip= 15MA and <n> = 

l5xl019irr') with fixed plasma dimensions (R — 3.0m, 

a = 1.2m and b/a = 1.45). The plasma behaviour is 

similar to that observed in other smaller tokamaks [ l ] . 

Discharges with a magnetic separatrix (Xpoint) inside 

the chamber can make a transition to a régime of 

improved confinement, called the Hmode [2]. The X

point plasmas obtained in JET are described in another 

section of this report. This section deals with plasmas 

bounded by the outboard limiters or innerwall protection 

tiles, which have not made the Ηmode transition and are 

in the Lmode. 

The central electron and ion temperatures, for two 

different conditions, are shown as a function of density in 

Figs.30 and 31. The first shows the result of deuterium 
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Fig. 30: The central ion and electron temperatures versus 

line average electron density for I=3MA, BT=3.4T 

deuterium plasmas with deuterium neutral beam injection 

giving a total power between 5 and 7MW. 
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Fig.31: Tlìe central ion and electron temperatures versus 

line average electron density for I =2MA, BT=2.2T, 

He3 plasmas with hydrogen minority ion cyclotron 

heating giving a total power between 5 and 7MW. 

NBI on deuterium plasmas at I =3MA and B.,. = 3.4T. 

At medium to high densities, the thermal ions and 

electrons are quite strongly coupled and the temperatures 

of both fall with increasing density. At low densities, 

where the thermal ions receive most of the NBI power 

and can decouple from the electrons, the electron 

temperature saturates and ion temperatures of up to 

14.5±lkeV have been obtained. The various plasma ions 

can have different temperatures during heating, and these 

have been obtained by the Doppler broadening of an X

ray emission line of Ni26+. The deuterium ion tempera

ture is estimated to be — 1.5keV less at the highest nickel 

temperature shown. 

In contrast, Fig.31 shows some hydrogen minority 

ICRF data at Ip=2MA and BT=2.2T where the power 

transfer is calculated to be due primarily to the electrons. 

In this condition at low densities, the ion temperature 

saturates and electron temperatures of 7.5keV have been 

obtained. From these heating results, it can be concluded 

that the power transfer from ICRF and NBI is at least 

qualitatively as expected. As described in the section of 

RF heating, the quantitative agreement between the 

calculated ICRF heating rates and those observed 

experimentally is also good. 
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Fig. 32: The total plasma energy content against total 

input power for various plasma currents and toroidal 

fields. 

The global properties of the plasma thermal insulation 

are best described by plotting the plasma energy content 

(W) against total heating power Pt. This is shown for a 

number of plasma currents and toroidal fields in Fig.32. 

The main features of this data are: 

(i) Ohmic heating alone is the most effective, 

(ii) When additional heating is applied the energy 

confinement is degraded and the rate at which the 

energy content increases with power (or the 

incremental confinement time, Tinc = AW/AP) is 

less than that with Ohmic heating alone; 

(iii) For much of the data, rlnc is independent of 

power so that W=W(0) + TincPt. However for 

some scans, r¡nc falls with increasing power, so 

the heating is less effective, particularly in those 

plasmas using the main outboard limiters; 

(iv) The energy content is proportional to plasma 

current and independent of toroidal field; 

(v) The best results from each heating scheme are 

similar and imply that there are no fundamental 

differences in effects on the plasma. 

The main deviations from this summary, such as 

variations in r. with power or reductions in heating 

effectiveness, are associated with changes in the power 

deposition or radiation profiles. 

To demonstrate that the power deposition profile can 

affect the heating effectiveness, a scan of hydrogen ion 

cyclotron resonance position was performed at I =2MA 

and BT = 2.2T, with ICRF heated hydrogen minority in 

'He plasmas. Helium plasmas were used as these have a 

low impurity content and, unlike most deuterium 

plasmas, do not radiate more or, worse still, disrupt as 

the power source is moved away from the centre of the 

chamber. The halfwidth in minor radius of the power 

deposition around the resonance position is approxi

mately 0.20.3m. A plot of r¡nc against the minor radius 

of the resonance is shown in Fie.33. τ has its 
o mc 

maximum value when the resonance intersects the 

magnetic axis and falls to zero when it reaches the edge 

of the plasma. The solid curve is the prediction of a 

simple power balance model in which the thermal 

conductivity increases quadratically with minor radius. 

These results show that unfavourable heating profiles, 

such as those obtained when NBI is used at high plasma 

density, will reduce the heating effectiveness. If radiation 

is regarded as a negative heating source, Fig.33 demon

strates that peripheral radiation can have little or no effect 

but a shift of the profile towards the plasma interior will 

reduce rinc. Such changes in the radiation profiles do 

occur as shown in Fig.34. The difference between inner

wall and limiter plasmas, mentioned above, and the poor 
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Fig. 33: The incremental energy confinement time versus 

the minor radius of the ion cyclotron resonance for a 

number of 1=2MA, Br—2.2T, He3 and Ηminority ion 

cyclotron heated plasmas. 

g 80 

Q 60 

40 

20 

He
3
 minority ICRF (limiter) 

NBI (Inner Wall) 

1.5 

Minor Radius (m) 

Fig. 34: The total radiation power density versus minor 

radius for various different heating conditions. The 

radiation power density in the central region is poorly 

determined for these profiles. 
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performance of some 'He minority ICRF plasmas, 

whose UV spectra show unusually high metal contami

nation, are examples where the radiation profile has an 

important effect. 

It is clearly of interest to know whether the confine

ment deterioration is an effect of additional heating or 

whether it already manifests itself in ohmically heated 

plasmas. The latter possibility is suggested because the 

high density ohmic heating points usually lie on the same 

line as those with additional heating in the energy content 

against total power plots (see Fig.32). The strongest 

evidence in support of this has been obtained from the 

propogation of the heat pulse which follows the sawtooth 

collapse. The measurements of the electron heat pulse 

have been made using an absolutely calibrated grating 

polychromater sensitive to the plasma electron cyclotron 

emission. The transient response of the electron tempera

ture can be analysed to yield a value for the electron 

thermal conductivity. The measured conductivity is 

plotted against input power for I =3MA and BT = 3.4T 

data in Fig.35. The thermal conductivity does not vary 

significantly from Ohmic heating to full power additional 

heating plasmas. Therefore, the confinement degradation 

has already occurred with Ohmic heating alone. Further

more, the mean value of the thermal conductivity, χ. so 

determined, is consistent with the value of the incre

mental confinement time (ie χ. = xinc — ab/4Tinc). 

Two alternative pictures for the power balance are 

suggested by these results. The first has the confinement 

degradation associated with the passage through a 

threshold in a quantity such as temperature or pressure 

gradient. The alternative picture is that the outward 

diffusive power flow is nearly balanced by a constant 

inward convective flow or heat pinch. As additional 

heating or the sawtooth heat pulse are supposed only to 

excite the diffusive part of the power flow, confinement 
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Fig.35: The thermal conductivity, χ , determined using 

sawtooth heat pulse propogation measurements against 

the total input power in I =3MA, BT=3.4Tplasmas. 

Fig. 36: The plasma energy content against the un

constrained offset linear fit for different plasma 

conditions (as marked on the figure). 

degradation is observed. Whatever the correct picture, 

the above discussion underlines the importance of study 

of the dynamic behaviour of the plasma in an effort to 

understand the transport processes. 

The global confinement data has been fitted with a 

number of different scaling forms. When the scaling 

law is unconstrained by theoretical models, the intention 

is to pick out the main parametric dependences of the 

data. This approach has been applied to the data for 

the total energy content using the linear dependence 

on total power described above. A good fit to the NBI 

data is found using standard regression techniques: 

it is W(0)(MJ) = 0.225n06(10,9m') Ι3°·5(ΜΑ)ΒΤ
0·4(Τ), 

where T. (s) = 0.047 I (MA). A comparison with the 

complete dataset is shown in Fig.36. The scatter around 

the fit is thought to be due to the variations in deposition 

and radiation profiles described above. It should be noted 

that the behaviour of the intercept, W(0), is essentially 

that of the Ohmic heating data. Since a strong density rise 

usually occurs with additional heating whose magnitude 

depends on plasma current, the total power, plasma 

current and density dependences of any scaling law must 

be checked for correlations between them. This has been 

done for plasma current dependence in rjnc by testing that 

all the density dependence in the energy content is in 

W(0). In other words, the change in energy content with 

additional heating is independent of density. 

An alternative approach to scaling the global confine

ment data is to use only those parameters which are 

invariants under the scale transformations of theoretical 

models. This method has the advantage that it offers 

guidance as to which model describes the data even when 

the model cannot be solved. The most restrictive model 

which gives a good fit to the data from plasmas 

dominated by additional heating is resistive MHD. In the 
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C Comb. D°NBI (H)D ICRF U Comb. D°NBI/(He)D ICRF 

+ D°NBI XH°NBI * (H)D ICRF 

τΕ(Εχρ) (s) 

P/Pn)U46Su74, which is compared with the data in 

Fig.38. It can be seen that the data are fitted well over a 

range of nearly three orders of magnitude. It can easily be 

shown that the fit is equivalent to τΕ — (rA TR)'A (eß,)_1, 

where ß, is the poloidal beta, which has a satisfying 

simplicity. The reason this form is not used in fits is that 

both τΕ and ß, depend on the same measurement so that 

errors are amplified. Nevertheless, this form compares 

reasonably well with the data as shown in Fig.39. 
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Fig.37: The fitted energy confinement time for the 

resistive MHD model against the values obtained in JET 

plasmas with different heating conditions (P^>Pa). 

resistive MHD model, the total energy confinement time, 

rE = W/Pi? can be described by rE= TApf(S, P,/P0), 

where τ is the poloidal Alfvén time, S is the magnetic 

Reynold's number and Pn is the Ohmic heating power. 

The magnetic Reynold's number is defined by S = TJ 

T. where xR is the resistive skin time of the plasma. The Fig.39: The transformation of the resistive MHD fit (TF 

JET data, P/Pn > 2, are best fitted by τΕ = 0.91 τΑρ (Ρ/ = 2(τΛρ τκ)/εβ,)) against the experimental energy con

Pn)"05S075, as shown in Fig.37. At first sight, this finement time for different tokamak devices. 

scaling law appears to be inconsistent with the linear 

scaling of the energy content. However the implicit 

dependence of Pn and S on total power make the two 

indistinguishable. The simplicity of this form for 

the energy confinement and the lack of significant H e a t IranSpOiL 
normalising constants encourage the belief that resistive 

MHD processes are implicated in the confinement 

degradation. When data from machines other than JET 

are included in the fit, a dependence on the aspect ratio (e 

a/R) must be included. The result is rE = 0.53 τΑ (e 
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Fig. 38: The fitted energy confinement time for the 

resistive MHD model against the experimental values for 

various tokamak devices (P>4PÜ). 

A Heat Transport Topic Group has been set up whose 

role is to study the response of the JET plasma to 

externally applied power, leading to a dynamical equi

librium pattern of sources and sinks which maintain the 

plasma stored energy. A main aim of JET is to optimize 

the efficiency of the plasma energy buildup in order to 

reach thermonuclear conditions at the highest input 

power levels planned in the JET programme. Therefore, 

it is important to identify the physical mechanisms by 

which the plasma loses energy and particles; the scaling 

of their effectiveness with the main plasma parameters in 

the different regimes in which JET is presently operating; 

and, ultimately, the theoretical models which describe 

the observed behaviour. 

Within the Heat Transport Topic Group, these prob

lems are being tackled through the detailed local analysis 

of experimental data provided by the JET diagnostic 

systems. A necessary prerequisite for this analysis to take 

place is assembling consistent and fully validated infor

mation from different diagnostics. This information is 

then fed into sophisticated computer codes which ulti

mately compute the local fluxes of energy (conduction) 

and particles (convection) which are compatible with the 

dynamics of the plasma discharge. 
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In general, it is found that, in all regimes of JET 
operation analyzed so far (ohmic, NBI, RF, X-point, and 
pellet injection), electrons and ions lose energy at 
comparable rates and their energy confinement times are 
typically longer than their equipartition time. As a 
consequence, electron-ion coupling accounts for a 
substantial fraction of the total power input to the plasma 
and must be taken into account when assessing the 
physics which describes electron and ion behaviour. 

In particular, attention has been focussed on the 
phenomenology of electron confinement in trying to 
assess the validity of theoretical models when describing 
electron losses. So far, it has been found that none of the 
models presently available (electron viscosity, drift 
induced, MHD instabilities) satisfactorily describes the 
electron behaviour in all types of JET discharges. A 
further possibility remains, in that a systematic corre
lation is found between broad-band magnetic fluctuations 
and plasma confinement, indicating that the former can 
play a leading role in affecting transport. It has been 
established that the electron heat conductivity increases 
approximately linearly with the total input power, with 
no apparent scaling with plasma current or toroidal 
magnetic field. However, the analysis in this area is 
in a preliminary state and continuous refinement is in 
progress. 

Impurities and Radiation 
Losses 

In 1986, the JET VUV spectroscopy was complemented 
by a grazing incidence spectrometer (KT4) allowing 
measurements of the C VI and O VIII resonance lines. 
Preliminary results from this diagnostic essentially 
confirmed previous impurity data based on the VUV 
survey spectrometer (KT2). Resonance lines of He- and 
Η-like nickel were observed by the high resolution 
crystal spectrometer (KX1) and were mainly used for 
measuring ion temperatures and rotation velocities. 
For impurity studies, charge-exchange recombination 
spectroscopy (CXRS) in the visible spectrum (KS4) 
proved to be a most useful diagnostic, enabling measure
ment of light impurity concentrations at the plasma 
centre. An overview of present spectroscopic diagnostics 
on JET [1] and results dealing particularly with plasma-
surface interactions [2] have been previously reported. 
A more recent summary on impurity behaviour has been 
published [3]. Some general impurity results are dis
cussed in the following paragraphs. 

Impurity Transport and Impurity Confinement 
Emission shells of light impurities and low metal 
ionisation stages in JET, measured by the spatial scan 
spectrometer (KT1), are clearly transport dominated 
requiring a diffusion coefficient D = 1 m2s~' to explain 

1.0 1.5 
Time(s) 

Fig. 40: Ni XXVI intensity after accidental nickel 
injection (ne=2xl019 m~3, I =2.8 MA). Simulations 
using different D values are shown (VD=-2Dr/a2). 
Recycling at the limiters leads to a finite level after the 
event. 

their position and width [4]. Information about transport 
was also obtained from accidental injections of iron and 
nickel. At an electron density nc = 2xl0l9m~', simu
lations using D = l m2s~' agree well with the observed 
rise and decay of nickel line intensities as shown in 
Fig.40 for Ni XXVI. There are indications that the 
diffusion coefficient decreases with electron density and 
increases during additional heating. Investigations of 
hydrogen particle transport [5] show similar transport 
coefficients to those found for the impurities. 

A diffusion coefficient D= 1 m2s~' and a drift velocity 
VD = -2Dr/a2 are used in standard interpretation of VUV 
and X-ray spectra and for calculating radiated power 
losses of individual impurity species by means of an 
impurity transport code [6]. The resulting moderately 
peaked total ion density profiles are confirmed within a 
factor of two by analysis of a number of metal ionisation 
stages at different radial positions (eg Ni XVII-Ni 
XXVII). Sawtooth oscillations, observed on lines of 
higher ionisation stages, can only be partly explained by 
pertinent variation of electron temperature profiles. It 
must be assumed that impurities are expelled from within 
the q= 1 surface during the sawtooth crash. 

Impurity particle confinement times, derived from 
measured influxes and concentrations, agree roughly 
with calculations on the basis of a simple diffusion model 
[2] and D = 1 m2s~', if an energy of a few eV is assumed 
for the neutral particles produced at the limiters. A good 
correlation of impurity influxes and densities has been 
observed throughout JET operation, both as a function of 
plasma parameters and of vessel conditions. 

Occasionally, when a steep increase in the Cr influx 
was observed due to chromium evaporation, the metal 
concentration in the bulk plasma did not change [2]. 
These slow particles are ionised in the immediate vicinity 
of the limiter surfaces and have a high redeposition 
probability before entering the plasma. This observation 
demonstrates that the usual impurity influxes of C, O and 
metals must have a significant kinetic energy to give rise 
to the measured impurity concentrations. 
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Impurity Production 
The impurity behaviour of JET limiter discharges was 
dominated by the limiter fluxes (wall contribution = 
20% during OH). Metal concentrations were only 
significant (>0.1 % nc) if the carbon limiters were metal-
coated after accidental melting and evaporation of wall 
material (Inconel droplets and >2xl02lm~2 uniform 
coverage [8]). Recently, this has been prevented by 
covering large areas of the torus by carbon protection 
plates. A particular metal problem during ICRH will be 
discussed later. During discharges limited by the inner-
wall protection tiles, these took over the role of 
the limiters leading essentially to the same plasma 
behaviour. 

The release of metals from the limiters can be ex
plained by a combination of sputtering by deuterium and 
by light impurities taking into account the respective 
surface coverage of the carbon tiles (φΜ/φΒ = 0-0.02). 
The metal fluxes decrease with n, and increase with I ; 
they are inversely correlated with the light impurity 
behaviour. These trends, previously observed on many 
other tokamaks, are due to the temperature dependence 
of the metal sputtering yields. In JET, oxygen gettering 
by chromium has been observed to be a further reason for 
this anti-correlation. 

The carbon concentration in JET has remained consist
ently at a level of a low percentage of the electron density 
(few % nc) throughout operation periods. The carbon 
production rate behaves similarly to that of the metal 
release, but the dependencies are less pronounced [2]. 
This observation and the fact that the produced C 
particles must have significant kinetic energy suggest 
physical sputtering as the prevailing production mechan
ism. Furthermore, during temperature excursions of the 
limiter surface from 300°C to over 1000°C, no change in 
carbon production rate was observed. This means that 
chemical sputtering, expected to manifest itself by an 
increased yield at about 600CC, is not an important 
process. There is some evidence for carbon sputtering by 
oxygen, but only at unusually high oxygen levels [2]. The 
carbon yields measured (φ(:ΙφΌ = 0.05-0.1) can be 
explained by a combination of deuterium, oxygen and 
self-sputtering at high electron temperature values at the 
edge of the plasma (T (a) >100 eV). 

The oxygen fluxes and concentrations in JET varied 
primarily with vessel conditions. The vessel walls 
constitute the most important oxygen source and, once in 
the plasma, oxygen recycles at the limiters. This is 
apparent from the tendency of oxygen limiter fluxes to 
increase throughout a discharge, even if other parameters 
are stationary. If the recycling occurs in the form of CO 
molecules, the O atoms must gain energy in Franck-
Condon or charge-exchange processes. Since no depen
dence of the oxygen yield on plasma parameters is 
observed, the energy threshold for the respective pro
duction mechanism must be very low. During 'He 
discharges, carbon fluxes remained unchanged (øc/øHc 

= 0.13) while oxygen was substantially reduced. 

Therefore, chemical processes or chargeexchange 

neutrals must be responsible for the O production. 

During ICRF heating on JET, screen material (Cr, Ni) 

has been observed to enter the plasma from the ICRH 

antennae [2,9]. The measured chromium flux from a Cr 

coated antenna (1016 cm 2 s_lMW_l) decreased by a 

factor 5 during five months' operation and was reduced 

temporarily (some 10 discharges) by two orders of 

magnitude by means of heavy carbonisation (15% CH4, 

12 hrs). In the course of ICRH operation, screen material 

was deposited on the limiters and eroded again by the 

plasma resulting in higher basic metal levels during an 

ICRH campaign. The metal coverage of the limiter 

carbon tiles was removed by a few OH or NBI discharges 

in accord with model predictions [10]. The release 

mechanism of the screen material is not yet understood. 

ICRH and NB coinjection 

Both hydrogen and impurity influxes increased during 

additional heating, leading to a substantial increase in nc, 

unless the plasma was at the inner wall, which appears to 

have an efficient pumping capability. Although the wall 

fluxes gained in importance, the plasmas were still 

dominated by the limiters. The n.profile flattened 

during ICRH, and was unchanged or peaked during 

neutral beam injection (NBI). The hydrogen and impurity 

particle confinement times decreased in both cases. 

Due to the higher electron densities during NBI, 

oxygen was the most important impurity. The increase in 

the O/C ratio is well demonstrated by the charge 

exchange recombination spectrometry (CXRS) results 

[ 11 ], the trends of which are in excellent agreement with 

the usual VUV spectroscopic results, while they tend 

to give somewhat higher carbon concentrations. Zcff 

decreased during NBI, but not to a lower level than that 

of OH discharges at the respective higher densities. For 

constant nc, the radiated power fraction Prad/P,0, fell with 

increasing NBI power. However, due to the pertinent nc

evolution, radiation losses remained around 45% Plol, on 

average. These radiation losses were caused by light 

impurities, in particular, by oxygen (12% nc). 

The metal release from the antennae screens during 

ICRH led to significant metal densities in the plasma ( = 

0.1% nc, contribution to Prad = 20% Plot) except im

mediately after heavy carbonisation. Zeff remained 

essentially at the OH value before RF (ie there was no 

benefit of the higher electron densities). For individual 

campaigns, the radiated power fraction increased some

what with RF power input (PRF) and was generally in the 

range 4070% P|ol. Hydrogen minority heating led to 

higher metal densities in the plasma than with 'He 

minority heating but the difference in Prad is within the 

scatter of the data points. 

During combined NBI and ICRH, the consequences of 

the two heating schemes essentially added. The metal 

densities in the plasma corresponded to the respective RF 

power. Basic metal levels and limiter coverage built up as 

during ICRH alone. Zeff and Prad/PIOI values for OH 

plasmas and additional heating are summarised in Fig.41 

for 1986 JET limiter discharges. At higher electron 

densities, Ζ „ was about 2.5 for NBI, ICRH and com
' eff 

bined heating, essentially caused by oxygen and carbon. 
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Magnetic Separatrix 

The magnetic separatrix configuration has been success

fully generated in JET (Xpoint plasmas [12]). In this 

case, the top and bottom vessel protection tiles act as X

point neutraliser plates. Even when these plates consisted 

of Inconel (June 1985), no significant metal concen

trations were detected in Xpoint plasmas. With carbon 

plates, the carbon level was reduced compared to the 

respective limiter discharges during the OH phase. 

During NBI, carbon concentrations increased in contrast 

to the behaviour of limiter discharges, as demonstrated 

again by CXRS [11]. The behaviour of carbon and metals 

indicates a low plasma temperature in front of the 

neutraliser plates during OH discharges and therefore a 

low sputtering yield. After argon puffing into Xpoint 

plasmas, no retention of Ar in the Xpoint regions was 

observed, as the same amount was found in the bulk of X

point and corresponding limiter discharges, in contrast to 

that found in Doublet III [13]. 

The oxygen concentration was no different from that 

in limiter plasmas (= 1.5% nc). Since metal concen

trations were generally low, Xpoint operation resulted 

only in a minor reduction of Zcff (Zcff = 3 at n, = 

1.5x10" m~' and Ip = 2 MA). The radiation losses of 

the bulk plasma were also somewhat lower, but there was 

an additional contribution of the Xpoint regions of = 

50% Pbulk. The total radiation losses amounted to « 

50% ΡΩ at low densities (n, = lxlO19 m ') and ap

proached 100% at higher densities. NBI into Xpoint 

plasmas led to a low level of wall material in the plasma, 

probably due to charge exchange particles hitting the 

walls. The oxygen concentration did not change signifi

cantly during NBI. 

NB Counter Injection 

Counter injection both into limiter and Xpoint plasmas 

has been studied for a limited period in JET. The 

impurity behaviour of these discharges was virtually 

indistinguishable from the corresponding coinjection 

cases (see Fig.41). Some peaking of soft Xray emission 

profiles was observed and the line intensities of higher 

metal ionisation stages appeared to increase more than 

the lower ones. However, the standard analysis taking 

into account the respective electron density nc  and 

temperature T,  distributions resulted in the usual 

impurity ion density profiles, within experimental errors. 

For the present NBI power levels (< 7 MW) and plasma 

parameters, no accumulation of impurities has been 

observed. 
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Plasma Boundary 
Phenomena 
The physics of the scrape off layer (SOL) plasma outside 
the last closed flux surface defined by material or 
magnetic limiters (X-point) is relevant to the release and 
transport of impurities; to recycling, retention, and 
transport of hydrogen isotopes; and to the energy 
confinement properties of the core plasma. 

Studies of this edge plasma and surrounding structures 
have progressed along several lines. A survey of the SOL 
parameters has been undertaken, using Langmuir 
probes, to produce detailed temperature and density 
scalings for OH, RF, and NB plasmas and a more limited 
data set during the single-null X-point discharges 
showing the transition from L to H mode. The impurity 
coverage on the limiters and its spatial distribution have 
been analysed in terms of erosion and deposition in the 
SOL, of which parameters are known. An erosion rate of 
up to IO22 atoms m~2.s~' is found [1], showing that the 
steady state distributions on areas close to the plasma 
edge are rapidly established since the measured impurity 
coverage is around 1021 atom irr2. The calculated 
erosion gives an impurity influx which is in broad agree
ment with spectroscopic measurements. Progress has 
been made in understanding the overall gas inventory, 
wall pumping and other phenomena affecting the evol
ution of the total plasma particle content during the pulse. 
It has been shown that plasma edge parameters, plasma 
transport rates and material properties all affect wall 
pumping. 

The plasma in the SOL interacts with the limiters. By 
folding the power flux with the mushroom shape of the 
limiter, two discrete interaction zones appear. The 
separation between the zones depends on the e-folding 
length of the power flux λ . Using charge coupled 
device (CCD) or diode array TV cameras with narrow-
bandwidth filters, these zones can be automatically 
recorded and directly monitored with good temporal and 
spatial resolution throughout plasma pulses. After 
analysis, the surface temperature, the spatial distribution 
of H(i and impurity lines can be obtained [2]. Real-time 
display of this information allows an impression of events 
occurring near the plasma edge. 

More detailed measurements of limiter surface 
temperature have been made using a cooled 32x32 pixel 

IR array, which is sensitive at longer wavelengths than 
CCD cameras. This enables the evaluation of the power 
loading on the limiters throughout the pulse [3]. 
However, since the power flow to the other limiters, the 
RF antennae and inner wall has not been measured, it has 
been possible to construct an overall power balance based 
on these measurements. 

The CCD camera was also used to observe carbon tiles 
installed near the separatrix of single-null X-point 
plasmas to assess excessive power loading. Initially, 
power loading at the inner and outer intersections of the 
flux surfaces appeared to be approximately equal but, 
after pulses with intense NB heating, tiles around the 
inner intersection point were displaced so that they 
received a much higher heat load. This was confirmed by 
post-mortem examination. The maximum power loading 
inferred was 1.5kW cm-2 for the highest NB power and 
850W cirr2 during the H-mode. 

To investigate the relation between the plasma 
conditions in the edge and the global plasma properties, 
a survey of SOL parameters using Langmuir probes has 
been completed over a wide range of plasma currents, 
I , average densities <nc> and additional heating 
powers. For steady state conditions (i.e. at the end of the 
plasma current flat-top and total input power constant), it 
was found (see Fig.42(a)) that the edge density scaled as 
<n,>2 and the edge temperature as <n,>~2 (see 
Fig.42(b)). In the scaling of the edge temperature, the 
dependence on I reflects the variation of the power 
conducted to the SOL, while the scaling of the edge 
density depends mainly on the ionisation of the neutral 
hydrogen and therefore did not show a strong relation to 
I . For constant I and q, it was found experimentally 
that the density e-folding length λη was inependent of 
<nc>, which suggested that the perpendicular diffusion 
coefficient, D-L, varied according to Te'*. 

The power deposited on the limiters calculated from 
SOL parameters Pd = 7(Tc)IsalTc, showed a linear 
variation with P„-P , but, however, P. was smaller in 

Ω rad ' ' d 

magnitude by a factor x2. This is attributed to the 
uncertainty in the extrapolation to the last closed flux 
surface. From consistent measurements at three different 
poloidal and toroidal locations, it is concluded that in JET 
with eight discrete limiters and three RF antennae at the 
outer midplane, the SOL appears to be reasonably 
uniform. 

During ICRH heating, all parameters in the SOL 
increased. This increase was almost independent of 
radius but rose with ICRH power. Radial profiles showed 
exponential decays with an e-folding length which 
increased with the ICRH power. The observed increase 
in the density e-folding length could be due to an increase 
in the perpendicular diffusion Dj. and/or increased 
ionisation in the SOL [4]. The rise time of particle flux 
increase in the boundary was 0.25-3ms at ICRH switch-
on. This short timescale was also observed for C-III and 
Ha radiation. In contrast, the central density rose only 
slowly, suggesting a fuelling from the edge. The edge 
temperature rise could be a result of direct heating of the 
edge by ICRH power [4,5]. 
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Fig.42: The scaling of (a) edge density and (b) edge 

temperature as a function of average density <n> for 

different plasma currents (I). 

Fig. 43: Standard time resolving collector probe after 

exposure. Shield and collector separated. 

During NB heating, it is found that no flattening of the 

SOL profiles was observed in contrast to ICRH heating. 

All SOL parameters rose approximately linearly with NB 

power. No general scaling with <n.> could be found, 

since in limiter NB heated discharges, no steady state was 

obtained. 

During the year, time resolved collector probes have 

been exposed for the first time in the boundary plasma 

region using the Fast Transfer System (FTS) which 

inserts probes horizontally and the Plasma Boundary 

Probe System (PBPS), which inserts probes vertically. In 

each case, the probes are cylinders of 31.5mm diameter 

which can rotate during a plasma pulse within a shield of 

50mm OD with two longitudinal slits one facing the ion 

drift direction and one the electron drift direction. The 

first probes exposed had carbon shields and collectors, 

but due to the interest in carbon impurity measurements 

in the plasma boundary, some silicon collector/inconel 

shield probes have been exposed. Fig.43 shows a carbon 

probe that was exposed to four discharges. The image of 

the slit at the bottom represents the start up phase on the 

iondrift side, the upper one represents the ramp down 

phase from the electron drift side. The probe was only 

rotated during the current flattop. 

Preliminary observations from analysis of collectors 

and shields are: 

(a) the carbon flux in the boundary is about two 

orders of magnitude greater than metal impurities 

flux for ohmic discharges and about one order of 

magnitude greater than the oxygen detected; 

(b) during the flattop and close to the plasma 

(<50mm), the carbon flux collected is about 10% 

of the ion flux; 

(c) the majority of carbon deposited deep in the 

boundary (> 100mm), exceeds the ion fluence 

predicted from extrapolated Langmuir probe 

measurements and implies a different mechanism 
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Fig. 44: Deuterium and carbon concentration on a silicon 

collector exposed using the Fast Transfer System to a 

single 5MA discharge (Pulse No: 10903), as a function of 

distance to the plasma. 

may be operating in this region particularly 

during rampdown; 

(d) the amount of deuterium observed is a constant 

fraction of the amount of carbon observed for 

ohmic discharges suggesting codeposition of D 

and C [6]. (However, this may not be true for RF

heated discharges). Fig.44 shows the amounts of 

D and C observed on a silicon collector exposed 

to a I =5MA discharge; 

(e) during ramp down (including pushing the plasma 

to the inner wall to control density), flat distri

butions were observed for all the detected 

species, indicating relatively high fluxes deep 

into the boundary region. 

A further set of longterm samples was exposed in the 

vessel during 1986 and together with samples of 1986 

limiters and inner wall tiles will be examined during early 

1987. Additional analyses of samples from 1985 have 

confirmed that the average surface (up to ~ Ιμιτι) 

concentration of deuterium over the vessel graphite 

components or vessel wall is about 5xl017 atoms cm 2: 

this gives a total near surface content of about 1024 atoms 

of deuterium after the operations phase, and the hydrogen 

content is of a similar order. Much of this gas can be 

regarded as available for recycling and is of importance 

for plasma density control. Together with the large 

amounts of hydrogenic material present deeper (though 

at lower concentrations) in the walls and tiles, it is also of 

importance for the tritium inventory when tritium 

operations commence. About 10% of all the gas fed 

into the vessel would be necessary to account for the 

deuterium found trapped in the near surface region in 

these postmortem analyses. 

Gas fuelled plasmas moved to the carbon tiles on the 

inner wall are frequently characterised by an initially 

rapid decay of the electron density, with a Is character

istic time. Pelletfuelled innerwall (PFIW) discharges 

have shown two distinct modes of density behaviour 

when no gas puffing is added. These are illustrated in 

Fig.45. Of the fourteen PFIW plasmas, ten behaved as in 

Fig.45(b), where the volumeaveraged electron density 

< n > decreased back to its prepellet value in a "scallop

like" fashion and the other four discharges showed a 

much slower and smoother density decay which did not 

result in <n.> returning to its prepellet value (see 

Fig.45(a)) [7]. 

The decrease of <nc>, whether slow or rapid, requires 

two sequential processes: the transport of plasma ions to 

material surfaces; and then the adsorbtion or absorption 

of these plasma ions by the materials. The scallopwise 

density decay is always accompanied by synchronous 

minor disruptions at the q = 2 surface. These cause 

increases in nc and Tc at the edge giving rise to higher 

wall fluxes with increased penetration of the hydrogen 

into the carbon. During the temperature spikes, the HQ 

emission from the inner wall tiles decrease by a factor 

x4. Modelling of the density behaviour shows that 

changes in plasma edge parameters, plasma transport 

rate and material properties are required to simulate the 

observations. 

With neither pellet fuelling nor gas feed during the 

steadystate portion of a discharge, the plasma density is 
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Fig.45: Two discharges with pellet fuelling, showing 

volume averaged electron density as function of time; 

a) slow decay and residual density remaining: 

b) scalloplike decay and no density remaining. 
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relatively constant if the plasma position, current, and 

configuration are held fixed. This indicates a global 

recycling near unity. For the same gas prefill, the stead

state density is lower in Xpoint and innerwall dis

charges than in the outer limiter discharges. Movement 

of the plasma, during a single discharge, back and forth 

between the inner wall and outer limiters results in the 

total inventory of particles in the plasma oscillating 

between a high level (outerlimiter operation) and a low 

level (innerwall operation). This behaviour shows no 

saturation, and is repeatable for tens of consecutive 

discharges, equivalent to hydrogen fluences in excess of 

10l8cm~2 and 10l7cirr2 on the outer limiters and inner 

wall, respectively. The density decay during the transfer 

of the plasma to the inner wall corresponds to a maximum 

pumping speed of the inner wall of 3x 102 ' atoms. s " '. An 

example of such a discharge is shown in Fig.46. In 

parallel, investigations have started to relate the total gas 

inventory and especially the gas released after the pulse 

to the observed pumping. Peak pressures of 6xl0~5mbar 

are observed about 20s after the pulse giving maximum 

release of 3xl0'l,atoms.s_l. These investigations are 

continuing. 

The standard bathtub [8] or local mixing [9] models of 

hydrogen trapping in graphite are not adequate to explain 

hydrogen retention for more than a single discharge with 

of rp~0.3s and NT~3xl02 typical parameters 

electrons. 

Two models are being studied, which can indepen

dently cause the observed retention of hydrogen for tens 

of sequential inner wall discharges. The first model 

assumes that, due to the finite dwelltime of a hydrogen 

atom which has been implanted into a material surface 

and then diffuses out, pumping is exhibited by increasing 

the dynamically retained Ηinventory by increasing the 

dwelltime. The capacity of removing particles from the 

plasma depends then on the diffusion coefficient of 

hydrogen in the respective wall areas with which the 
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Fig. 46: Example of an OH discharge which was started 

on the limiter (a) and moved twice between the limiters 

and inner wall (b). Total volume averaged density <n> 

and H wall/limiter emissions are shown. 

plasma ions and neutrals mainly interact. Assuming the 

same material properties for inner wall and limiters, the 

important parameter is the respective surface tempera

ture during plasma shots being larger on the limiter than 

on the inner wall, and subsequently a smaller diffusion 

coefficient at the inner wall and a large pumping there. 

The second model assumes that the level of plasma 

density depends on two things: a source, which is 

assumed to be outgassing from the wall due to implan

tation of gas during the plasma breakdown phase, and 

sinks, at the limiter or the inner wall, which however 

have different pumping strengths. These remove par

ticles by erosion of carbon and subsequent codeposition 

of C and H forming saturated ΗC layers. The most im

portant difference between this model and the proceeding 

one is that removed particles are not recoverable. 

Any later increase of density can only be due to the 

outgassing from the wall or limiters. 

So far there is experimental evidence for both of these 

models suggesting the idea that both processes may take 

place, depending on the prevailing conditions of wall and 

plasma. 
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MHD Activity and 
Stabilisation 

Introduction 

The study of sawtooth behaviour has been separated from 

the general mhd topic and the remaining work has 

mainly concentrated on understanding and controlling 

disruptions. 
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There has been a clarification of the boundaries of 

operation imposed by disruptions both for the operational 

aspects and the theoretical model. Basically, there are 

three types of disruption on JET. 

a) the high density disruption at q^>3 when the 

density is so high that a radiation contraction of 

the plasma column takes place; 

b) the lowq disruption, when q, falls to 2.0±0.1 ; 

c) the risephase disruption when dl/dt is too large. 

In the basic model describing the density limit dis

ruptions, the radiation increases with density until 

~ 100% of the power input is radiated. The plasma then 

contracts and ultimately becomes disruptively mhd 

unstable. From this model, it was expected that the 

density limit would be increased with additional heating. 

This increase is found to occur for neutral beam heating 

but not for RF heating. The explanation of the RF results 

seems to be that impurities and neutral gas are introduced 

when RF is applied. 

The mhd instability phase of the disruption has been 

studied both theoretically and experimentally. Numerical 

simulations of the radiation contraction show that, 

beyond a certain point, the m= 1 internal mode and the 

m = 2 tearing mode drive each other more unstable 

leading to a disruption. Experimentally, the growth of the 

external magnetic fluctuation level seems consistent with 

the tearing mode model but internal measurements of 

soft Xray emission and electron temperature have not 

provided clear evidence of the associated magnetic 

island. 

Since disruptions at large plasma currents might cause 

damage to the machine, a study is being made of their 

stabilisation using magnetic feedback. A system is being 

designed in which the magnetic fluctuation of the in

stability is detected and the appropriate time dependent 

correcting field is applied. 

Other areas of work include the study of the low mode 

number mhd activity and of the lower amplitude broad

band fluctuations at higher frequency. 

Disruptions 

High Density Disruptions 

The total radiation level rises to 100% of the total input 

power. The ohmic contribution to the total power also 

increases but not enough to stay above the radiated 

power. 

The thickness of the radiation mantle grows until just 

before the energy quench when it reaches the q,=2 

surface. The radiation mantle is often poloidally 

asymmetric forming a socalled marfe. 

The electron temperature in the outer region falls and 

the Τ,profile shrinks, the Tcgradient inside the radi

ative layer staying more or less the same. Apparently, the 

current density profile follows, since f increases. This 

explains the increase in ohmic input power during the 

precursor phase. When the radiative layer has come close 

to the q = 2 surface, an m = 2, n= 1 instability arises, at 

first rotating toroidally and later locking in space. At this 

time, the temperature gradient is steep inside the q=2 

surface and flat outside. 

These results make it plausible that a radiation induced 

column contraction underlies the high density disruption. 

Thus, if one can predict the radiation loss one can predict 

the high density limit. 

A theoretical model has been developed on this basis 

and the critical density is found to be [1,2] 

ñcril = 3.5xl016 Ρ +P % 

|_Z c f rm'Rb(q c y ]2a/b) 

'/: 

where Pn and PAH are the ohmic and additional heating 

powers, R is the major radius, a and b are the horizontal 

and vertical halfwidths of the plasma and qc l = 27rabBT/ 

M„IR. As Zcfr approaches unity, other edge cooling 

mechanisms become dominant. This relation holds for 

practically all high density disruptions in JET for ohmic 

and additionally heated discharges. 

Exceptions are found for disruptions after pellet 

injection, in the current decay phase which showed a 

higher limit, and in the current rise phase which showed 

a lower limit than predicted from the above formula. 

Although the radiation was 100% of the input power in 

these cases, the explanation has been found in the change 

of n(edge)/ñ which is remarkably insensitive to external 

parameters during the flattop but decreases for pellet

injection and during the current decay and increases 

during the current rise. 

The mhd mechanism of the energy quench phase is not 

yet completely clear. The rotating predominantly m=2, 

n = l mode measured by magnetic diagnostics shows up 

in temperature variations at the q=2 magnetic surface 

and soft Xray emission variations which have a more 

"kink" type than "tearing" mode character. According 

to a model for tearing mode islands based on thermal iso

lation [3,4], one would have expected a cool spot in the 

island. However, at present, the spatial resolution is not 

quite sufficient to settle this question. In the actual 

quench, the kinetic plasma energy is redistributed over 

the crosssection in about 1ms whilst the subsequent loss 

of energy to the limiter/wall takes place in a surprisingly 

fast 200μ5. 

Disruption at the q ,=2 Boundaiy 

The planned 7MA operation of JET at q, = 2.22.4 

requires modifications to the poloidal field system to be 

implemented in the 1987 shutdown. Information on the 

stability of such a low q discharge is needed and has been 

obtained from a half value analogue plasma at 3.5MA/ 

1.7T with the same shape: a=1.2m; R = 2.97m; 

b/a=1.35. This resulted in discharges with q,=2.2 and 

qc,,= 1.5. Excursions to disruption boundaries were 

made in the second half of the pulse by: (i) increasing the 

density and (ii) lowering q, by reduction in crosssection 

towards the limiter or to the inner wall or by reducing 

elongation, by lowering the toroidal field or by 

increasing the current. 
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Fig. 47: Hugill diagram summarising the limits of stable 

operation in JET. The preliminary results of single pellet 

injection into ohmic discharges which did not disrupt are 

also shown. The low q limit is more consistently plotted in 

terms of q, as shown in the upper figure. 

The results are shown by the excursions in the Hugill

diagram of Fig.47. The following observations are made: 

a) every excursion to q, = 2.0±0.1 led to a dis

ruption except one pulse with b/a>1.5. A 

sawtooth collapse is likely to initiate the dis

ruption, the radiative collapse and column 

contraction being absent; 

b) very high densities were reached at q,=2.2 

leading to a record Murakami parameter of ñR/ 

B = 7.2xl0 l9irr2T'. However, even at these 

high densities a radiative column contraction was 

not observed with Prad/Pa typically only 70%; 

c) the discharges with q, just above 2.0 were most 

reproducible. The sawtooth inversion radius was 

55% of the minor radius. The energy confine

ment time of 450ms agreed well with the general 

scaling law of JET [1]; 

d) a mode lock occurred shortly (10ms) before the 

energy quench at a variable position in contrast 

with high density disruption where modelocks 

are often observed more than Is before the 

quench. The mhd phenomena during the quench 

were similar. 

The similarity of the mhd phenomena during the quench 

between q=2 and high density disruptions suggests that 

both types of disruption may be due to surface kink 

instabilities. The high density disruption should then be 

seen as a current carrying column with q = 2 at its current 

boundary surrounded by a passive, almost currentless 

cold radiative layer acting as a gaseous limiter. 

Disruptions during the Current Rise 

Depending on current rise rate, constant or expanding 

aperture and density programming, hard disruptions 

sometimes occur during the risephase. The rate of 

incidence is highest in the band of q, values between 

three and four but is unrelated to the density limit. The 

probability of this type of disruption increases with δΐ/ôt 

and for a growing aperture such that q, (t) stays more or 

less constant. Also, these type of disruptions are 

preceeded by a spatially locked mode but the radiation 

loss is modest. A speculative explanation is that skin 

effects keep the currentprofile flat except at the very 

edge, whilst the magnetic topology does not change since 

q, is kept constant. 

MHD Activity 

Direct information about MHD instabilities has been 

greatly improved this year due to the addition of hard

ware monitors of discrete oscillating mode activity for 

n= 1, 2 and 3 modes, locked n= 1 activity providing both 

the amplitude and phase of the locked mode, and the very 

recent commissioning of the latest ECE system which 

provides very fine spatial resolution in the radial 

direction. The discrete η monitors allow immediate 

toroidal mode identification of any low η MHD activity 

present in the discharge. They have been particularly 

valuable in identifying the large n = 2 activity often 

observed after monster sawteeth. Before density limit 

disruptions, an oscillating mode grows and locks at a 

finite amplitude, making it invisible on an ordinary coil 

signal. The locked mode monitors then take over from 

the oscillating monitors showing that the mode, though 

locked in space, continues to grow until the disruption 

occurs. Finally, very recent data from the high spatial 

resolution ECE system has provided detailed information 

on the size and character of the oscillating modes 

observed before the mode locks. Such information may 

enable us to determine the precise nature of the disruptive 

instability. 

Fluctuation Studies 

Low amplitude broadband fluctuations have been 

observed in visible light and magnetic measurements 

performed at the plasma edge [5]. 

The visible light emitted by the plasma edge has been 

recorded by soft Xray diode arrays with a sampling 

rate of 200kHz. Fluctuations have a total normalised 

amplitude, ñ,/<nc>, of up to 10"2. Their amplitude 

decreases with frequency from 0 to 100kHz. Correlation 

analysis indicates that the fluctuations generally have a 

toroidal velocity of about SxlO'ms1 in the electron 

diamagnetic drift direction, independent of frequency, 

and have high m numbers (10<m<100). 

The magnetic signal is detected by poloidal field pick

up coils located inside the torus wall. It is either recorded 

with a sampling rate of 40kHz and analysed by cross

correlation techniques or directly monitored by eight 

hardware bandpass filters (from 5 to 56kHz). The total 

normalised amplitude of the incoherent fluctuations 

measured at the plasma edge is typically ΒΘ/<ΒΘ> 
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Fig. 48: Frequency spectrum of B^ for two similar pulses 

during ohmic (OH) and neutral beam (NBI) heating. 

— 10~410~5. Their frequency spectrum covers the range 

studied here and monotically decreases with frequency: 

Bflocf' 5 ± 0 5 above 2kHz. The incoherent fluctuations 

are strongly correlated along the magnetic field lines. In 

the frequency band 25kHz, their poloidal and toroidal 

numbers are 0<m<8 and 0<n<4 respectively and they 

are often observed to propagate in the electron diamag

netic drift direction with a velocity of 46xl03ms~', 

independent of additional power and frequency. In the 

range 1520kHz, there is no propagation and the 

dominant modes are 2<m<q, and 0<n<2, the largest 

mode have m equal to the integer below q, at the edge. 

In limiter discharges, these fluctuations are not observed 

to be directly correlated with visible light data. 

The magnetic fluctuation level above 2kHz increases 

with additional heating. This is shown in Fig.48, which 

compares the results obtained for two similar discharges, 

on being heated by 4MW of NB power. 

Data analysis indicates that the inverse of the confine

ment time τΕ~' linearly increases with the square of ΒΘΝ 

( = ΒΘ.ΒΤ/ΒΘ) for the frequency range 1056kHz. The 

case of fluctuations around 40kHz is shown in Fig.49. A 

more detailed study of the relationship between ΒΘΝ and 

the confinement is now in progress. 

Fig. 49: r~ ' versus (BM )2. 

Although the pickup coils are mainly sensitive to the 

plasma edge, the above observations suggest that a part of 

the detected random fluctuations might be induced by 

magnetic perturbations located more deeply inside the 

plasma. 

Stabilisation of Disruptions 

In JET, as in all other tokamaks, the minimum safety 

factor q (and thus the maximum discharge current) and 

the maximum plasma density for stable operation are 

limited by disruptions. Whilst these limits will permit 

stable operation of JET up to currents of 7MA, consider

able care is needed to programme the plasma density 

decay at the end of the discharge, particularly after 

additional heating is turned off, in order to avoid dis

ruptions occurring at high plasma currents. If these occur 

too frequently there may be a risk of damage to the JET 

machine. 

Proposals are being studied to try to stabilise dis

ruptions using magnetic feedback. The present design 

study would consist of four pairs of large coils mounted 

inside the vacuum vessel. Each coil pair would consist of 

a coil at the top and bottom of the vessel, extending 

poloidally down to the belt limiters, and toroidally 

covering two octants. The coils will be connected via 

vacuum feedthroughs to powerful amplifying power 

supplies which form part of a feedback loop. The dis

ruptions are preceeded by slowly growing magnetic 

perturbations (frequency — 1 kHz) which are generated 

by the growth of mhd instability. These perturbations are 

detected by diagnostic pickup coils and these signals 

after suitable realtime processing will be used as error 

signals for the feedback loop. Thus the feedback coils 

will induce a correcting magnetic field which will 

suppress the growth of the instability. The detailed design 

of this system is proceeding with installation planned for 

the 1988 shutdown. 
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Sawteeth Oscillations 

Sawtooth oscillations have for many years been recog

nized as one of the fundamental instabilities of tokamak 

plasmas. However, experimental measurements have 

shown, that several aspects of the sawteeth observed in 

JET are substantially at variance with predictions of the 

conventional theory. Experimental and theoretical 

studies are underway to elucidate the true nature of the 

instability. Furthermore, when powerful auxiliary 

heating is applied in JET, sawteeth dominate the 

behaviour of the central plasma, limiting temperature and 

density. This has drawn attention to the deleterious 

effects of this instability in reactor plasmas, and, as a 

consequence, considerable efforts have been devoted to 

understanding recent observations, which indicate that 

sawteeth may be spontaneously stabilised for long 

periods up to 1.6s (3 to 5 energy confinement times). 

Analysis of soft Xray emission and electron cyclotron 

emission (ECE) during a sawtooth collapse has shown 

that the dynamics of the collapse are significantly 

different from those predicted by models based on tearing 

modes which give rise to magnetic islands. Tomographic 

reconstruction of contours of local Xray emissivity show 

that the collapse begins as a displacement of the plasma 

core caused by the formation of a cold plasma 'bubble'. 

As shown in Fig.50, the hot core then deforms into a 

crescent shape, and it is the rotation of this structure 

which is commonly observed as successor oscillations. 

Studies with a toroidally and poloidally spaced ECE 

array have confirmed that the collapse has an m = n= 1 

structure. 

Discrepancies between experimental results and 

existing models have led to a reexamination of the 

theory of the m=l mode. Using the assumption that 

| lq| — 10~2 in the central region of the plasma, a new 

theory of the sawtooth instability has been developed, 

which is based on a quasiinterchange mode. Results of a 

nonlinear numerical calculation of the evolution of this 

mode are shown in Fig.51. The striking similarities 

between the predicted behaviour of the instability and 

that observed experimentally (Fig.50) are clear. In 

addition, quantitative analysis of plasma flows associated 

M.ijc iwJiux<mj 

Fig.51: Results of a nonlinear calculation of the 

evolution of a quasiinterchange mode in cylindrical 

geometry with q0=1.005. Several stages (A to D) in the 

evolution of plasma flicx surfaces during a sawtooth 

collapse are shown. 
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Fig. 50: Contours of local soft Xray emissivity during a 

sawtooth collapse. 

Fig. 52: Comparison of the azimuthal displacement eigen

functions ξ(θ) for several cases: (a) quasiinterchange 

mode; (b) tearing mode; (c) experimentally observed 

instability. 
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with this instability has yielded excellent agreement 

between theoretical and experimental results. Fig.52 

shows the azimuthal displacement eigenfunctions for 

three cases: 

• quasiinterchange mode; 

• tearing mode; 

• the experimental instability (derived from soft X

ray measurements). 

A wide variety of mhd activity is observed during 

sawteeth in JET. In particular, 'partial' sawteeth are 

common: these have certain features of the full sawtooth 

collapse but with little or no effect on central tempera

ture. Previously, it has been thought that this phenom

enon was due to a magnetic reconnection occurring away 

from the plasma axis. However, detailed measurements 

have revealed significant similarities between the full and 

partial sawtooth instabilities. Fig.53 shows the behaviour 

of the electron temperature in the central region of the 

plasma during (a) a full sawtooth and (b) a partial 

sawtooth. In both cases, the crucial feature is the rapid 

displacement of the central core during a time period 

~ 100μs. In the full collapse, the displacement is 

substantial ( ~25cm), and ultimately leads to a flattening 

of the central profile. However, during the partial 

collapse, the displacement of the central core is smaller 

(~5cm), and the core rapidly returns to its original 

position. There is little residual effect on the central 

temperature, but a flattening of the temperature profile 

occurs around the sawtooth inversion radius. A second 

type of partial sawtooth has also been identified which 

occurs on a slower timescale (~ 10ms) and which gives 

rise to a small inversion and a redistribution of the 

location of the accompanying m= 1 activity. 

Studies of the scaling of the sawtooth period with 

plasma parameters have continued. It has been confirmed 

that, during the ohmic phase, the sawtooth period scales 

linearly with plasma density, and that, the sawtooth 

inversion radius is found to be inversely proportional to 

the edge safety factor. No satisfactory systematic scaling 

law for the sawtooth period has been obtained for 

additional heating conditions. This probably reflects the 

complexity of the experimental situation, since such 
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Fig. 53: Temperature contours in the central region of the 

plasma during (a) a full sawtooth collapse; (b) a partial 

sawtooth collapse. 

Fig. 54: Evolution of central temperature Τ JO), line 

average electron density, total plasma energy from 

diamagnetic measurements Wt. and the amplitude of 

total MHD activity during a 5MA discharge with a 

'monster' sawtooth lasting 1.2s. 

factors as the heating profile, direction of neutral 

beam injection and changes in impurity levels become 

important. 

During additional heating experiments, some sawteeth 

have very long duration (up to 1.6s). These were first 

observed in relatively low current discharges (I =2MA) 

with combined additional heating (NBI and ICRH). 

However, similar phenomena ('monster' sawteeth) have 

now been observed at high current (I =5MA), as shown 

in Fig.54, and in discharges with ICRF heating alone. 

There is also preliminary evidence that they occur in 

discharges with NBI heating alone. These sawteeth are 

characterised by unusually low levels of coherent m = l 

activity, suggesting that they are not simply sawteeth 

with particularly long periods, but that the m=l 

mode has been stabilised. The possible stabilisation 

mechanisms are under investigation, but at present the 

strongest possibility is that additional heating leads to a 

favourable modification of the current profile. A major 

advantage of this regime is that the quiescent sawtooth

free period lasts 35 energy confinement times, per

mitting analysis of the benefits of full sawtooth stabilis

ation on transport and confinement. While there may be 

a small (—20%) improvement in the global energy 

confinement time during these stable periods, present 

studies suggest that the principal benefits will be the 

increased fusion power production (due to the peaking of 

temperature and density profiles), and the reduction in 

the losses of high energy particles which usually occur at 

sawtooth collapses. 

Experiments with injected pellets have revealed a 

remarkable new phenomenon which may yield important 

diagnostic information on the qprofile within the 
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plasma. A very localised density and temperature 
perturbation with m = n= l topology has been observed 
following the injection of a pellet. This perturbation 
exists for a very long time (>2s) and appears to be 
associated with the q = l surface. Similar structures are 
seen with m = 3, n = 2 symmetry at the q = 3/2 surface. 
Fig.28 shows the behaviour of the soft X-ray emission 
profile during pellet injection. The spike of emission 
associated with the ablation of the pellet identifies the 
time of injection, and the snake-like modulation of the 
soft X-ray emission which remains is clear. As the 
location of this modulation shifts considerably in minor 
radius (A/r~40%) during a sawtooth period, it may be 
inferred that the q= 1 surface undergoes a similar shift. 
However, the long duration of the perturbation does 
require further investigation. Since the particle confine
ment time is much shorter (~0.3s) than the lifetime of 
the snake, the most likely explanation is that the plasma 
perturbation induced by pellet injection gives access to a 
new non-axisymmetric equilibrium involving a magnetic 
island. 

Separatrix Experiments 
The main objectives of measurements with a magnetic 
separatrix (or X-Point) configuration are (i) to compare 
the global confinement characteristics of separatrix and 

limiter discharges and (ii) to study the conditions for the 
creation of a high density, highly radiative, cool plasma 
region near the X-point capable of screening and iso
lating the bulk plasma. In these configurations, the 
plasma is detached from both the limiter and the inner 
wall and recycling occurs in an open divertor region near 
the X-point. Experiments have been carried out with 
plasma currents up to 2.5MA in a double null (DN) and 
up to 3.OMA in the single null (SN) configurations. A 
maximum additional power of 9MW has been injected 
(D° into D+) into the confined plasmas. Compared to 
similar limiter discharges, the thermal energy content of 
single null (SN) X-point discharges is roughly a factor x2 
higher. Plasmas with even modest separation between X-
point and target plates show typical signatures of H-mode 
discharges. Multi-channel infrared interferometer 
measurements provide evidence of the formation of a 
high density diverted plasma with average density 
~ 1020m~3, an order of magnitude higher than the main 
plasma. Measurements with a bolometer camera array 
show that, in high density discharges with additional 
power, up to 40% of the input power is radiated within a 
— 0.2x0.2m2 toroidal region around the torus. 

Formation of a Magnetic Separatrix 
A magnetic separatrix can be formed within the vacuum 
vessel of JET using the multipolar field normally used to 
control the elongation and triangularity of the plasma 

Fig. 55(a): Flux plot of a double null configuration. Plasma current = 2MA, toroidal field = 2.8T, average electron 
density = 3xlOl9m~3, poloidal beta = 0.44, plasma elongation =1.8. 
(b): Flux plot of a single null configuration. Plasma current = 2MA, toroidal field = 2.2T, average electron density 
= 3xl0'9m-3, poloidal beta = 0.6, plasma elongation = 1.65 (Pulse No:10237, t = 13.5s). 
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crosssection. In the DN configuration, the present 

poloidal field equipment allows operation at plasma 

currents up to 2.5MA. The resulting plasma has an 

elongation of 1.8; the vertical position is unstable with an 

open loop growth rate of 150s~'. 

The separation between the Xpoint and the graphite 

target plates is a linear function of the current in the 

shaping coils. For the DN configuration in Fig.55a, the 

separation is 0.10m. In the SN configuration 

(Fig.55b), plasma currents up to 3.OMA have been 

produced with an elongation of 1.65; the growth rate of 

the vertical instability is substantially smaller than for the 

DN configuration. 

The maximum separation between Xpoint and the 

target plates obtained so far at 2MA has been —0.13m 

with the SN configuration and may be increased by 

displacing the magnetic axis below the midplane. The 

radial position of the null point is held constant during the 

discharge, to within a few cms. The distance between the 

separatrix and the antennae for ICRH is finely controlled 

by the radial position feedback system and this can allow 

good coupling of ICRH to the plasma. In both DN and SN 

configurations, Langmuir probe measurements give the 

efolding length for the decay of the density and 

temperature at 0.06m and 0.10m, respectively. 

Location of the separatrix has been corroborated to 

within a few cms by observations with a bolometer 

camera array and TV cameras and by the separation 

between the erosion marks on the graphite target tiles. 

The magnetic configuration is only slightly sensitive to 

changes in the internal parameters, such as the poloidal 

beta and internal inductance. 

The formation of a magnetic separatrix within the 

vacuum vessel produces a significant change in the dis

charge characteristics. For separations between the 

plasma and the limiter larger than 0.07m, deuterium 

recycling (monitored by Dn signals) shifts from the 

limiters to small regions near the Xpoints. Both the Da 

monitors and TV observations in the near infrared show 

the formation of bright regions ( ~0.2m across) coincid

ing with the Xpoints. In high density DN discharges, 

only one bright region is observed. The application of a 

radial magnetic field shifts the toroidal plasma column 

vertically and the bright region moves correspondingly, 

indicating that the formation of only a single bright 

region is not connected with slight updown asymmetries 

in the poloidal field. Simultaneous with the shift in re

cycling characteristics, stronger gasfuelling is needed to 

sustain the average plasma density; Zcff is reduced; and 

the bolometer camera array shows a decrease in bulk 

plasma radiation and a large increase in the radiation 

from the Xpoint region. 

Improved Confinement with Additional Heating 

Double Null (DN) Xpoint discharges show an energy 

confinement time some 2030% higher than similar 

limiter or inner wall discharges. However, no clear H

mode transition was identified at the power levels 

available. Recent experiments have therefore concen

trated on the SN configuration. First results show a 
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Fig. 56: Total plasma thermal energy content as 

measured by diamogliene loop versus total input power 

for single nuli and limiter configurations. 

substantial improvement of energy confinement in SN X

point discharges compared to similar limiter or inner wall 

discharges. The experiments have been carried out with 

neutral beam injection heating with up to 9MW power. 

Ion cyclotron heating has been applied in some of the 

shots with a power of up to 4MW (but keeping the total 

input power, Pt=Pn4PNBI+PRF<10MW). 

In Fig.56, the variation of the total plasma thermal 

energy content with total input power P, for two series of 

SN Xpoint discharges at plasma currents of 2MA and 

3MA is compared with the corresponding data sets for 

limiter discharges. While the separation of the Xpoint 

and the target plates is ~ 0.13m at I =2MA, this is 

reduced to —0.05m at I =3MA and is then rather close 

to the wall. For either plasma current, the energy content 

of the Xpoint discharges is up to a factor x2 larger than 

that of the corresponding limiter discharge with the same 

additional power. In general, the trend with increasing 

heating power is also similar in all cases. 

The electron temperatures (and also the central ion 

temperatures) for such an Xpoint Ηmode plasma are 

substantially higher than for a limiter plasma with the 

same parameters of plasma density, plasma current, 

toroidal field and P, (see Fig.57). It should be noted that 

the electron temperature profile is broader, with the edge 

temperature at R=4.0m being  2 . 5 times higher. 

As already mentioned, the SN discharges at I =2MA 

exhibit clear indications of a transition into an Hmode. 

As show in Fig.58, the edge Όα signal (f) drops and the 
line integrated electron density (d) increases more 
rapidly. These events occur shortly after the crash of a 
sawtooth when the edge temperature (e) increases 
abruptly. The power flow to the target plates (b) is 
substantially reduced. This phase is subject to an abrupt 
termination when the average density reaches some 
limiting values (as evidenced more clearly in other JET 

53 



Scientific Achievements During 1986 

τ β 

(keV) 
6 0 

4 0 

2.0 

0 0 

,---

30 

-f-
\ ω 

. . . (b) 

~^. 

as 
~Ή-

4.0 

R(m) 

Fig. 57: Electron temperature profiles a) X-point (Pulse 
No:10237 t=13.5s) and b) Limiter discharge (Pulse 
No:7709). Central ion temperatures for SN (X) and 
Limiter (L) discharge are also marked. 

Transition 

ptot 
(MW) 

25 

0 
W 

(MJ) 2.0 

1.0 

r
ÜÄ.io 

0.5 

dO^rn
2
) 

Te 

edge 
(keV) 1 · 5 

1.0 

0.5 
Da 

(au.) 3.0 
2.0 
1.0 

, x ,~y \(a) 

ty-y^ V 

JrJLr' 

, > I I'^'vu. V 

j f t~——*■
 ,A

*~
J
* 

L_
: 

11.0 12.0 13.0 14.0 
time (s) 
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b) Power conducted to the target plates from bolometric 

analysis, Ρ'P'mddW/dt; 

c) Total energy content from the diamagnetic loop, W; 

d) Line electron density, \ndl; 

e) Plasma edge temperature, T¡¡lge; 

fl Da signal from the plasma boundary. 

Pulses where his event is not obscured by the end of 

additional heating). The average density, temperature 

and thermal energy content (c) fall in about 40ms, 

accompanied by a spike in the Xpoint radiation. During 

the Ηphase the plasma density profile broadens with 

steep gradients developing at the edge. 

Impurity radiation from the plasma edge (O VI, C IV) 

falls by about a factor x2 at the transition to the Hregime. 

At this time, the ICRH power ceases to be coupled to the 

plasma (probably due to the changed edge conditions) 

and the nickel influx from the antenna screen falls to 

zero. Nevertheless the total nickel content, as observed 

from the Ni XXV and Ni XXVI line intensities, remains 

constant indicating substantially improved confinement 

of metals in the interior of the plasma. However, as 

indicated by the soft Xray radiation profiles, this does 

not lead to accumulation of impurities. 

Conclusions 

Separatrix operation appears to induce substantial 

changes in the plasma behaviour compared to limiter 

operation. This is possibly a result of the high shear at the 

boundary of the plasma. Even with a modest separation 

of the Xpoint from the target plates, a high recycling 

regime has been observed in this region at high plasma 

densities. With additional heating, the stored energy 

increases substantially above that for corresponding 

limiter discharges. A further increase in stored energy is 

observed for both 2MA and 3MA discharges leading to 

global energy confinement times in excess of 0.6s, which 

is about a factor x2 higher than for the corresponding 

limiter discharges. These discharges also exhibit other 

signatures (e.g., reduced edge recycling) normally 

associated with Hmodes. 

Radio Frequency Heating 

The level of RF heating power on JET has been steadily 

improved throughout 1986, and a maximum of 8MW 

power coupled to the plasma for 2s has been achieved 

using three antennae. Two antennae were in dipole 

configurations with a 3MW peak power ICRF generator 

connected to each. These operated successfully with a 

constant relative phasing in preparation for current drive 

experiments and to test the effect of k// spectrum shaping 

on edge effects, coupling and power absorption. The 

third antenna was a monopole configuration connected 

to two generators by means of a purpose designed 

combining unit. This system launched up to 4.2MW RF 

power into the plasma and established that the power 

handling capability of the antenna would be sufficient for 

the full performance system of 8 antennae fed by 32MW 

total generator output. 

The majority of experiments have been carried out 

with H and 3He minority heating in deuterium plasmas 

and H minority in 3He plasmas. A wide variety of 

conditions have been studied, such as outer limiter, inner 

wall, singlenull Xpoint discharges, combined operation 

with neutral beams and pellet injection. The minority 

fundamental cyclotron resonance was usually placed at 

the plasma centre ('onaxis' heating) although some 'off

axis' heating studies have been made. The most signifi

cant results [1,2] are summarised below. 

The central role played by minority ions in the wave 

absorption process has been firmly established. One 

piece of impressive evidence is indicated in Fig.59 which 

shows results of experiments which included both 3He 

and H minority ions in a D+ plasma. As the RF was 
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Fig. 59 (a) Time evolution of the central deuteron 

temperature with and without 3.4MW ICRF, and of the 

proton flux at 15keV and 62keV during a toroidal field 

ramp down. Tlteplasma current was maintained constant 

at 2MA. 

(b) Radial position of the proton and 3He cyclotron 

layers during the above pulse. The approximate position 

of the corresponding hybrid layers is indicated by the 

dotted lines. 

switched on, the 'He resonance was onaxis and the 

central deuterium temperature TD(0) showed strong 

sawteeth, characteristic of central heating. At this time, 

the Η minority resonance was outside the plasma. During 

the RF pulse the toroidal field was ramped down which 

moved the 'He minority resonance position away from 

the axis and TD(0) decreased. Eventually, the toroidal 

field became sufficiently low to allow the Η minority 

resonance into the plasma. When this occurred, lOOkeV 

protons were detected with a time delay which increased 

with increasing energy, in accordance with theory. 

Theory also predicted a transition from bulk ion heating 

to electron heating as the energy of the minority species 

was raised by increasing the RF power. The transition 

was expected to occur at a lower power for (H)D than for 

('HeJD and this difference was seen as the RF power 

was raised above 4MW. 

The effect on heating efficiency of varying the 

cyclotron resonance layer has been studied for the (H)D 

scenario. The maximum increase in central electron 

temperature, global stored energy, and DD reaction rate 

'Off axis' 
heating 

2.8 3.0 3.2 3.4 3.6 3.8 

Major radius (m) 

Fig. 60 Normalised electron temperature profiles during 

onaxis and offaxis ICRF heating. The respective 

cyclotron resonance positions are indicated. 

were all achieved with the ionion hybrid resonance 

inside the sawtooth inversion radius. The volume 

average electron temperature was insensitive to 

resonance position but offaxis heating produced a 

broader T, profile than did onaxis heating, contrary to 

the concept of 'profile consistency' but confirmed by 

recent (H)3He offaxis heating experiments (see Fig.60). 

Power deposition profiles have been deduced by 

amplitude modulating the ICRF and observing the 

corresponding time behaviour of the electron tempera

ture, TE, to obtain the rate of change of electron energy 

content. The local change in T. was measured with a 12 

channel ECE polychromator with the signaltonoise 

ratio enhanced by boxcar techniques. The power density 

transferred to the electrons is shown in Figs.61(a) and 

61(b) for central and offaxis heating, respectively. 

In each case, the maximum lies close to the minority 

cyclotron resonance and the width is —60cm for onaxis 

heating and —20cm for offaxis heating. Fig.61 also 

compares the results with ray tracing calculations. There 

is excellent agreement in the offaxis case but the central 

heating is somewhat broader than predicted, possibly due 

to redistribution by sawtooth activity. 

Combined deuterium neutral beam injection and 

hydrogen minority ICRF experiments in D+ plasmas 

have indicated that RF power can be coupled to the beam 

ions at the harmonic resonance. The distribution function 

of the beam ions is shown in Fig.62. The distribution 

shape above the beam energy (62keV) was increased 

from 5keV to 16keV on applying 6.9MW of 32MHz RF 

with the Η minority resonance on axis. FokkerPlanck 

calculations indicated that a substantial fraction of the RF 

power was coupled to the beam ions and predict that the 

effect should enhance both neutral beam current drive 

and fusion reactivity. 
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Fig. 62 Distribution function for the D+ beam ions 

deduced from neutral particle analysis. The open circles 

refer to no RF and the full circles to 6.9MW RF power. 

Tlte triangles show the H minority species distribution. 

Towards the end of the 1986 experimental period, 

some RF heating studies were carried out in single null 

Xpoint discharges using the (H)3He scheme. The 

sawtoothfree regime was accessed and preliminary 

analysis indicated that the increase in stored energy and 

global confinement time were somewhat better ( — 10%) 

than in corresponding limiter discharges. However, H

mode plasmas have not been achieved with RF only, 

possibly because the power into the plasma is limited by 

a large antennaplasma separation. This situation will be 

improved as more ICRF power becomes available in the 

next period of operation. 

Fig.61 Comparison of experimental and theoretical 

power deposition profiles for a) onaxis heating and b) 

offaxis heating using the H(D) scenario. 

High power central RF heating, both alone and in 

conjunction with neutral beam heating, has produced 

plasmas that have central electron temperatures as high as 

7.2keV and are free from internal disruptions for times 

 Is. The longest such period (  1.6s) was obtained with 

H minority heating in a 3He plasma (ne=3xl0l9m3) 

using 7MW RF power at 32MHz, BT=2.1T and 2MA. 

The central electron temperature time evolution is shown 

in Fig.63, indicating saturation at about 6keV. However, 

the plasma had not attained steady state as the density 

continued to rise throughout the RF pulse. Other 

characteristics of this new regime included reduced 

MHD activity and an enhancement of global energy 

confinement (20%) compared to discharges with 

normal sawteethfree behaviour. Studies of this regime 

should help to quantify the benefits of sawtooth stabilis

ation for producing significant αparticle heating. 

Fig. 63 Time evolution of central electron temperature 

during central (H)3He minority ICRF heating showing 

the formation of prolonged sawtoothfree periods. 
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Neutral Beam Heating 

During the first experimental campaign started in 

January 1986, hydrogen (H°) beams were injected into 

deuterium (D) plasmas at energies up to 65keV and 

powers up to 5.5MW. In later campaigns, the injection 

system was switched to deuterium (D°) beams at energies 

up to 80keV and powers up to 10MW. The beams were 

used alone and in combination with ICRF heating, 

with a maximum total combined power up to 17MW. All 

possible JET plasma configurations were used as target 

plasmas including outboard limited plasmas; inner wall 

limited plasmas; and separatrix plasmas in double and 

singlenull configurations. 

The characteristics of the experiments with H° 

injection into D plasmas have been reported previously 

[1]. The gross effects of energy confinement in addition

ally heated plasmas was not substantially altered in most 

discharges obtained in later campaigns. As described in 

1.0 

0.8 

TWs) 

0.6 

04 

0.2 

00 

  * * ' 

D 2 

1MA * 3MA (He cond.) 

J * ¿ A
: :

· · '2MA 4 MA 

... § r a a.:i '
 3 M A

 (nonHe Cond.)  5MA 

äyriry.f
 :: 

'wM$k¿'i..." ' 
■ " « ■ " · * ) * , ■  , . . . . 

, , 
4 6 8 10 12 

f 

P,(MW) 

W (MJ) = 0 27 Ρ 

2 

0 37 0 67 

Δ 2 MA 
 3 MA (nonHe Cond.) 
» 3 MA (He Cond.) 
D 4 MA 
π 5 MA 

3 

*1r>°« 

Fig. 64(a) Energy confinement time (τΕ) as a function of 

total power into the plasma (PTOT) for various plasma 

currents and discharge configurations for NBH plasmas, 

(b) Best power law fit to the stored energy in the dis

charge (WD,A) as measured by the diamagnetic loop in 

NBH discharges. (Note that the 'Heconditioned' dis

charges are not included in the fit). 

the 1985 JET Progress Report, confinement properties of 

JET ohmic discharges depended on plasma density, 

current and toroidal field. With high power neutral beam 

heating (NBH), confinement times were at the low end of 

the range obtained with ohmic heating alone for the same 

values of I and BT (i.e. comparable to those found in 

low density ohmic discharges but a factor — x3 lower 

than those in high density ohmic discharges). This is 

illustrated in Fig.64(a), which includes data from 

plasmas limited by the outboard carbon limiter or inner

wall tiles and for doublenull separatrix plasmas. 

Counterinjection beam data is also shown, which is 

largely the same as coinjection. Similar behaviour is 

observed in combined NBICRF heated discharges, 

which exhibit the same power law fit for the stored 

energy (W) as a function of power as that found in NBH 

only discharges, i.e. 

WNBH = 0.27 PTOT°"17Ip
0'7<nc>^'BT°^(MJ) 

Fig.64(b) shows that this is a reasonable description for 

discharges with combinedheating. All discharges 

covered by this data exhibited typical 'Lmode' 

behaviour. 

In plasmas with a single null separatrix configuration, 

a transition to a regime occurred in which the confine

ment time improved by ~x2, becoming comparable to 

typical ohmicphase values. This behaviour has only 

been observed for injected beam power PNBH>4.5MW, 

and is similar to Ηmode behaviour. The confinement 

studies with NBH are described more fully in the section 

on General Plasma Characteristics and Global Confine

ment, and the Ηmode behaviour is covered in the section 

on Separatrix Experiments. 

The global behaviour of ion and electron temperatures 

has been studied in NBH plasmas. From all data (shown 

in Fig.65), the central ion temperature (Τ:(0)) scales 

more strongly than Pbj/<ne>, where Pbj is the NBH 

power transferred to the ions (as calculated from beam 

deposition codes). However, when subdivided by plasma 

current, there is a tendency for T^O) to increase with I 

at fixed values of PJ<n >. The most effective ion 
bi c 

heating has occurred in 3MA plasmas. At low densities, 

even with modest (5MW) beam powers, high ion 

temperatures were attained. The peak ion temperature 
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Fig. 65 Central ion (Ni26*) temperatures in NBH dis

charges as a function of codederived power to the ions 

from the beams. 
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Fig. 66(a) Diamagneticallyderived stored energy (WDIA) 

in Ip=3MA, PNBH=5.5(±0.5)MWplasmas as a function 

of volume averaged electron density, 

(b) Electron stored energy (W'j as a function of volume 

averaged electron density <n> for the discharges 

shown in (a). 

(from Doppler broadened Ni26+ ions) reached 14.5 ± 

1 .OkeV, corresponding to a peak deuterium temperature 

of 12.5 ± l.OkeV. High T^O) values were obtained 

using the inner wall carbon tiles as limiters, after special 

conditioning procedures with helium plasmas, producing 

low recycling at the wall. In these discharges, electron 

temperatures were higher at T(0)~5.56.OkeV. The 

low density Heconditioned plasmas also showed strong 

rotation with central toroidal velocities greater than 

2xl05ms~' (determined by Xray crystal Dopplershift 

spectroscopy on N^6"1" ions). It was also noted that a 

higher efficiency of electron heating takes place in NBH 

singlenull Xpoint discharges with high (5keV) peak 

electron temperatures, occurring at very modest values 

ofP . /<n>. 
ni c 

The helium conditioned inner wall discharges showed 

somewhat higher stored energy, determined by diamag

netic loop (WD1A), compared with the parameterised fits 

to the stored energy in other materiallylimited dis

charges (see Fig.64(b)). If WD,A is plotted against <n c> 

for discharges with a restricted range of beam power at a 

fixed plasma current, the helium conditioned inner wall 

discharges display higher values (see Fig.66(a)). On 

closer inspection, these discharges appear to have WDIA 

values in two distinct branches (A and Β in Fig.66(a)). 

The discharges in branch A are characterised by lower 

recycling and all have density histories which show 

constant or very slowly increasing values once the initial 

* Inner wall 
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Fig. 67 Neutron yield for JET NBH plasmas. 
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Fig. 68 HugillMurakami diagram for JET plasmas 

showing extension of operating range achieved with 

neutral beams. 

response to the beam power has occurred. In branch B, 

the beam fuelling of the discharges is normal, with a 

strong linearly increasing density and hence more 

recycling. The type A discharges usually resulted from 

the first deuterium discharge on a newlyconditioned 

wall. The exact role of reduced recycling in these dis

charges is unclear and is under investigation. The low 

density helium conditioned shots resulted in the highest 

neutron yields obtained in JET discharges, with peak 

values of 2.8xl015s~' being attained. The comparative 

neutron yields for NBH discharges are shown in Fig.67. 

A major extension to the density operating range was 

achieved with NBH discharges. The Hugill diagram for 

JET is shown in Fig.68, where the operating domain is 

limited by disruptive instabilities. For ohmically 

and RF heated discharges, the density limit was 

^.(OH/RFXm3) = 1.2xl020BT(T)/qR(m). depending on 

plasma purity. In NBH plasmas, the limit was substan

tially increased to nc(NB)(m 3) = 2.0xl02l)BT(T)/qR(m). 
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Fig. 69 Time behaviour of plasma density after beam 
injection. 

When the beams are switched off at high density, the 
plasma disrupts, indicating that the power input plays an 
important role in the disruption mechanism. This is fur
ther emphasised by the observation that NBH discharges 
have density limits which scale like the ohmic discharges 
as <n>.rjl = 3.5xlOl6(P,qc/Zcff-l)Rab(qc-2a/b))*m-3, 
where P, is the total input power [2]. This density limit is 
predicted by a model in which the density limit disruption 
occurs when the radiated power outside the q=2 surface 
is equal to the power input. The increased density limit 
for NBH is consistent with the large increase in P, on 
injection and also by the slight decrease which occurs in 

Zcff 
A feature of the density behaviour in JET with beam 

heating is the near constancy of the density profiles 
despite an increase in the electron source rate with NBH 
of about two orders of magnitude [3]. Density profiles 
tend to broaden slightly with increasing PNBH and 
density. The response in density behaviour is shown for 
three different plasma configurations in Fig.69. The 
behaviour of the edge recycling has been studied for these 
discharges and there is evidence that the sudden transient 
in <nc> is due to an influx of particles from the limiter/ 
wall surfaces. After this transient, for outboard limiter 
and Η-mode single null discharges, the density continues 
to rise linearly corresponding to an asymptotic beam 
fuelling efficiency, e, whilst for inner wall and ordinary 
separatrix plasmas some measure of density control is 
achieved. This behaviour is not yet fully understood but 
analysis on the outboard limited NBH discharges [4] 
shows that the plasma particle confinement time, τ , 
showed a generalised q dependence, which increased 
with increasing I and decreased with increasing BT. r 
also decreased with increasing NBH power. 

In beam-driven current experiments, substantial non-
inductive currents up to 0.6MA were driven in up to 
3MA low-density plasmas. The currents were deduced 
from the plasma loop voltages, as shown in Fig.70(a). 
The effects were larger than those due to a change in 
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Fig. 70 Measured plasma loop voltage V. during beam 

injection into a low current (IMA) discharge, compared 

with theoretical predictions for certain effects. 

(a) predictions from conductivity change only; 

(b) conductivity change plus beam driven current; 

(c) conductivity change plus beam driven current plus 

bootstrap current; 

(d) measured value. 

plasma resistivity from the beam plasma heating. A 

comparison of several discharges showed good agree

ment with the observations if the predicted beam driven 

current including trappedparticle effects was taken into 

account. The difference between observations, and 

predictions is still sufficient to allow for the existence of 

the neoclassical 'bootstrap' current [5], predicted to be 

~50kA in the Ohmic phase and  lOOkA during NBH. 

The JET injection geometry (with beams nearer to 

perpendicular than parallel to the plasma current) has the 

effect that fastion trapping is an important effect in the 

outer regions of the plasma and thus the predicted beam 

driven current decreases rapidly with increasing density 

and resultant poorer beam penetration, as shown in 

Fig.71. The predicted beam driven current profile 

(Fig.72)) is relatively insensitive to plasma parameters 

and is centrally peaked, and probably more peaked than 

the ohmic profile. 

1 2 3 4 

Vol. Av. Density 0V (x 10" m
3
) 

Fig. 71 Predicted beam driven current per unit input 

beam power for 80keV and 140keV D° beams as a 

function of plasma density. 
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for 80keV D° beams at <n> = 1.2x10l9m~3 compared 

with the neoclassical ohmic current profile. 

In NBH discharges, strong plasma rotation at toroidal 

velocities in excess of 2xl05ms~' was seen. The toroidal 

rotation velocities show a saturating dependence on the 

power per particle input from the beams (Pb/<nc>). The 

values have little dependence on plasma current alone. 

Only preliminary evidence exists on the radial profiles of 

the toroidal velocity but this indicates that the profiles are 

very much flatter than obtained in smaller tokamaks. 

Transport of momentum in the plasma is highly corre

lated with significant MHD activity (δΒθ/Βθ>104) as 

evidenced by the rapid reduction in rotation velocity at 

the collapse of a sawtooth (Fig.73). When a high level of 

MHD activity exists, the velocity profile of the fluid 

appears to be flat. This is evidenced by the frequency of 

MHD (m=l ; n= l ) from the centre of the discharge 

(r/a — 0.3) which appears to be the same as the (m = 3,4; 

n= 1) activity from the edge of the discharge, indicating 

a uniform vjr) profile (see Fig.74(a)). For cases of 

'significant' MHD activity, the rotational angular 

velocity, determined from the edge MHD frequency 
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Fig. 73 Correlation of rapid collapse of central rotation 

velocity (as measured by Xray crystal spectrometer) and 

sawtooth collapse in electron temperature. 

Fig. 74 Correlation in the rotation speeds inferred from 

central (ECE) and edge (Magnetic coils) MHD activity, 

(b) Frequency of MHD (m=3,4; n = l) activity for NBH 

discharges against central rotational velocity from the 

Ni26+ Doppler shift. 
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(w£,HD(R = R0ra)), correlates well with the central 

toroidal rotation velocity determined by the Doppler shift 

of Ni26+ ions (i;Ni(R = Ro) viz: 
2,rfMHD = WMHD(Ro + a ) β R o . „ N l ( R e ) 

as shown in Fig.74(b) which again indicates a relatively 

flat rotational velocity profile. 
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Particle Transport and Fuelling 

Control of electron and ion (fuel) density and their spatial 

distributions are essential for optimisation of plasma 

performance and fusion reactivity in JET. Attention has 

focussed on three aspects of this question: (i) behaviour 

of particle fluxes at the plasma edge during Ohmic, RF 

and NB heating, and the contribution of the edge neutral 

sources to the plasma density; (ii) analysis of electron 

density profile and related transport in the bulk of the 

plasma; and (iii) fuelling of the plasma using singleshot 

pellet injection. 

Behaviour of Edge Fluxes during Ohmic, ICRF and 

NBI Heating 

The study is based on simultaneous measurements of 

absolute Ho and Do emissivity at the graphite limiters, 

ICRF antennae, inner and outer walls, and the top and 

bottom walls of the vacuum chamber, yielding neutral 

fluxes φ. A seven chord interferometer provides the 

electron density distribution and the total electron content 

Ν . Information about Η and D effluxes is derived from 
e 

measurements with an array of neutral particle analysers. 

Optical spectroscopic measurements are employed to 

deduce the electron source due to, and dilution of the fuel 

ions by, impurity influx at the plasma edge. 

In OH discharges, after a steady state in plasma density 

has been established during the current flattop, the 

influx of Η or D atoms from limiters and walls varies as 

n* [1]. However, the exact values of the influxes are 

dependent on surface conditions in the vacuum vessel. 

Following a few days pause in JET operations, a 

hysteresis behaviour is observed in the øHD <* η* 

dependence during a sequence of discharges. The 

increase in electron content upon application of heating 

power is indistinguishable whether OH, ICRF, NBI or 

combinations of these are applied. The increase, ANe, 

scales approximately linearly with applied heating power 

[2]. 

The injection of a D pellet into an OH discharge 

produces a sudden increase of density, by factors <2, 

with corresponding increases in the Η and D influxes. 

However, the fluxes are considerably lower than for a 

gasfuelled discharge of the same density. Consequently 

the global particle confinement time is higher than in the 

nonpellet case. Also, the particle recycling behaves mark

edly differently . Whereasforgasfuelleddischarges( 1 R)< 

0, with pellet fuelling (1R)>0, which corresponds to a 

net removal of particles (i.e. pelletinduced pumping). 

A similar reduction in impurity influxes and in Zcff is 

also observed. Eventually, on a time scale «4s , τ , 

(1R) and Zeff revert to values characteristic of gas 

fuelling [3]. 

An important limitation of ICRF heating in JET is the 

uncontrolled density increase during application of RF 

power. Influx of all neutral species from the limiters, 

walls and other structures increases roughly in propo

rtion to the applied power, and Zeff and the ratio Prad/Pin 

remain nearly constant. Consequently, the density limit 

during ICRF heating is at most 10% higher than the 

corresponding value with OH only. The time evolution of 

the total electron inventory Nc can be associated with 

two time scales for the evolution of edge neutral fluxes. 

The neutral flux from the walls, and a fraction of the 

limiter flux ( — 20%) is released immediately (r^lOms) 

upon application of ICRF power. Additional neutral flux 

from the limiters is released on a slower timescale 

approximately equal to the confinement time ( = 0.25s). 

The total limiter flux is usually 510 times larger than the 

total wall flux. These observations may be understood in 

terms of some of the applied ICRF power coupling to the 

edge plasma and immediately reaching the wall and 

limiters, while a large fraction is coupled to the bulk 

plasma and reaches the outside on a slower timescale. 

Analysis of these observations for different ICRF 

coupling configurations, and various wall conditioning 

strategies is in progress. 

High power neutral beam (NB) injection heating has 

been applied to JET plasmas in various configurations 

(outer limiter, inner wall, magnetic separatrix in single 

and doublenull operation), and also differing wall 

conditioning histories (with and without carbonisation or 

He discharge conditioning). Depending on conditions, 

the plasma density responds to the application of NB 

heating in markedly different ways. Nevertheless, there 

is generally an initial increase in the total plasma electron 

content Nc, at a rate several times greater than the beam 

fuelling rate φΝΒ, followed either by a phase in which 
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asymptotically dNc/dt = øNB, or by a steadystate phase 

with constant N. for constant φΝΒ. The latter behaviour 

implies that some areas of the exposed material surfaces 

effectively pump the escaping plasma particles through

out the duration of the NB pulse ( = 5s). This steadystate 

behaviour has been observed with many different 

operating conditions. The various kinds of observed 

density evolution, together with the corresponding re

cycling behaviour have been modelled. Using the 

parameters of particle confinement time in the plasma, 

surface residence time and surface reflection coefficient 

for the particles, the model describes dNc/dt, assuming 

that the process is due to the disturbance of dynamic 

equilibrium of particles exchanged between the plasma 

and the surfaces surrounding the plasma [4]. The model 

can be generalised to describe the total plasma electron 

inventory Nc on application of ICRF, and pellet fuelling. 

Electron Density Transport in the Bulk Plasma 

A striking feature of density buildup in JET is that, in the 

steady state, the spatial electron density profile shape is 

nearly constant. The profiles can be represented as 

ne(r) = nc(0) {lr2/a2}m where a is the minor radius of the 

plasma column, and 0.4^rrr<0.8. This approximate 

profile constancy prevails throughout a large range of 

plasma parameters and variation in particle sources. The 

behaviour is observed when the particle source at the 

plasma edge (0.8^r/a<1.0) is suddenly increased by a 

factor 35 by application of ICRF power and when the 

particle source at the plasma centre (0^r/a^0.2) is 

increased by a factor xlO12 by application of NB power 

[2]. 

The rate of rise of central electron density, dne(0)/dt, 

during the discharge may be compared to the electron 

source, η,ηο<σν>,, due to ionisation of the calculated 

neutral density associated with the edge neutral source. 

Impurity contributions at most double the electron 

source. It is deduced that dne(0)/dt cannot be supported 

by these sources alone. The rate of increase of central 

electron density suggests an inward convection of edge 

density at V (r= 1) ̂  0.2ms~'. An analysis of refuelling 

of the centre of the discharge between density sawteeth 

affords a method of evaluating the magnitude of the pinch 

velocity in the region q^l . The measured density 

sawtooth parameters have been used in the evaluation for 

a number of discharge conditions. The measured pinch 

velocity is compared to the corresponding neoclassical 

pinch velocity. For refuelling the centre of the plasma 

column between sawteeth, a pinch with the neoclassical 

pinch velocity is found to be sufficient. Globally, 

however, the required convection is much larger than, 

and its radial dependence different from, the neo

classical pinch [5]. 

For global analysis, the measured electron flux Γ (r) 

is interpreted in terms of a model of electron transport 

consisting of diffusive and convective driving terms 

Te(r) = D(r)An.(r) + nc(r)V (r). Analysis of electron 

density profile evolution from one steady state to 

another, induced by a sudden increase in the electron 

sources due to application either of ICRF or NBI heating 

power has yielded a volumeaveraged particle diffusion 

coefficient D = 0.6m2s"'. Moreover, it is found that D(r) 

increases towards the plasma boundary. The corre

sponding inward pinch velocity V (r) increases as r" 

with a —23, and has a magnitude of approximately 

0.2ms1 at half radius. Analysis has been carried out for 

a large number of discharges covering a wide parameter 

range 2.3<BT(T)<3.4, 2<Ip(MA)<4, 1.5<nc(10,9m3)< 

3, 0.7<PRF(MW)<2.2, and PNB(MW)<5.4. D and Vp 

show a large scatter but no systematic dependence on the 

plasma parameters or heating mode [2,5]. 

A more sensitive determination of the transport co

efficients in the plasma core, 0.25<r/a^0.7, can be made 

in pellet fuelled plasmas by analysing evolution of an 

initially hollow profile (dnc/dr<0) to a peaked profile 

(dne/drX) everywhere). Such analysis yield values of D 

and V which are consistent with our previous evaluations 

of these coefficients. More importantly, the ratio 

V (r/a~0.5)/D, which previously did not show much 

variation, increases by a factor >2 immediately after 

pellet injection, giving more peaked electron density 

profiles. The peaking of the density profile becomes 

more pronounced with deeper pellet fuelling [3]. 

Pellet Fuelling of Jet Plasmas during Ohmic, ICRF 

and NB Heating 

Pellet fuelling experiments have been performed on JET 

using a singleshot injector giving 4.6mm (4.5xl021 D 

atoms) and 3.6mm (2xl021 D atoms) diameter pellets 

with velocity 0.8<V(kms') <1.2. Most of the pellet 

mass was deposited at radial positions 0.25^r/a^0.5. 

Using such pellets, regimes of higher plasma density and 

improved purity have become accessible. The previous 

high density limit obtained with ohmic heating and 

deuterium gas feed has been exceeded by a factor —2, 

and Zcff<l .5 with nD/nc — 1 on axis have been obtained. 

The electron density profile evolution with pellet 

fuelling has been examined for several different target 

plasma conditions and pellet deposition profiles. In JET, 

significant peaking of the density profile is not obtained 

unless there is pellet deposition in the q^l region. The 

magnetic configuration also plays a role. The most 

peaked profiles, giving nc(0)/ne=2 with nc(0) = 

1.2xl020m~\ have been observed in a magnetic 

separatrix configuration formed during singlenull X

point operation [3]. 

Detailed ablation modelling has been performed for 

pellet injection into OH, OH + ICRF and OH + NBI 

heated plasmas. A single modified neutral gas shielding 

model based on bulk plasma parameters successfully 

describes the pellet ablation data. At present levels of 

auxiliary heating power, no additional ablation processes 

associated with the application of ICRF or NBI power 

have been identified [3]. 

Novel diagnostic applications of pellet injection have 

been discovered. Xray imaging methods and magnetic 

fluctuation measurements have revealed unique MHD 

phenomena caused by pellet injection. The most striking 

is a 'snake' oscillation, characterised by a dense cooler 

plasma region at the q= 1 radius with m= l/n= 1 helical 
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symmetry. The small spatial extent and long life-time of 
the structure imply formation of a magnetic island at q = 1 
location due to local cooling and associated current 
perturbation alone a helical flux tube. Thus, the 'snake' is 
a valuable monitor of the dynamic behaviour of the q= 1 
surface during sawtooth activity. Firstly, the radial 
position of the q= l surface is deduced. Secondly, the 
radius of the q= 1 surface is observed to grow by up to 
35% during a sawtooth ramp. If the q-profile is assumed 
parabolic for radii less than the q= 1 surface radius, then 
it is deduced that q(0) = 0.97 before the sawtooth crash. 
Thirdly, the observation that the q = l surface exists 
throughout a sawtooth cycle [3] is valuable in excluding 
some models in the discussion of sawtooth activity. 
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Theory 

Theoretical work at JET concentrates on the prediction of 
JET performance by computer simulation, the interpret
ation of JET data, and the application of analytic plasma 
theory to gain an understanding of plasma behaviour in 
JET. 

Interpretation plays a key role in the assessment of 
plasma performance, and hence in optimisation studies 
and programme planning. Prediction work continuously 
checks the measured behaviour against the different 
computational models, and provides a basis for long term 
programme planning. A major role of analytic theory is 
to compare the observed behaviour against that expected 
from existing analysis, and to modify the latter when 
there is divergence. However, effort within JET on 
analytic theory has been limited, in the expectation that 
Visiting Scientists and staff from within the Associations 
would provide support by extended visits and by work 
under Article 14 Contracts. Valuable assistance has been 
provided during 1986. 

The central task has been to provide a quantitative 
model of tokamak plasmas, with particular attention to 
JET. This plasma model should ultimately reproduce all 
important measured plasma effects (i.e. it should be a 

concise description of the JET experimental plasma) and 
allow prediction of future tokamak plasmas in JET and 
other devices. Although empirical prescriptions for some 
plasma effects can satisfy the first objective, it is obvious 
that analytically derived (i.e. theoretically understood) 
plasma physics mechanisms are preferable and finally 
necessary for predictions. This requires continuous 
review of plasma theory literature, assessment and 
adaptation to JET conditions of proposed theories. In 
addition, it is not possible to dispense with theory 
development, either in-house or through contracts. 

The other key issue concerns the validation of the 
model (i.e comparison with experimental data). This task 
requires the identification and computation of sensitive 
parameters from theory. The derivation of the corre
sponding data banks from directly measured quantities 
often requires very complex mathematical and compu
tational procedures. 

Activities during 1986 can be subdivided under the 
following headings: 

• Data Banks and Data Management Software: 
• Code Development for Code Library; 
• Data Interpretation; 
• Modelling of JET Plasmas; 
• Predictive Computations; 
• Analytic Plasma Theory. 

Highlights of activities in these areas are summarised 
below. 

As a general contribution to data evaluation, a report 
was prepared for the Consultative Committee on the 
Fusion Programme (CCFP) on the status, quality and 
utilisation of tokamak data banks in Europe, which 
summarised the results of a corresponding workshop. Its 
main conclusions were that: 

(a) data should be made available not only by JET but 
also by other tokamaks; 

(b) a common data base management system would 
be desirable; 

(c) data validation and reduction should be an explicit 
part of tokamak operation planning; 

(d) "data reports" with complete and intelligible data 
sets for important discharges should be published 
regularly. 

In contrast to other tokamaks, JET has succeeded in 
providing a (rather gross) systematically complete 
collection of all plasma discharges in the Survey Data 
Bank. The included data are derived from raw data to a 
level such that they can be understood by plasma 
physicists. At JET, the bank has been made easily 
accessible through computer terminals, and exploitable 
by means of a commercial data base management system 
(NOMAD2). This collection is released periodically in 
printed volumes to all Association Laboratories. 

For the purpose of comparison with theoretical pre
dictions, data banks with well checked plasma data 
(including dependence on geometrical and velocity space 
coordinates and on time) are being prepared for a few 
selected discharges. 

The line of emphasising the investigation of local 
fluxes in anomalous transport - in contrast to the more 
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common automatic scaling study of global confinement 
time - has found general acceptance. The comparison of 
available theoretical predictions of anomalous transport 
with measurements on JET revealed that the mechanisms 
responsible are still not fully understood. However, it is 
possible to describe JET plasma behaviour quite well, 
especially when empirical flux formulae exploit the 
observed electron temperature "profile consistency". 

The JET method of utilising full and consistent plasma 
models ("transport codes") for consistency checks and 
evaluation of the measured quantities produced another 
interesting result. Within the errors, in many JET dis
charges, the ion thermal flux can be remarkably differ
ent, in magnitude and parameter dependence, from 
neoclassical values, (i.e. the conductivity χ: cannot be 
described by an ansatz αχ{ (neo) with a constant a in the 
range 1-5). 

General theoretical activities are described in further 
detail in Appendix I, which summarises the Work of 
Theory Division at JET. 

Summary of JET Scientific 
Progress and Perspective 
During the major shutdown in late 1985, new systems 
were added to the machine, such as the first neutral beam 
injection box, new carbon protection tiles in the vessel, 
a third ICRF antenna and a single deuterium pellet 
launcher. During 1986, experiments were pursued to 
determine the effects of these new additions, and were 
reported at various International Conferences (see 
Appendix V). 

The main parameters of JET are summarised in Table 
VIII, which compares the progress achieved during 1986 
with situation at the end of 1985. The most significant 
improvements were: 

a) the extension of 5MA discharges to flat-top 
durations of 4.5s; 

b) the demonstration of stable discharges at q, = 2.1 
with BT=1.7T and Ip=3.5MA, in simulation of 
future operations at 7MA; 

c) the total input power to the plasma reached 
18MW; 

d) the plasma energy content reached close to 6MJ in 
both limiter and separatrix plasma cases; 

e) the plasma temperature increased up to 12.5keV 
for the peak deuterium temperature in low density 
discharges with NBI and up to 8keV for the peak 
electron temperature in He discharges with 
ICRF; 

f) a record value of the fusion parameter <a(0) 
T\(0)TE> = 2xl020m-3.keV.s obtained during 
separatrix limited plasmas with enhanced con
finement (H-mode). 

Pellet Injection 
Single deuterium pellets of 3.6 or 4.6mm diameter have 
been injected at speeds of 1-1.2km/s into JET plasmas in 
various conditions of magnetic configuration (limiter or 
separatrix discharges) and heating (ohmic only, ICRF or 
NBI). Pellet injection permitted an increase in the density 
limit in JET and reduced the effective charge ZcfI of the 
plasma. Zeff values close to 1 were observed. In 
combined operations with NBI, peak electron densities 
exceeding 1020m~3 were obtained lasting 0.5s after pellet 

TABLE VIII 
Summary of Main Jet Parameters 

(NOT NECESSARILY IN THE SAME PLASMA PULSE) 

Toroidal Field 
Plasma Current 
Duration of Max. I 
Plasma Major Radius 
Horiz. Minor Radius 
Vert. Minor Radius 
Elongation 
Safety Factor 

at 
Plasma Boundary 
Vol. Average 

Electron Density 
Central Electron Temp. 
Central Ion Temp. 
Global Energy Conf. Time 
Fusion Performance Param. 

Input ICRF Power 
Input NBI Power 
Total Input Power 
Stoed Plasma Energy 

BT(T) 
IP(MA) 

tp(S) 
R » 
a(m) 
b(m) 
b/a 
Icyl 

<v 
H(10'9m~3) 

T(keV) 
T,(keV) 

TE(S) 
<ni(0)T,(0)xE> 

(1019m-3.keV.s) 
PRF(MW) 
PNB(MW) 
PTOT(MW) 

Wp(MJ) 

LATE-1985 

< 3.4 
< 5.0 
< 0.5 
< 3.0 
< 1-2 
< 2.0 
< 1.65 
> 1.8 

> 2.6 

< 4.0 
< 5.0 
< 4.0 
< 0.8 
< 5.0 

< 5.0 
< — 
< 8.0 
< 3.0 

LATE-1986 

3.4 
5.0 
4.5 
3.0 
1.2 
2.0 
1.80 
1.5 

2.1 

5.0 
8.0 

12.5 
0.9 

20.0 

7.0 
9.0 

18.0 
6.1 
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injection, with a corresponding peak electron tempera

ture down to IkeV. Onaxis ICRF heating of high density 

plasma was not seriously attempted but the observed 

compatibility of pellet injection and ICRF heating 

provides encouragement for experiments with multiple 

pellet injection in 1987. Pellet ablation is well described 

by a model taking into account shielding effects provided 

by neutral gas and plasma surrounding the pellet. 

Additional heating does not introduce any abnormality in 

the process. 

Following pellet injection in JET, a zone of lower 

electron temperature (by 20%) and higher density (by up 

to 100%) has been observed at the radius of sawtooth 

inversion by the Soft Xray camera and the ECE tempera

ture measuring system. This nonaxisymmetric zone 

(nicknamed the "snake") which extends 0.15m radially 

and 0.25m poloidally can be associated with an m = l , 

n = 1 perturbation (m and n being the poloidal and 

toroidal wave numbers respectively). It can be identified 

with a magnetic island located at the radius, where the 

safety factor q is equal to unity. The perturbation can be 

observed for as long as Is after pellet injection, implying 

that the insulation with the surrounding plasma is good 

and that it survives the sawtooth crash. 

Ultra Long Sawteeth Oscillations 

Sawtooth oscillations occur in almost all JET discharges. 

With central deposition of additional power, especially 

ICRF, sawteeth may develop large amplitudes (up to 

doubling the central electron temperature) and long 

periods (up to 0.6s). It has been observed that ultralong 

sawteeth (nicknamed "monsters") can occur, with 

durations up to 1,6s. During this time period, the central 

electron temperature can reach values above 7keV; 

usually, the ion temperature rises too and thermonuclear 

reactivity is improved. A strong reduction of MHD 

activity with low m, n numbers is observed and there is 

no apparent impurity accumulation. These ultralong 

sawteeth were initially observed in combined heating 

situations in H minority plasmas at I =2MA. Sub

sequently, these phenomena have been observed in 

various conditions: NBI only, ICRF only (in He plasma) 

even after injection of a deuterium pellet, limiter or 

separatrix discharges and at values of plasma current up 

to 5MA. The only necessary condition seems to be a 

threshold in the input power per particle of ~5xl0~ 1 9 

MWm3 in deuterium plasmas but down to 3x10"" 

MWm3 in He plasmas, where charge exchange losses 

and outgassing are strongly reduced. The mechanism 

maintaining high central electron temperatures and 

preventing the usual crash characteristic of sawtooth 

oscillations is still conjectured. The most plausible 

explanation is a slight change in current profile, possibly 

caused by the bootstrap current, raising the central value 

of the safety factor q(0) above unity. 

Magnetic Separatrix Operations 

Stable discharges with a magnetic separatrix (or Xpoint) 

inside the vessel have been maintained in JET for several 

seconds, at plasma currents up to I =3MA with a single 

null and up to I =2.5MA with a double null. The single 

null discharges have an elongation of 1.65 compared with 

1.80 for the double null situation and, therefore, are more 

stable against vertical displacements. While interaction 

of the discharges with the limiters were curtailed, 

localised power deposition on the top and bottom target 

plates has so far limited the total input power to 8MW. 

When compared to discharges leaning on the limiters 

or on the inner wall, the magnetic separatrix discharges 

without additional heating showed the existence of a 

dense plasma near the Xpoint with an average density of 

12Χ1020ΙΤΓ3 (which is an order of magnitude higher 

than the average plasma) and an improved confinement 

time. 

With neutral beam injection power larger than 

5.5MW, a transition to enhanced plasma confinement 

(Ηmode) has been obtained in single null operation, at 

BT=2.2T. The usual features of the Ηmode were 

observed; such as decreased Da light emission at the 

plasma boundary; reduced broadband magnetic fluctu

ations near the Xpoint; a rise in plasma density and in 

energy content; and a sudden increase of the electron 

temperature near the separatrix producing a pedestal to 

the temperature profile. The Ηmode can be sustained for 

durations approaching 2s. The continuous density rise 

increases the radiated power from the bulk plasma and is 

probably the cause for termination of the Ηmode even 

though there is no indication of peaking of the impurity 

profile. While the energy content reaches a quasisteady 

state for a time approaching Is, the electron temperature 

may reach a maximum before the end of the Ηmode. In 

those conditions, a plasma energy content of 6MJ has 

been achieved with 8MW of NBI in addition to an ohmic 

power of 2MW at a plasma current of 3MA. The global 

confinement time more than doubled the value obtained 

in limiter or inner wall discharges. Increasing the 

magnetic field raised the power threshold required to 

obtain an Ηmode, which so far has prevented the occur

rence of a transition above 2.8T. Ηmodes have not yet 

been achieved in "double null" operations. 

ICRF heating has been applied during Xpoint dis

charges, alone or in combination with NBI. In optimum 

conditions for an Ηmode with NBI, the separatrix to 

antenna distance was — 10cm and the coupling resistance 

of the ICRF antenna was halved compared with "limiter" 

discharges. The plasma was moved radially to decrease 

this distance but no Ηmodes were observed in D plasma 

with ICRF alone up to the operational limit of the input 

power. Furthermore, at moderate power (>1MW), 

ICRF usually provoked the termination of an Hmode, 

previously triggered by NBL This difference between 

heating methods may be linked to the usual increase in 

charge exchange and in radiation losses at the plasma 

boundary during ICRF pulse. Indeed, when these losses 

were reduced, in a 3He plasma with proton minority, 

some of the features of an Ηmode were observed with 

ICRF alone, (i.e. reduction of broadband MHD fluctu

ation level, decrease in light emission at the plasma 

periphery while the density was rising; attainment of 

Tc(0) and T¡(0) close to 8 and 6keV respectively for an 
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ICRF power of 6.5MW at a volume averaged density of 

1.5xl019m3). 

Global Plasma Behaviour 

Impurities and Effective Charge of the Plasma 

In most cases, impurity radiation losses were mostly 

caused by carbon and oxygen and originated mainly from 

the plasma edge. In limiter discharges, the metal 

concentrations were only significant (i.e. >0.1%ne), if 

the carbon limiters were metalcoated following acci

dental melting and evaporation of wall material. The 

release of metals from the limiters can be explained by a 

combination of sputtering by deuterium and by light 

impurities. The metal fluxes decreased as the plasma 

density increased and the plasma current increased. 

These fluxes were inversely correlated with the light 

impurity behaviour. At high plasma density, radiation 

losses were mainly caused by oxygen. 

The effective plasma charge Zeff ranged usually 

between 2 and 3 for line averaged electron density n, 

greater than 3xlOl9m~3. Zeff was reduced and approach

ed unity for a time duration exceeding 0.5s after the 

injection of a deuterium pellet. 

Density Limits 

In ohmic phases, the density limit was nc(OH)(m~3) 

= 1.2xl020 BT(T)/qR(m), and depended on plasma 

purity. In RF heated discharges, it was only slightly 

increased, possibly because the effect of the extra power 

was cancelled by an increase in impurities. In neutral 

beam heated plasmas, the limit was substantially 

increased to nc(NB)(m3) = 2.0xl020BT(T)/qR(m). 

Switching off neutral beams at high density caused the 

plasma to disrupt, which indicated that the power input 

played an important role in the disruption mechanism. 

Preliminary experiments with a singleshot pellet injector 

have also exceeded the OH density limit. 

Plasma Temperature 

Electron and ion temperatures were observed to react 

differently on application of additional power. At a 

power input per particle P/ñ > 4xlO~,9MW.m3, the on

axis ion temperature greatly exceeded the electron 

temperature and reached — 12.5keV in JET. The ion 

temperature profile was broadened in cases of offaxis 

ICRF heating. 

The peak electron temperature could be raised signifi

cantly above the value reached in the ohmic phase as 

exemplified by the ultralong sawteeth, where ΔΤ,(Ο) 

has exceeded 4keV. By contrast, the electron tempera

ture at the sawtooth inversion radius (q ~ 1 surface) 

showed only a weak dependence with the power input per 

particle (P/ñ) for a given plasma current and toroidal 

field; Te increased from 2.5keV to 4keV when P/n 

varied from 2 to 8xlO~19MW.m3. The normalised 

temperature profile outside the inversion radius can be 

well described by a Gaussian type expression, Tc(R) = T. 

(R=4m) exp ατ[ l(R/4)2], where R is the radial position 

relative to the vertical axis. It is found that α τ = 1.8±0.1 

for the majority of the JET plasmas. Only very highly 

additionally heated and high q discharges are fitted by a 

different value of ατ. In that respect, the electron 

temperature profile although stiff, is not rigidly 

"consistent". 

Energy Confinement 

The definition of the total energy confinement time used 

at JET is TE = Wk/[P,dWk/dt], where Wk is the kinetic 

energy and Pt is the total input power to the plasma 

without subtracting radiation losses. Reported values of 

τΕ are quasistationary. 

TABLE IX 

(MAXIMUM VALUES OF <ni(0)rET¡(0)> 

Experimental 

Programme 

Ohmic 

(4.6MW) 

ICRF (7MW) 

NBI (6MW) 

High " 

Low " 

Combined 

NBI + RF 

(14MW) 

Xpoint 

(NB10MW) 

Peak 

Density 

n,(0) 

(xlOl9m3) 

4.2 

3.7 

4.4 

1.5 

5.0 

5.0 

Energy 

Confinement 

T
E 

(s) 

0.8 

0.3 

0.4 

0.4 

0.5 

0.65 

Ion 

Temperature 

T(O) 

(keV) 

3.0 

5.4 

4.0 

10.0 

3.5 

6.0 

Fusion 

Product 

<n,(0)rETt(0)> 

(xlOl9m3.s.keV) 

10 

6 

7 

6 

7 

20.0 

QDT 

Equivalent 

QDT 

0.010 

0.012 

0.10* 

0.20* 

0.10* 

0.15* 

Plasma 

Current 

I 
r (MA) 

5 

3 

3 

3 

3 

3 

*BeamPlasma reactions are dominant 
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Independently of the type of additional heating, 
whether RF, NB or combined, the confinement time 
degrades with increasing input power, as seen in a 
number of other experiments. The rate of increase in Wk 
with P1( = AWk/AP1) appears to reach a limit of 
0.1-0.3MJ/MW (=s) at high powers. This suggests a 
lower limit to the global confinement time, τΕ, of 
0.1-0.3s in JET. The confinement time depends weakly 
on plasma density but scales favourably with plasma 
current. 

While the global confinement time results could be 
fitted by a Goldston type law, the measured radial 
propagation of heat pulses prior to sawtooth crashes 
strongly supports a linear offset relation between Wk and 
P,, in the form: 

Wk(P,) = W(0) + rincP, 

The best fit to the data has been found by use of standard 
regression techniques in the cases of limiter or inner wall 
discharges, and gives W(0)=0.225n° 6Ip° 5BT°4 and rinc 
= 0.047Ip (in units of MJ, irr3xl0-'9 , MA, T, and s). 

In the Η-mode, the energy confinement time was 
observed to be more than twice that obtained in limiter 

discharges. Degradation was also observed as the input 
power was increased and a similar offset linear scaling of 
Wk with P, seems likely. It is too early to say how the 
corresponding incremental confinement time compares 
with that obtained in limiter discharges, but in both cases, 
higher plasma current looks beneficial. 

Thermonuclear Reactivity 
The best performance of thermonuclear reactivity under 
various conditions are summarised in Table IX. The 
record value of the fusion product <ni(0)Tl(0)rE> = 
2xl020m~3.keV.s has been achieved with 10MW of 
neutral injection heating during an Η-mode. For limiter 
or inner wall discharges, the values of the fusion 
parameter are similar for ohmic heating only, RF, NBI 
and combined heating cases, degradation in confinement 
time with additional heating off-setting gains in the other 
parameters. Neutron yields up to 4xl0,5n.s~' have been 
obtained in the hot-ion mode with neutral injection, but 
mainly from beam plasma D-D reactions. The best ratio 
of fusion power to input power obtained was QDD 
= 3.5xl0~4 which is equivalent to QDT — 0.2 and would 
have corresponded to a fusion power production of 
-2MW. 
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In 1978, the original aims of JET were set out in the JET 

Design Proposal, EURJETR5, which described the 

objectives as follows: 

"The essential objective of JET is to obtain and study 

a plasma in conditions and dimensions approaching those 

needed in a thermonuclear reactor. These studies will be 

aimed at defining the parameters, the size and the 

working conditions of a Tokamak reactor. The realis

ation of this objective involves four main areas of work: 

(1) the scaling of plasma behaviour as parameters 

approach the reactor range; 

(2) the plasmawall interaction in these conditions; 

(3) the study of plasma heating; and 

(4) the study of alphaparticle production, confine

ment and consequent plasma heating. 

The problems of plasmawall interaction and of heating 

the plasma must in any case be solved in order to 

approach the conditions of interest. 

An important part of the experimental programme will 

be to use JET to extend to a reactorlike plasma, results 

obtained and innovations made in smaller apparatus as a 

part of the general Tokamak programme. These would 

include: various additional heating methods, first wall 

materials, the control of the plasma profiles, and plasma 

formation." 

Nine years' later, the objectives of JET are unchanged 

and the same four areas of work remain the focus of the 

Project's activities. The study of energy confinement and 

its degradation with additional heating is covered by 

areas 1 and 3. The study of different lowZ (i.e. low 

atomic number) materials, edge effects, exhaust and 

fuelling is covered by area 2. The study of αparticles, 

area 4, must clearly wait until area 2 and 3 have been 

successful addressed, as αparticles will need to be 

produced in sufficient quantities for their effect on the 

plasma to be observed. 

The JET aims clearly state that JET is an experimental 

device and that, to achieve its objectives, the latest 

developments in Tokamak physics must be allowed to 

influence its programme. The proposed programme now 

includes some new additions and enhancements to over

come confinement degradation and to push the par

ameters of the JET plasma closer to those needed in a 

thermonuclear reactor. This is in complete agreement 

with the original objectives laid down for JET. 

While present achievements show that the first three 

objectives of JET are being actively addressed and 

substantial progress is being made, the strategy for JET 

can now be summarised as a strategy "to optimise the 

fusion product <α(0)τΕΤ\(0)>". For the energy 

confinement time, τΕ, this involves maintaining, with 

full additional heating, the values that have been already 

reached with ohmic heating alone, which means avoiding 

confinement degradation. For the density and ion 

temperature, it means increasing their central values 

n¡(0) and T^O) to such an extent that DT operation 

would produce αparticles in sufficient quantity to be 

able to analyse their effects on the plasma. 

New additions proposed for JET aim through the 

following mechanisms to buiid up a high density and high 

temperature plasma in the centre of the discharge, where 

αparticles could be observed, while maintaining an 

acceptably high global energy confinement time: 

(a) to decouple the temperature profile from the 

current density profile through the use of lower 

hybrid current drive and neutral beam injection to 

ensure that, at higher central temperatures, the 

current density in the centre does not reach the 

critical value that causes sawteeth oscillations; 

(b) to reduce the edge density by edge pumping, since 

it is observed that the temperature at the q = 1 

surface is higher when the edge density is lower. 

Other advantages of lowering the density in the 

outer region are the inhibition of disruptions and 

a higher efficiency for the lower hybrid current 

drive system; 

(c) to increase the density of deuterium and tritium 

ions in the central region to l2xl020m 3 by high 

velocity pellet injection; 

(d) to achieve high central temperatures (1215keV) 

by the combination of 'onaxis' ion cyclotron 

resonance frequency (ICRF) heating, neutral 

beam injection at 160keV and current profile 

control, which is aimed at maintaining the 

conditions of giant sawteeth for longer periods. 

Such a scheme will be attempted in two configurations: 

(a) with a magnetic separatrix (Xpoint operation) at 

4MA; and (b) with lowZ material limiters at the higher 

currents up to 7MA, which represents a further enhance

ment of the JET machine. 

The following sections describe various developments 

which are underway on JET to implement these additions 

and enhancements. 
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Future Separatrix Experiments 

Upgrading of plasma current and power capabilities for 
X-point operations are scheduled during the period 
1987-1989, as summarised in Table X. Modifications of 
the poloidal circuit will increase the shaping magnetic 
fields, thus allowing the production of X-point configur
ations up to plasma currents of 4MA both in the single 
null and in the double null configurations. Predicted 
magnetic flux plots are shown in Figs.75 and 76 for the 
double null and for the single null cases. New cladding 
with water cooled tiles inside the vacuum vessel region 
near to the X-points will permit operations with large 
plasma heating powers (up to 40MW), for maximum 
pulse lengths of 10s. 

The achievement of the Η-mode in JET in the X-point 
configuration opens the way to studies of plasma 
transport in this regime, in conditions which should be 
relevant to reactor plasma. At the same time, it can be 
expected that, with the upgrading capabilities, the plasma 
parameters (such as global confinement time, plasma 
density, ion temperatures and hence thermonuclear 
reactivity) in the Η-mode could be comparable if not 
better than those achievable at I =7MA in the limiter 
configuration. In fact, despite the limited data set of H-
mode discharges, it was observed that, in Η-mode, global 
confinement was linearly dependent on plasma current. 
Moreover, although in the Η-mode a certain amount of 
confinement degradation with additional power was 
present, the values of global confinement time were at 
least a factor x2 larger than in limiter discharges. The 
increased power capability should produce a plasma 
temperature increase, thus increasing the Q values. 

A conservative extrapolation can be based on the 
assumption that the confinement time in the Η-mode is 
double than in limiter discharges and scales linearly with 
plasma current. This leads to the conclusion that the 
values of thermonuclear Q achievable with the Η-mode at 
a plasma current of 4M A could be similar or better than 
those with limiter discharges at 7MA. Comparative 

TABLE X 

Plasma Current 
Single Null 

Plasma Current 
Double Null 

Power Capability 

Pulse Duration 

1986 

3.0MA 

2.5MA 

10MW 

2s 

1987-1988 

4. OMA 

3.8MA 

20MW 

4s 

7989 

4.0MA 

3.8MA 

40MW 

10s 

4 6 
Radius (m) 

Fig. 75: Predicted magnetic flux plot for double null 
configuration at I =4MA. 

studies of these two configurations will help the choice of 
parameters of future machines. At the same time, while 
the fact that an Η-mode has been achieved in JET 
indicates that the magnetic separatrix configuration is a 
key element in the improvement in global confinement 
times, the studies of particle fluxes, edge radiation and 
impurity influxes and transport need to be pursued 
because these results can provide basic knowledge 
needed for long pulse burning plasmas, if the next step 
device is constructed with a divertor configuration. 

Radius (m) 

Fig. 76: Predicted magnetic flux plot for single null 
configuration at I =4MA. 
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Current Drive and Profile 
Control 

The main goals for controlling the current profile on JET 
are: 

(a) to reduce the peaking tendency of current density 
profile, thereby eliminating the sawtooth in
stability which limits the electron temperature 
inside the q= 1 surface; 

(b) to decouple (at least, partially) the current density 
and electron temperature (set by ohmic heating) 
and, thus, provide a means of reducing the 
constraints of profile consistency which might be 
responsible for confinement degradation during 
additional heating. 

In addition, a suprathermal electron population, which 
can be generated by lower hybrid injection into a thermal 
plasma, may have a beneficial effect on MHD stability. 

The JET proposal makes use of Article 14 contract 
work on lower hybrid systems (IPP, Garching, F.R.G. 
and CEA, Grenoble, France) and electron cyclotron 
resonance (FOM, The Netherlands and UKAEA, 
Culham, U.K.), as well as conclusions from a Workshop 
on Profile Control organised by and held at JET in May 
1986. 

There is a large database of information available on 
lower hybrid current drive (LHCD) and, by contrast, 
there are presently technical limitations on electron 
cyclotron resonance (ECR) systems and a lower current 
drive efficiency with electron cyclotron resonance 
heating (ECRH). Consequently, a lower hybrid wave 
system is preferred as the main additional tool for active 
current profile control. The physics of the proposed JET 
LHCD system has been extrapolated from data obtained 
from many experiments, especially those from sawteeth 
stabilisation experiments which have been performed 
over a wide range of plasma parameters and in neutral 
beam and ICRH heated plasmas. A high frequency (HF) 
driven current of between 25% and 50% of the total 
current is estimated to be required in JET for sawteeth 
stabilisation. 

The proposed LHCD system is designed to launch 
10MW wave power into the torus, producing 1-2MA of 
HF driven current in JET with an average density of 
5xl0l9m~3. The current drive efficiency used in this 
estimate is approximately four times higher than 
experimental efficiencies obtained in PETULA and 
ASDEX experiments, and is justified by an improved 
wave spectrum, better directivity, and by much higher 
electron temperatures obtained in the JET experiment. 
Such an improvement with increased temperature may be 
the cause of the high LHCD efficiency recently obtained 
in neutral beam heated plasmas in the Japanese JT-60 
experiments. 

The choice of frequency is a compromise representing 
both technical and scientific considerations. Losses in 
the transmission line and grille are greater at higher 
frequencies but the achievable power density at the grille 

Fig. 77 Single grille structure for launching lower hybrid 
waves into the JET plasma. 

mouth is also higher. The density limit for current drive 
is higher at higher frequencies. Moreover, the resonant 
energy of ion interaction with the LH wave, which 
is undesirable for this application, increases with 
frequency. Therefore, to avoid coupling to energetic ions 
created by the other heating methods, a higher frequency 
is preferable. A frequency of 3.7GHz has been chosen, 
based on the above considerations and the availability of 
klystrons with large output power per unit (0.5MW), in 
the required time schedule. 

The grille technology to be applied in JET is based on 
the multijunction grille which has already been tested in 
LHCD experiments in PETULA. The multijunction 
grille has been demonstrated to exhibit a good match to 
the klystron over a wide range of plasma conditions, and 
thus provides flexibility in the acceptable position of the 
grille relative to the plasma surface. The power will be 
injected through a single grille structure that occupies an 
entire port (Fig.77), from which some diagnostics must 
be removed. The proposed power density of 4kW/cm2 

appears attainable with routine grille conditioning 
techniques (baking at high temperature and appropriate 
surface coatings). By means of control feedback tech
niques on the HF power, phasing between klystrons and 
controlling the grille position relative to the plasma, the 
central value of the parallel wave spectrum will be varied 
in the range 1.2-2.4 and the overall HF reflection co
efficient kept at a low value (^3-5%) over a large range 
of plasma densities and plasma configurations. 

The system is scheduled for installation in JET during 
the major shutdown at the beginning of 1990. The project 
is presently in the design phase of the various sub
systems, as follows: 

• the generator (24 klystrons) 
• the transmission line (40m long) 
• the launcher (384 waveguides into 48 units) 
• the control command logic and data acquisition. 

An intermediate step is planned in which a prototype 
system of 4 klystrons with the corresponding launcher 
will operate on a testbed and may be placed in JET by the 
end of 1988. To obtain this, an initial set of 5 klystrons 
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TABLE XI 
Summary of Current Profile Control Systems for JET 

Current Drive Data 

Requirements 
for Jet 

Power Coupled to 
Current Carrying 
Particles (MW) 

Power at the 
Generator (MW) 

Power from the 
Mains 

Current Drive (MA) 
(n =2xlOl9m--3) 

Current Drive (MA) 
(n =5xlO l 9m-3 

Availability of 
the Full System 

NBI 

Observed 
(Jet, TFTR) 

2 Beam Units 
E = 80-160keV 

21 

52 

65 

0.5 

To be operated 
in 1987 

ICRH 

Predicted 

8 Phased 
Antennae 

5 

32 

53 

0.4 

To be operated 
in 1987 

NBI + ICRH 

Predicted 

2 NBI Units 
+ 8 Antennae 

12 

1-2 

To be operated 
in 1987 

ECRH 

Not yet observed 

15 Gyrotrons at 
f=60-80GHz (Top 
Launch or Inner 
Wall Reflector) 

3 

4 

10 

0.5 

0.3 

LHCD 

Abundant 
Database 

24 Klystrons 
at f = 3.7GHz 

7 

12 

28 

3 to 4.5 

1 to 1.5 

Being 
Considered 
1990 

was ordered at the end of 1986 and should be delivered by 
the end of 1987. 

At relatively low plasma densities, the total required 
current of 2-4MA should be driven by the LH current 
drive system alone. At higher densities, additional 
methods of non-inductive current drive provided by the 
other auxiliary heating systems on JET (see Table XI), 
must be utilised to generate sufficient current for profile 
control. 

Estimates for neutral beam current drive effects have 
been based on simulations of results recently obtained in 
JET with NBI at 80keV beam energy. Reasonably good 
agreement between the experimental results and the 
numerical modelling have been seen when the effect of 
fast ion trapping, which results in a rapid fall of the 
current drive efficiency with density, is taken into 
account. Simulations show that the beam driven current 
is peaked at the plasma centre and that the beam driven 
current profiles are relatively insensitive to plasma and 
injection parameters. This localisation of the beam 
driven current at the plasma centre can be exploited by 
employing the neutral beam in a counter injection mode 
so that the current is flattened in the plasma centre 
while additional current is generated off-axis by lower 
hybrid waves. 

Ion cyclotron resonance frequency (ICRF) current 
drive can be obtained by properly phasing the eight 
antennae which will be installed during the 1987 shut
down. Although the estimated efficiency of ICRF current 
drive is relatively poor when used alone, the good 

localisation properties of ICRF wave power deposition 
can be used to locally shape the plasma current density, 
particularly in conjunction with other more efficient 
current drive methods which are sensitive to tempera
ture. Beneficial synergistic effects resulting from simul
taneous use of NBI and ICRF, or LH and ICRF, can be 
foreseen so that the current profile can be effectively 
shaped for the required range of plasma parameters. 

Multi-Pellet Injection for 
Fuelling and Refuelling 

The multi-pellet injection system and its development 
activities are aimed at achieving pellet speeds higher than 
1.5kms~' but the initial multi-pellet injector will employ 
state-of-the-art techniques, in collaboration with the U.S. 
Department of Energy. The basic ideas for fuelling and 
refuelling were outlined in the 1985 Progress Report and 
do not need revision, following successful operation of 
the single-shot diagnostic pellet injector on JET. These 
experiments confirmed previous findings on other 
experiments. 

Although the Agreement on Pellet Injection Collabor
ation with the US Department of Energy (within the 
framework of the EURATOM - USDoE Bilateral Agree
ment on Fusion Research) is not yet formally signed, 
work by both parties is progressing well, as planned. 
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During the next three years the Agreement calls for a 
collaborative team effort of on average —4 man years per 
year from each side to jointly perform a programme, with 
the main aim of plasma performance improvement by 
pellet injection. A pellet injector will be formed by 
joining an Oak Ridge National Laboratory (ORNL) 
launcher to a JET interface. The launcher is similar to the 
RPI type initially employed on TFTR at Princeton 
University, USA. The interface is composed mainly of a 
differential pumping system consisting of a pellet injector 
box (PIB) of the same type as a neutral injection box 
(NIB) with its large cyropump. During 1986, a number of 
interface meetings took place in which JET and ORNL 
discussed, expanded and amended the basic conception 
and the according agreements were laid down in a 
JET/ORNL interface document. 

The ORNL launcher is termed a temporary installation 
as it does not fulfil the requirements of tritium and remote 
handling compatibility. It comprises three guns, with 
repetitive firing capability during a tokamak pulse, 
combined in one general vacuum housing. The system is 
specified for delivery of deuterium or hydrogen pellets in 
sizes according to the barrel diameter at maximum speeds 
of around 1.5kms~'. The initial choice of barrel 
diameters were 6, 4 and 2.7mm with the minimum 
number of pellets per tokamak pulse 6, 8 and 10, 
respectively, at a repetition rate of 5s~' for the smallest 
pellets, and less for others. The launcher will be 
accompanied by its complete control and pellet data 
acquisition system on the basis of a programmable 
controller and a high-level control computer interfacing 
with CAMAC equipment for particular tasks. Both 
the launcher hardware and the control equipment are 
in an advanced state of assembly and pre-checking 
and commissioning starts in early 1987. Apart from 
providing the CAMAC data acquisition module, JET has 
also contributed directly by designing and building 
the firing sequencer governing the internal timing of 
each gun-line. This device was delivered to ORNL and 
integrated into their controls; its conception permits its 
use for a later JET injector in which the number of timing 
steps and gun lines can be increased, as necessary. 
The launcher, fully commissioned at ORNL by using a 
test stand vacuum and target arrangement, should arrive 
at JET in early 1987. 

Besides the PIB with its cryopump system, the JET 
interface comprises conventional turbomolecular 
vacuum pump, and forevacuum system, the local LHe 
system and pellet diagnostic systems. The PIB and its 
rear launcher platform integrated into the PIB support 
structure have been delivered, and so has the cryopump 
system which is already assembled awaiting first LHe 
cool-down and final leak test. Other components are in 
various states of procurement and preparation for 
commissioning and all preparations should converge to 
join the launcher and the interface at the end of the 1987 
shut-down, ready for injector operation when machine 
operations restart. 

Apart from the launcher, most other equipment should 
be compatible with the active phase and a considerable 

effort was made to design, manufacture and prepare 
accordingly. A modification of the single-pellet injector 
periscope for the imaging of pellet generated DQ-light is 
underway and upgrading of the multi-pellet recording is 
being investigated. 

In principle, the ORNL launcher for use during the 
next two operational periods should fulfil all parameter 
requirements, except that of increased pellet speeds. It 
will not be possible to investigate whether larger 
plasma penetration depths can be achieved and lead to 
advantages of plasma performance. To apply the high
speed feature with a prototype high-speed gun in 1989 
and, if successful to incorporate it into the design of the 
final tritium and remote handling compatible injector, 
development effort is proceeding. This should clarify the 
basic physics and the technology elements of obtaining 
high pellet speeds with a pneumatic gun using high-
temperature driver gas. 

This development is underway in collaboration with 
several laboratories and, currently, JET is constructing a 
pellet injector testbed in support of development and for 
maintenance of launchers. At present, the task-sharing is 
as follows: CENG, CEA, Grenoble, France (Article 14 
contract) treats all problems in connection with for
mation, the material properties of ice pellets and the 
technical means of formation and fast repetitive loading 
of the gun; Risei National Laboratory, Denmark (Article 
14 contract) will develop acceleration methods using an 
electric arc heater type gun; EMI, Ernst-Mach-Institut 
der Fraunhofer-Gesellschaft, Freiburg, F.R.G., will 
employ acceleration methods by means of a two-stage 
gun, in its ultimate form using considerable adiabatic 
compression heating. 

AT CENG, 6mm diameter, 6mm long pellets have 
been formed by in-situ cryo-condensation of deuterium 
directly into the barrel. The understanding of the cryo-
condensation process and the pellet shape resulting from 
it was improved by testing a variety of freezing cell 
designs and by varying the formation parameters. The 
development is directed towards optimising conditions 
for higher reliability of the formation process. Even with 
an advanced fast valve design (300 bar) yielding 
1850ms-1 with a 0.5m barrel, pellets cannot be acceler
ated to values higher than 5xl06ms"2. Preparations are 
underway to transfer to CENG a piston device along the 
lines of the EMI work and to complete tests with higher 
acceleration in early 1987. 

Work at Riso has concentrated on three items: 
(a) attempts are being made to overcome limitations 

of supplying driver gas by cryo-condensation into 
the arc chamber before igniting the arc by using 
pre-injection of frozen hydrogen pellets into 
the arc chamber. So far, the method has been 
successful and attention is now being turned to 
sufficiently large pellets required for a high-speed 
gun; 

(b) the design of an arc chamber suitable for 
pressures up to 1000 bar with minimum dead 
volume, initiated by JET, is now being pursued at 
Rista. The arc chamber design is now compatible 
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for gas feeds from either pellets, fast valve 

(CENG) or piston device (EMI) and matches the 

CENG cryostat for the deuterium pellets, which 

is now under construction. Test stand prepara

tions have been carried out; 

(c) a ramp generator power supply and matching 

transformer for the arc equipment has been 

successfully commissioned into a ohmic load. 

In the work at EMI, F.R.G., work has been carried out 

with a piston driven pneumatic amplifier, which in its 

simplified form uses a bursting disc as a fast valve 

delivering the pressure pulse to the pellet. Deuterium 

pellets have been simulated by 6mm diameter, 6mm long 

polystyrol foam pellets (close to the specific density of 

deuterium) and these have been accelerated in a lm long 

barrel to 2.8km.s~', which is about a factor 1.6 larger 

than the highest pellet velocity achieved with conven

tional pneumatic guns. It appears, however, that the 

pressure wave entering the pellet is too slow to follow the 

pellet. Now a new device has been brought into operation 

which allows not only a pressure amplification but also a 

substantial temperature increase of the propellent gas by 

adiabatic compression. Using a lm long compression 

cylinder, a much higher velocity of 4.3kms~' has been 

achieved which is closer to the theoretically expected 

value of about 5kms~'. It follows from Fig.78, that the 

driving pressure at the pellet can be kept up even further 

down the barrel. 

Although high velocities have only been achieved for 

plastic pellets, the fact that the acceleration did not 

substantially exceed 107m.s~2 provides hope that similar 

velocities can be expected for deuterium ice pellets. The 

present device seems to be suitable to investigate further 

deuterium ice properties and if technically matured, 

could probably be developed into a higher speed gun. 

JET has placed a contract with CENG for the delivery 

of two cryostats and controls of the type which have 

successfully demonstrated the insitu pellet forming, one 

of each to go to the arc gun and twostage gun develop

ment effort so that the different elements are joined up 

already in an early phase of the development. 

From these results, JET tends to favour the twostage 

gun approach in the short term, with the arc gun being 

considered as a longer term solution with potential for 

even higher gas temperatures. Accordingly, the pellet 

injection testbed will continue the work on the adiabatic 

compression heating scheme from the middle of 1987 

onwards and a first version of such a gun is under design. 

A platform for the pellet injection testbed has been 

erected, services are being installed and supporting 

steelwork and vacuum tanks for two gun lines have been 

prepared; other ancillary components are in preparation. 

Density Control 

Fig. 78: Velocity and acceleration of pellet achieved as a 

function of compression cylinder length. 

Introduction 

The overall JET aim is to improve the fusion parameter 

<n¡(0)T¡(0)TE> and hence increase the αparticle produc

tion rate to allow αparticle heating and confinement to 

be studied in JET. This will necessitate an increase in the 

central density in JET well above the limits observed so 

far in ohmic discharges. However, this increased central 

density should not be accompanied by an increased edge 

density as this would cause loss of plasma stability. 

Consequently, a particle exhaust system is proposed, 

capable of controlling the edge density during discharges 

with additional heating and pellet injection. In addition, it 

will permit controlled pulse termination by reducing the 

average density to corresponding ohmic levels at the end 

of high power and high density discharges. 

At this stage, the required particle removal rates can 

only be roughly estimated. Recent experiments have 

shown that the global particle confinement time increases 

when pellets are injected. An extrapolation from these 

data suggests particle confinement times of —2s. The 

particle outflux would then reduce to half of the influx. 

For 5mm diameter pellets fired into the plasma at a 

rate of Is  1 , the average increase in particle content 

is 6 χ 102ls_'. To maintain a low boundary density, 

3 χ 1021 particles per second would have to be pumped. 

It should be noted that for such particle influxes about 

10MW heating needs to be coupled to the particles to heat 

them to lOkeV. This shows that an influx of 6xl02ls~' is 

probably a practicable upper limit. 

Maintaining constant density during additional heating 

or density reduction after heating are easily achieved by 
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these particle removal rates. JET is following two 
concepts to provide these: using wall pumping and pump 
limiters. 

Wall Pumping 
A strong wall pumping effect is observed in JET when the 
plasma is moved towards the inboard graphite protection 
tiles. This allows particle removal rates of up to 4xl021 

s~'. This strong pumping lasts typically for only about 
Is, and then, it decreases to much lower values, but is 
still sufficient for controlled pulse termination. The 
density for discharges with additional heating can be 
reduced to values below the Murakami limit for ohmic 
discharges. The wall pumping does not show saturation 
from discharge to discharge. 

To understand the basic mechanisms of this effect, a 
group at Sandia, Livermore, USA has taken on the task 
of performing hydrogen recycling measurements on 
graphite. A Penning discharge with graphite cathodes has 
shown that a strong pumping effect can be generated 
by carbon sputtering and subsequent co-deposition of 
hydrogen and carbon, or by redeposition of chemically 
sputtered hydrocarbons. Studies are continuing and will 
be extended to beryllium. 

With a tritium plasma source, the group has also 
studied the transient pumping effect for carbon - dif
fusion and solution of hydrogen limited by recombination 
at the surface. The results indicate that this is not a 
sufficiently effective mechanism to account solely for the 
wall-pumping observed at JET. Possibly, transient 
pumping and co-deposition both play a role in wall 
pumping. To date, it cannot be concluded unambiguously 
which of the two mechanisms is the dominant one in JET. 
If it turns out to be co-deposition, the use of pumping 
panels (or even large graphite areas in JET) must be 
assessed with respect to the consequences for tritium 
handling and retention. 

Pump Limiter 
If similar pumping speeds could be achieved to those 
obtained during strong wall pumping, the pump limiter 
would have the advantage of constant pumping through
out the whole JET pulse. Therefore, the second concept 
of particle exhaust is to employ pump limiters. 

The first step will be to install a prototype pump limiter 
in 1988 to determine the pumping efficiency possible 
with the JET boundary conditions by positioning the 
pump limiter somewhat behind the leading edge of the 
belt limiter. As a simplification, the prototype will only 
be inertia cooled during the plasma discharge. An 
approximate estimate, using a simple plasma model, 
showed that a measurable effect of the prototype on the 
plasma density could be expected and so the conceptual 
design has been started. To optimise the design, detailed 
numerical calculations have been started to determine the 
plasma edge parameters for JET boundary conditions and 
to determine the neutral particle transport inside the 
pump limiter. 

Conceptual Design 
The prototype pump limiter incorporates two pumping 
modules. One scrapes the plasma between the belts and 
one scrapes the plasma above and below the belt limiter. 
Both modules can be activated independently from 
outside by moving the central blade and by internal flaps. 
Using the internal flaps, the electron and ion side of the 
pump limiter also can be activated independently. For 
final removal of the particles scraped off the plasma, a 
cryopump positioned in the pumping chamber will be 
used. 

The prototype pump limiter will consist of an Inconel 
box as the basic structure and the scrape-off blade and 
neutralizer plates will be constructed of carbon fibre 
reinforced graphite or pyrolitic graphite. An integral 
design for the scrape-off blade and neutralizer plate has 
been selected. 

To avoid overheating of the scrape-off blades, the 
pump limiter can be kept in the pumping position for only 
l-2s if carbon reinforced graphite is used for the blades. 
The whole pump limiter box is moved to bring the pump 
limiter into the pumping position and to retract it. If 
pyrolitic graphite is used as a blade material, it appears 
that the heat load can be sustained on the blade for 
a 10s plasma pulse. In this case, only a slow driving 
mechanism would be required and more importantly the 
pump limiter could be used for density control. The latter 
concept is now being followed closely. 

Plasma Transport Calculations 
JET has started plasma transport calculations for a 
circular plasma cross-section and a single belt limiter. 
The formation and dissociation of H molecules has been 
included in these calculations since they effect the 
transport strongly. The calculations have been performed 
for a total power input of 40MW, and no radiation from 
impurities has been taken into account. The model 
requires the input of the plasma density about 0.1m in 
front of the limiter as input for the calculation. 

Typical edge parameters for a density of 2xl019m~3 at 
this radius are: 
n(edge) = 1.2xlOl9m-·3 

T(edge) = lOOeV 
T(edge) = 2.5xl023m-2 s"1 

P(edge: perpendicular to field lines) = 10sWm~2 

The calculations will be extended to D-shaped plasma 
and to the two belt limiter case. 

Using plasma edge parameters derived from plasma 
transport calculations for a circular plasma and a single 
belt limiter, Monte Carlo calculations have been used to 
optimise the geometry, particularly that of the pump 
limiter mouth and neutralizer plate. 

For a geometry indicated in Fig.79, typically 40% of 
the incoming particles will be trapped in the pump 
limiter, 50% will be lost by reionisation after neutralis
ation at the reflector plate and 10% will be lost as neutral 
particles through the mouth. Taking into account that part 
of the reionized particles will be neutralized again, more 
than 50% of the incoming particles can be expected to be 
trapped in the pump limiter. Assuming a particle removal 
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Fig. 79: Prototype pump limiter head. 

efficiency of 80% for the cryopump, a total pumping 
efficiency of « 40% seems to be possible. In absolute 

terms, about 2xl021 particles s~' can be pumped (for 
l-2s using carbon fibre reinforced blades and up to 10s 
using pyrolitic graphite blades). This particle removal 
rate corresponds to time constants for a density decrease 
of about 5s. 

Conclusions 
It is proposed to develop both a pump limiter and 
pumping panels for density control. Detailed calculations 
show that it should be possible to provide particle exhaust 
rates with the pump limiter which are comparable with 
those obtained by wall pumping. In addition, the pump 
limiter does not show a saturation effect during a 
discharge. On the other hand, pumping panels are much 
simpler, but the processes leading to wall pumping in 
graphite are not yet fully understood and more effort will 
be required. 
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Appendix I 

Work of Theory Division 
in 1986 

(Division Head: Dr. D.F. Diichs) 

In the 1985/86 reorganisation of the JET Project, Theory 
Division became part of the Heating and Theory Depart
ment. The Division remained responsible for the pre
diction of JET performance by computer simulation, the 
interpretation of JET data, and the application of analytic 
plasma theory to gain an understanding of plasma 
behaviour in JET. However, it was able to shed some of 
the non-theoretical activities such as the responsibility 
for peripheral computer hardware and extensive data 
validation. These necessary tasks absorbed effort from 
the more essential plasma theoretical and modelling 
activities which were the main thrust of the Division's 
activities. 

Theory Division interacts with experiment much more 
strongly than in most plasma physics Theory Divisions. 
Interpretation plays a key role in the assessment of 
plasma performance, and hence in optimisation studies 
and programme planning. Prediction work continuously 
checks the measured behaviour against the different 
computational models, and provides a basis for long term 
programme planning. A major role of analytic theory is 
to compare the observed behaviour against that expected 
from existing analysis, and to modify the latter where 
they diverge. The effort allocated within JET to analytic 
theory was limited, in the expectation that Association 
staff and Visiting Scientists would provide support, by 
extended visits and by work under Article 14 Contracts. 
Valuable assistance has been provided in this and the 
other areas, over the past year. 

The central task of the Division is to provide a quanti
tative model of tokamak plasmas, with particular 
attention to JET behaviour. The ultimate objective is to 
include in this model all the important effects observed in 
JET and other tokamaks. Although it is preferable to 
understand each effect theoretically, in some cases it may 
be necessary to rely on an empirical description. 

The other key issue concerns the validation of a model 
(i.e. the comparison with experimental data). This task 
requires the identification and computation of sensitive 
parameters from the theory side; the derivation of 

the corresponding data banks from directly measured 
quantities often requires very complex mathematical and 
computational procedures. 

In view of these working areas, the Division continued 
to be composed of three groups: Analytic Theory Group 
(under T.E. Stringer until June 1986, later under D.F. 
Diichs, as acting Group Leader), Interpretation Group 
(early 1986 under D.F. Diichs as acting Group Leader, 
since June 1986 under T.E. Stringer), and Prediction 
Group (under A. Taroni). There is much natural overlap 
between their roles requiring extensive collaboration 
between the Groups, as well as strong interaction with 
experimental groups. 

During 1986, the Division hosted the following 
visitors: 

As Associated Staff members: Dr. W. Feneberg (IPP 
Garching, F.R.G.), Dr. H. Hamnen (Chalmers 
University, Gothenberg, Sweden), Dr. P. Mantica (CNR 
Milano, Italy), Dr. F. Romanelli (ENEA, Frascati, 
Italy), Prof. H. Schlüter (Ruhr-Universität Bochum, 
KFA Jülich, F.R.G.), and Dr. R. Sillen (FOM Jutphaas, 
The Netherlands). 

As Visiting Scientists: Prof. J. Callen (University of 
Wisconsin, USA), Dr. Z. Jankowicz (Institute of Atomic 
Energy, Otwock-Swierk, Poland), Prof. H. Schamel 
(Ruhr-Universität Bochum, F.R.G.). 

Under other arrangements (fellowships, contracts 
etc.): Dr. M. Kovanen, Dr. L. Lauro-Taroni, Mrs. 
M. Lorentz-Gottardi, Dr. A. van Maanen-Abels, Mr. 
A. Pichlmaier, Dr. F. Tibone, Mr. D. Ward. 

Additional important support to theoretical work was 
provided through Article 14 contracts with the Associ
ations and other contracts. 

Article 14 contracts with Associations: 

Numerical simulation of 
sawtooth behaviour in 
tokamaks 

Development of an ICRF 
global wave code 

CEA, Cadarache, 
France. 

CEA, Cadarache, 
France. 

76 



Equilibrium transport code 

for a multispecies free 

boundary plasma 

Analytic models for 

predicting the velocity 

distributions in JET with 

the ICRF heating Sweden. 

A toroidal global wave 

numerical model of ICRF 

heating on JET 

Code for simulation of 

nonthermal aspects of the 

ECE spectra 

Extension of studies on 

polarisation and on non

thermal ECE from JET 

plasmas 

A critique of present 

theories of anomalous 

transport with relevance to 

JET 

By other contracts: 

The influence of plasma 

flows on plasma/magnetic 

field equilibrium 

configurations 

ENEA, Bologna, Italy. 

SERC, Gothenburg, 

Sweden. 

CRPP, Lausanne, 

Switzerland. 

FOM, Jutphaas, 

Netherlands. 

CNR, Milano, Italy. 

UKAEA, Culham, U.K. 

CYFRONET, Institute of 

Atomic Energy, 

OtwockSwierk, 

Poland. 

The Division's 1986 activities can be presented under 

the following headings: 

• Data Banks and Data Management Software 

• Code Development for Code Library 

• Data Interpretation 

• Modelling of JET Plasmas 

• Predictive Computations 

• Analytic Plasma Theory 

The Division's progress is described in the following 

sections. 

Data Banks and Data Management Software 

JET Survey Data Bank 

(P. Smeulders, A. Galway, Β. Hodge, M.G. Pacco) 

Survey Data from all JET plasma discharges are stored in 

this bank. At present, it contains data sets for 5900 shots 

and ~ 140,000 time traces for a total of 330MB: on 

average — 55K bytes per pulse. The data for the Survey 

Bank are obtained either from the existing processed 

pulse files (PPF's) or from the raw data: the JET pulse 

files (JPF's). The original time traces can now be reduced 

using routines (specially written by P. Smeulders, D.F. 

Düchs and A. Pichlmaier) and then stored in the data 

base. In this way space is saved but all the important 

features of the original signals are kept. Existing 

programs at present run independently of JET dis

charges. A new program has recently been completed 

and, when installed in the JET data processing chain, will 

provide a one page shot overview with 18 selected time 

traces. This will allow a rapid comparison with earlier 

JET discharges to be made in the control room. 

Survey Data Bank Software 

(M.G. Pacco, Β. Hodge, A. Pichlmaier) 

The Survey Data Bank was implemented in a prototype 

version in 1985 and has now been brought to a production 

version. Its files have been reconstructed in order to save 

disc space and to increase efficiency. During the 

operation period, the Survey Data Bank is updated daily 

from PPF's and JPF's. 

The Survey Data Bank consists mainly of three tables. 

(a) SPULSE, contains scalar parameters character

ising a pulse, including gases, maxima of plasma 

current, density, RF and NB powers, times of 

switching on/off the NB and the RF heating, time 

of pellet injection, etc.; 

(b) STIMEGRP, contains scalar parameters 

calculated at some specified time points for each 

pulse. Part of these parameters are loaded from 

the Transport Data Bank (J.G. Cordey, P. 

Lomas, Κ. Thomsen). Several validation checks 

have been introduced for these data; 

(c) the largest table contains a set of time traces 

extracted from PPF's and JPF's. 

A user interface has been developed, so that this Data 

Bank can be accessed without any knowledge of the 

NOMAD2 system. It allows searches on the data, print of 

selection lists or of function values, plot of the functions, 

statistical plots, etc. 

Journal Data Bank Software 

(B. Hodge, M.G. Pacco) 

The Journal Data Bank contains the journal data existing 

on the NORD computer system until June 1986. 

Subsequent data will be loaded shortly. From the next 

operation period, journal data will be sent directly from 

the local NORD to the IBM computer system. Data 

stored includes: session aims, duty personnel, PF/TF/RF 

machine settings, vacuum parameters, daily pulse 

summary, pre and postpulse comments. A user inter

face allows an easy search through the data base. The 

Journal data base can be accessed directly from the 

Survey Data Bank. 
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Predictive Code Database 
(B. Hodge, F. Tibone) 
A database system has been made available in NOMAD 
to provide the possibility of storing the most significant 
results obtained from predictive transport codes. The 
system can also be used to store results from other codes. 
It allows code users to retrieve quickly recent and old 
results and it includes a flexible graphics utility for 
comparisons of results from the same or different codes 
and comparisons of computed and experimental results. 

Database for Local Transport 
(M. Brusati, S. Corti, Α. Galway, N. Gottardi, 
P. Smeulders) 
Specialised databases have been set up containing, for 
example, ion temperature profiles from neutral particle 
analysis, or spatial distribution over the cross-section of 
the radiation measured by bolometers. Such data bases 
are particularly necessary for the local transport analysis. 
Results from the local transport analysis code (JICS) are 
also stored. In this process, a standardised data handling 
and storage system is being developed. 

Radiation Profiles 
(N. Gottardi, P. Smeulders, A. Galway) 
A data bank for the low energy radiation from the 
plasma, derived from the bolometer signals (KB1), has 
been established in the NOMAD environment. It is 
regularly filled with the surface averaged profiles 
obtained from the two-dimensional spatial distribution of 
the radiation (Fig.Al). 

the number of data points without losing essential physics 
information. The program has been tested and applied to 
measured JET signals; reduction factors (number of 
retained points/original number) of about ten were easily 
achievable. 

Code Development for Code Library 

Equilibrium-Transport Codes and Related Packages 
(W. Core, C. Sack, E. Springmann, A. Taroni, 
F. Tibone, G. Cenacchi + , F. Romanelli*) - (+ENEA 
Bologna, Italy) (*ENEA Frascati, Italy). 
The 1 'Δ-Ό code JETTO has been updated both with 
respect to the equilibrium and the transport package. 
The equilibrium package ESCO can now be used for all 
possible cases of free boundary equilibria of interest in 
JET: limiter, inner wall and X-point configurations and 
compression experiments. The code is remarkably 
flexible, allowing arbitrary profiles of pressure and 
safety factor to be prescribed. 

Several transport coefficients (both for electron and ion 
energy) derived from different theories have been 
included in the transport part of the code with the purpose 
of checking against JET experimental results. A trans
port coefficient, xc, based on a generalised definition of 
profile consistency has also been derived and included in 
the code. JETTO has also been linked to data bases where 
JET experimental results are stored. This is achieved by 
means of a generalised package allowing use in the code 
of any subset of measured quantities (either time traces or 
profiles as a function of time). In this way, the task of 
testing models and the consistency of measured quantities 
is remarkably simplified. 

Simple Reduction of Data 
(D.F. Düchs, A. Pichlmaier) 

For most purposes, it is not expedient to use all data 

points of a measured signal. A very general and flexible 

procedure has been devised and programmed to reduce 
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Fig.Al: Plasma radiation give by bolometer cameras: 
(a) volume averaged emissivity: equatorial plane; 
(b) original tomographic projection - equatorial cross-
section; 
(c) original tomographic projection - vertical mid-plane 
cross-section projection onto equatorial plane. 

Plasma Boundaiy Code 
(Z. Jankowicz, R. Simonini, A. Taroni, W. Feneberg*) 
- (*IPP Garching, F.R.G.) 
The 2-D boundary code EDGE2D developed at JET has 
been coupled to the output of MHD codes (IDENTC or 
ESCO) providing the magnetic flux surface configuration 
of JET plasmas. The computational mesh of EDGE2D is 
thus derived for realistic magnetic configurations and for 
both limiter and X-point cases (see Fig. A2). The code has 
also been extended to take into account simple models for 
radiation loss and work is in progress to include the radial 
electric field and two temperature equations. 

Orbit-Following Code for Particles Produced by Fusion 
Reactions (W. Core, H, Hamnén, M. Kovanen) 
The charged particle orbit following code - CPOF - has 
been developed and provides the possibility of tracing the 
charged particle orbits with three different methods: 

• solving the full equation of motion for charged 
particles (P. van Belle and G. Sadler) 

• using guiding centre approximation 
• using the constants of motion method for guiding 

centre. 

78 



■I 1 1 1 1 1 1 1 1 1 1 1 1 1 1· 

$ N % 

Fig.A2: Magnetic flux surface configuration using 

EDGE2D (limiter case). 

The code can be used for both circular and noncircular 

plasma crosssections. 

The poloidal magnetic field is presently based on an 

analytical model derived from the LaoHirshman 

representation of the poloidal flux function. The toroidal 

magnetic field is calculated from EL= R Β /R, where Β 
O I ü O ii 

is the toroidal field strength in the centre of the vessel. 

For the slowingdown calculations, the Coulomb scat

tering on the background ions and electrons is included 

by calculating the new values for the particle energy and 

the magnetic momentum after each time step. The code is 

being linked to experimental databases in the same way as 

transport code JETTO, and will be suitable for studying 

a wide range of problems related to the production of 

particles by thermonuclear reactions. 

Mapping of Magnetic Field Lines 

(C. Sack) 

A new code, developed at Bochum University, FRG, has 

been implemented at JET to compute perturbed magnetic 

field lines. The code is based on a transformation of the 

field line equations to a general Hamiltonian formulation 

that is suitable for comparisons with existing theoretical 

results referring to the ergodisation of magnetic field 

lines. 

Identification of Plasma Equilibrium from Experimental 

Data 

(E. Lazzaro, P. Mantica) 

The identification of the current profile from exper

imental data is still an open problem. It has been demon

strated that finding the current profile whose computed 

poloidal magnetic field best fits that measured internally, 

does not reliably determine the real profile. This is 

because the external field is insensitive to the profile in 

the central region. However, the addition of independent 

information, such as the value of the diamagnetic flux, 

the location of the q rational surfaces provided by the 

ECE heterodyne system, and possibly the Faraday 

rotation measurements, could help to restrict the possible 

current profiles. A new code embodying these features is 

being designed and will be produced in cooperation with 

J. Blum, INRIA, France. 

Design of Double and Single Null Magnetic Separatrix 

Experiments 

(E. Lazzaro, B. Keegan, P. Rutter) 

Extensive improvements have been made to the magnetic 

equilibrium code INVERSX to allow accurate design of 

special plasma configurations, extending the plasma 

current range to 7MA. The iron model has been revised, 

including detailed permeability curves for eight 

materials, and the results have been benchmarked against 

experimental measurements of stray fields. The design of 

separatrix configurations for the 1986 experimental 

campaign was extended to single null configurations with 

currents up to 3MA. The response of the configuration to 

variation of the shaping currents was analysed and made 

available in a data bank. The experiment (carried out with 

A. Tanga and the JET Operations Group) proved to be 

highly successful. Transition to the Ηmode was 

observed in over 30 discharges with single null configur

ations at plasma currents of 2 and 3MA. Confinement 

times of over 0.7s were obtained, with additional power 

levels about 5 times the ohmic power. 

An attempt to extend this promising regime to 4MA 

plasma current will be made next year. To produce a 

4 6 
Radius (m) 

Fig.A3: Computed magnetic flux configuration for a 

single null separatrix at I =4MA. 
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double or single Xpoint configuration at this current, the 

shaping action must be supplemented by a controlled 

leakage field from the primary OH coil. This requires the 

addition of an extra pancake and nonuniform distri

bution of the inductance matrix, and the local forces and 

fields for these extended configurations have been 

provided. Fig.A3 shows a computed Xpoint configur

ation at 4M A. 

Derivation of Electron Density Profiles 

(N. Gottardi, E. Springmann) 

A public userfriendly program (NEPROF) has been 

produced to allow general access to the line integrated 

data from the multichannel interferometer (KG1) stored 

in the JET Pulse File (JPF), and to produce electron 

density profiles. The same program allows specified 

people to store profiles of general interest in a newly 

established data bank in the NOMAD environment. The 

program uses the generalised Abel inversion (projection) 

method for deriving electron density profiles in very 

difficult critical situations, e.g. Xpoint, inner wall, and 

pellet injection pulses. An example of its versatility is 

illustrated in Fig. A4, which shows the time evolution of 

the density during the pellet injection phase of Pulse 

No.:9377. 

discharges. This method fails to deliver the profile only 

in certain cases (e.g. Xpoint configurations), where the 

number of useful measuring channels is reduced. The old 

(slow) projection method has also been implemented to 

deal with these special situations. 

Data Interpretation 

Installation of the ECE code NOTEC 

(R.M.J. Sillen*)  (*FOM Institute for Plasma Physics, 

Nieuwegein, The Netherlands) 

The ECE code NOTEC, developed at the FOM Institute 

for Plasma Physics was installed on the Harwell 

Computer System. Programs using the PLOT 10 package 

to show the results of NOTEC, were developed and 

tested. NOTEC was applied to the ECE spectra measured 

during the slideaway discharges and the results were 

most promising. NOTEC can simulate ECE spectra from 

plasmas that include suprathermal populations. 

Neutral Beam Current Drive 

(H. Hamnen, C. Challis, J.G. Cordey) 

An analysis of neutral beam heated plasmas has been 

undertaken to assess the magnitude and profiles of non

inductive currents driven by the beams. In typical JET 

discharges, the currents driven are about 0.5MA. 

Radiation Profiles 

(N. Gottardi, P. Smeulders, A. Galway) 

A 2D distribution of radiation losses has been obtained 

using a new and very fast code, based on a tomographic 

method already successfully used for the analysis of the 

soft Xradiation from ASDEX. A userfriendly program 

to allow general access to the data bank has also been 

developed. 

The code allows the line integrated measurements to be 

inverted when the radiation is strongly asymmetric in the 

poloidal direction, which is the case in almost all JET 

Fig. A4: Electron density profile following pellet injection 

at t =7.0s. 

Second Harmonic ICRH Heating of Fast Injected Ions 

(W.Core, H. Hamnén, G. Cottrell) 

An analysis of ICRH/NB heated JET plasmas has been 

undertaken to assess coupling of the ICRH to fast injected 

ions via second harmonic heating. In typical present day 

conditions, the fraction of the RFpower absorbed by the 

injected ions could reach 10%. 

Bootstrap Current Drive 

(H. Hamnén) 

An assessment has been made of the magnitude of the 

expected bootstrap current in JET. In present day 

operating conditions, it would be typically — lOOkA. If 

the present confinement degradation persists, it might be 

difficult to reach a bootstrap dominated JET plasma even 

with the future power capacity. 

Local Transport Analysis 

(M. Brusati, D.F. Düchs, Α. Galway, T.E. Stringer, N. 

Gottardi, E. Lazzaro) 

The JICS interpretation code evaluates the individual 

components in the local energy balance, and so derives 

the heat flux due to conduction and convection. The 

number of pulses for which the complete analysis is 

possible has been limited so far by the availability of a 

complete set of diagnostic data. Figs.A5 and A6 show, 

for typical ohmic and RF heated pulses, how the volume 

integrated electron energy sources (ohmic, RF) and sinks 

(radiation, electronion transfer) vary with radius, 

together with the derived electron thermal energy flux. 
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The electron and ion energy fluxes have been com

pared with theoretical prediction for various plasma 

instabilities. The magnitudes of the fluxes are less than 

the maximum predicted for the dissipative trapped 

electron mode and the ion temperature gradient mode, 

though still within the uncertainty in the estimate of the 

saturation level. The radial variation in the conductivity, 

however, cannot be explained by either of these modes. 

Modelling of Temperature Profiles and Transport 

Scaling in Auxiliary Heated Tokamaks 

(J.D. Callen*, J.P. Christiansen, J.G. Cordey, P.R. 

Thomas, K. Thomsen)  (* University of Wisconsin, 

Madison, U.S.A.) 

The temperature profiles produced by various heating 

profiles are calculated using two rudimentary local heat 

transport models (constant heat pinch or excess ΔΤ, and 

nonlinear χ) that are consistent with local measurements 

of heat transport. The model predictions are shown to 

agree with JET data for a variety of heating profiles 

ranging from peaked onaxis, through approximately flat 

(NBI at high density), to localised offaxis (ICRH). The 

modest temperature profile responses predicted (< 20% 

for physically relevant heating profile changes) clarify 

why temperature profiles in many tokamaks are often 

characterised as exhibiting a high degree of "profile 

consistency". Global transport scaling laws are also 

derived from the two models and compared with JET 

data. The constant heat pinch or excess ΔΤ model, which 

provides the best description of present local and global 

JET heat transport data, leads naturally to the offset

linear scaling law for the stored energy, and to a 

definition of the heating efficiency as a function of the 

heating profile. 

spectra of the magnetosonic wave during ICRH has been 

analyzed. For the heating scenarios and parameters 

currently used, it is found that the coupling spectra are 

characterised by a compound resonance peak. The wave 

spectrum launched is narrower than when reflection is 

not included. This compound resonance also modifies the 

coupling resistance. This has been compared with the 

oscillations of the measured coupling resistance during 

ramp down of the toroidal magnetic field, and good 

agreement has been found. This supports the present 

model for magnetosonic wave propagation in JET. 

A study of mode conversion in toroidal plasmas showed 

that the amount of mode conversion depends only weakly 

on the details of the absorption mechanism, and that the 

mode conversion surfaces are aligned with the magnetic 

surfaces. 

Analysis of the Velocity Distribution During ICRH 

(D. Anderson*, W. Core, LG. Eriksson*. H. Hamnén. 

T. Hellsten, M. Lisak+)  (+Chalmers University, 

Göteborg, Sweden) 

A simplified model has been developed to calculate the 

velocity distribution during ion cyclotron heating, 

including finite gyroradius effects and heating due to the 

electric field component rotating in the opposite direction 

to the ions. This model can treat fundamental cyclotron 

heating as well as second harmonic heating of an injected 

species and ions produced by fusion reactions. Although 

the model assumes an isotropic distribution, quantities 

like energy transfer to electrons and ions, fusion yield 

and modification of the cyclotron absorption show good 

agreement with the results of 2D calculations using a 

more exact FokkerPlanck code (BAFIC). 

Modelling of JET Plasmas 

Modelling of Ion Cyclotron Heating 

(T. Hellsten) 

Ion cyclotron heating has been modelled for various 

heating scenarios, using the codes LION and ISMENE to 

determine the wave propagation and absorption, and 

BAFIC and other semianalytical prescriptions to 

calculate the energy transfer to the background plasma 

species. 

For minority heating of hydrogen, finite gyroradius 

effects have been found to become important in deter

mining the evolution of the velocity distribution. The 

timescale for energy transfer to the electrons is strongly 

reduced compared to the Spitzer time. This explains the 

relatively short energy transfer time currently being 

observed during modulation experiments. 

Analyses of Wave Propagation by Global Wave Codes 

(K. Appert*, T. Hellsten, J. Vaclavik*, L. Villard*) 

(*CRPP Lausanne, Switzerland) 

Wave propagation in tokamak plasmas is computed using 

the global wave codes LION and ISMENE. The coupling 

Changes in Magnetic Topology and Associated Heat 

Flow 

(M. Brusati, A. Galway) 

A theoretical model of plasma transport is being 

developed which is based on partial ergodisation of 

magnetic field lines associated with small magnetic 

islands. The perturbed field topology is sustained by 

fluctuations in plasma current driven by local heat flow, 

and leads naturally to a rigidity of the electron tempera

ture profile in the confinement zone. This model 

describes the coexistence of ergodic and nonergodic 

field lines as a dynamic equilibrium between two phases 

in the plasmamagnetic field system, triggered by the 

electron temperature reaching a critical gradient. 

Local Energy Transport Study 

(A. Taroni, F. Tibone, D.F. Düchs, T.E. Stringer, 

M. Brusati, N. Gottardi, T. Hellsten, F. Romanelli*) 

(*ENEA Frascati, Italy) 

An extensive study of the energy transport properties of 

JET plasmas has been performed. It has been shown that 

available "theoretical" transport coefficients cannot be 

used to simulate the large variety of plasma regimes 
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found in JET (Ohmic, ICRH and NB heating in various 

conditions, including Ηmodes). Adjustment coefficients 

larger than those claimed in the literature seem to be 

required. Work is in progress to provide theoretical 

justification (i.e. a more accurate derivation of xc and χ^ 

for the cases of the socalled dissipative trapped electron 

and ion temperature gradient modes. 

This study has pointed out that the local transport co

efficient, ν , must either be abandoned on the basis of 

"profile consistency" arguments, or modified to 

introduce a dependence on local gradients. The situation 

is more complex in the case of χ., as reliable T¡ profiles 

are not available, but there is "circumstantial evidence" 

that x¡ is neither neoclassical nor proportional to neo

classical. The same study has also pointed out that in 

JET: 

• the confinement properties of the central region 

(q < 1), during the time between sawtooth 

collapses, are similar to those outside this zone; 

• the boundary region could play an important role 

in determining the overall energy confinement 

properties of JET. 

Predictive Computations 

Effect of Sawteeth on αParticle Power 

(J.A. Wesson) 

In pulses with substantial additional heating, the central 

temperature in JET can fall to half its peak value during 

a sawtooth collapse. Given the associated fall in density 

and the strong dependence of the thermonuclear reaction 

rate on temperature and density, the loss of αparticle 

power under thermonuclear conditions could be substan

tial. Calculations were therefore carried out to assess the 

improvement in αparticle power which would result 

from the stabilisation of sawteeth. 

The two basic parameters are the volume affected by 

sawteeth and the confinement properties of the central 

core. In the limit where the confinement is the same as the 

general confinement, a substantial enhancement in a

particle power is possible provided the core region is 

sufficiently large. The αpower improvement factor 

depends on the amplitude of the sawteeth being stabil

ised, but in JET an improvement factor of up to 5 could 

be obtained. 

Predictive Computations of Plasma Boundary 

Properties with Belt Limiters 

(R. Simonini, A. Taroni) 

The 2D plasma boundary code EDGE2D and the 2D 

MonteCarlo neutral particle code NIMBUS, have been 

extensively used to provide information on the design of 

pumped limiters in JET. In particular, density and 

temperature profiles and particle and energy fluxes at the 

limiters and wall have been evaluated, pointing out the 

importance of an accurate simulation of all aspects of 

the problem, from molecular and atomic physics to 

geometry. This work is still in progress and has 

motivated a further development of the EDGE2D code 

and its interface with NIMBUS to take into account a 

detailed description of the geometry of the limiters and of 

the flux surfaces close to the limiters. 

ICRH Current Drive 

(H. Hamnén) 

Noninductive current drive by ICRH heating of a 

minority species has been studied in terms of efficiency 

and compared to ICRH heating of a species injected by 

the beams. The first scheme has been found to suffer 

from serious drawbacks and only when tuned to the 

beams does the efficiency of ICRH current drive reach 

acceptable levels. 

Analytic Plasma Theory 

Stability of the m = l Mode 

(J.A. Wesson, F. Nave) 

Following the realisation that the behaviour of the ideal 

m=l mode in toroidal geometry is sensitive to the q

profile, an analytic stability calculation was carried out. 

For simple algebraic profiles, the m= 1 mode is stable up 

to a critical central ß — 0.3. If such a qprofile having a 

central value of q given by qo= 1Aq*, is flattened within 

the q = l surface, so that the value of qo increases to 

1Aq, then the critical value of ß is lowered to 

114 

■ q. < 1 ß
P = 

13 

144 

3Aq 

Aq + 2Aq* 

Thus for small Aq, the critical ß is much reduced. If 

Aq<0, corresponding to an offaxis minimum in q at 

q = 1. the ideal m = 1 mode is unstable for any β . These 

results have important implications for understanding 

sawtooth behaviour. 

NonLinear Tearing Modes 

(J.A. Wesson, F. Nave) 

A theory of the nonlinear behaviour of tearing modes in 

the presence of a conducting wall has been developed. 

At high phase velocities, the wall behaves as a good 

conductor and has a stabilising effect on the tearing 

mode. However, as the amplitude of the mode grows, 

there is a momentum transfer to the plasma arising from 

the imaginary part of the well known Δ' function. This 

results in a reduction of the phase velocity and a conse

quent reduction in the stabilising effect of the wall. 

This behaviour proceeds with increasing rapidity and 

ultimately the mode locks to the wall. A computer code 

based on the analytic model has been written and this is 

being used to solve for the time dependent development 

of the magnetic island and the phase velocity. 

MHD Simulations of Sawteeth 

(P. Kirby*, J.A. Wesson)  (*Culham Laboratory, U.K.) 

The understanding of sawtooth oscillations requires non

linear calculations to explore the feasibility of the various 

models proposed, and to clarify certain crucial elements 
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of the physical processes involved. Several such simula
tions have been carried out. Perhaps the most interesting 
are those which study cases with low shear in the central 
core. Although the calculations are cylindrical, they 
demonstrate clearly the bubble formation seen in the 
tomographic reconstructions of the soft X-ray emission 
in JET. For somewhat higher shear, partial bubble 
formation is found, the plasma rearrangement being 
localised to the region around the q= 1 surface. This may 
correspond to the observed partial sawtooth collapse. 
A comparison of a flat q simulation with experimentally 
observed soft X-ray contours is shown in Fig.A7 to 
illustrate the general similarity in the behaviour. 

Fig.A7 shows the development of contours of equal 
soft X-ray emission during the sawtooth collapse. 
A numerical simulation of the quasi-interchange in
stability is compared with the tomographic reconstruc
tion of a sawtooth collapse on JET. The shaded region 
indicates the hotter part of the plasma to clarify the 
distinction between the observed behaviour and that of 
the classical model involving island formation in the 
colder plasma. 

Analysis of Feedback Stabilisation of Tearing Modes 
(E. Lazzaro, M.F.F. Nave, J.A. Wesson) 
The operation of JET at high currents implies working at 

Quasi-interchange 

Simulation 

JET Experiment 

Fig.A7: Development of contours of equal soft X-ray 
emission during a sawtooth collapse: 
(a) simulation of the quasi-interchange mode: 
(b) as seen experimentally in JET. 

low values of the safety factor at the edge, and hence 
increased danger of disruptions. To prevent and control 
disruptions, detailed technical studies for stabilising coils 
are being undertaken in JET. The physics description of 
the stabilisation of tearing modes presents a number of 
open questions which are being addressed in a cylindrical 
model. Stabilisation of a single helicity mode is con
sidered by modifying the boundary conditions using a 
single helicity external current. The instability is charac
terised by both the growth in island width and rotation. 
The current and power needed to control this is being 
estimated, taking into account the finite resistivity of the 
wall. 

Anomalous Transport Theory 
(T.E. Stringer) 
There is an apparent discrepancy between the thermal 
diffusivities derived from confinement and from the 
sawtooth heat pulse propagation in JET and TFTR. One 
possible cause is that the energy transport law contains an 
inward convection term, in addition to the usual outward 
diffusion. The effect of such an inward convection of the 
energy confinement would be much greater than on the 
heat pulse propagation. The observation that additional 
heating significantly reduces the confinement, but has 
little effect on the heat pulse, would then imply that 
additional heating significantly reduces the inward 
convection, but not the diffusion. 

The analytic derivation of the energy flux due to 
various instabilities has been re-examined, in a search for 
an inward convection mechanism. The heat and particle 
flows due to drift wave instabilities are found to have the 
required form. Whereas the diffusive component 
depends on bulk parameters, the convective component 
depends on the gradient of the electron velocity distri
bution function. The change in this due to additional 
heating is not negligible, but does not appear to be 
large enough to account for the degradation in energy 
confinement. 

Analytic Investigation of Temperature Isotropization 
(H.K. Schamel, D.F. Düchs, T.E. Stringer) 
The energy relaxation of an anisotropic bi-Maxwellian 
distribution function caused by like-particle Coulomb 
collisions is investigated in detail taking full account of 
the non-linearity in the Fokker-Planck description. 
Combining KOGAN's expressions for T„ and "L·., a 
single equation is derived describing the time evolution 
of e = Tv /T.. The complete time history is presented for 
e for both regimes TA < T. and T. > T„. For T* « T„, a 
logarithmic singularity is found in the rate of relaxation 
exhibiting the non-linear character of the isotropization 
process. 

Enhancement of Collisional Drag by Anisotropy 
(H. Schamel, H. Hamnén) 
The collisional drag particles experience due to like-
particle Coulomb collisions is investigated for aniso
tropic waterbag distributions. A general increase is found 
in comparison with the drag for isotropic distributions. 
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described by enhancement factors. For Τ . » T^, as in 

e.g. runaway situations, it becomes logarithmically 

singular in agreement with a similar behaviour of the rate 

of energy relaxation. 

Scaling Methodology 

(D.F. Düchs, L. LauroTaroni) 

The limits and expediency of the usual power product 

ansatz has been clarified. For a given number of exper

iments (data sets), the maximum number of independent 

variables can now be determined by a simple procedure. 

In addition, it has been investigated how given exper

imental error bars can be exploited to identify possible 

inner relations between the (assumed) independent 

variables. A corresponding computer programme has 

been applied to statistically analyse various JET plasma 

parameters such as electron and ion temperatures, 

voltages and confinement times. 

NonLinear DoubleTearing Mode 

(M. LorentzGottardi) 

The nonlinear evolution of the doubletearing instability 

has been investigated with special respect to anomalous 

current penetration in tokamak discharges. Allowing for 

current rise and diffusive transport in a nonlinear MHD 

code (RSF), it was shown that in the presence of a hollow 

current density the doubletearing instability consider

ably enhances current penetration when low mode 

numbers (m = 2,3,4) are involved. Interaction of 

diffusive transport with the instability then levels the 

q(r)profile starting from its minimum value qmin right 

across the plasma centre. The flattening process scales 

with the resistive time, TR, and is by a factor 0.010.1 

faster than rR, depending on the shape of the current 

density and resistivity profiles. For high mode numbers 

(m — 6), the doubletearing mode does not contribute to 

current penetration. The model predicts, for a hollow 

current density profile, a sequence of magnetic pertur

bations with falling mode number m, where each mode 

occurs only once, when qm¡n <m. The perturbations 

grow stronger as m decreases and lead to flattening of the 

current density for low m. Preliminary comparison with 

experiment shows good agreement. 
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Appendix II 

Data Processing and Analysis 
(Group Leader: J.G. Cordey) 
The Data Processing and Analysis Group was set up in 
February 1986 to co-ordinate the acquisition, processing 
and analysis of JET data. The group is strongly task-
driven with staff working in several different areas. Most 
of the diagnostics and their accompanying software have 
now been installed and a significant part of the Group's 
effort has now been directed to improving data pro
cessing by the introduction of more sophisticated codes 
and in improving the manipulation and display of the 
data. This has also included a study of the use of 
personnel computers for presentation graphics and data 
manipulation. A brief description of the Group's data 
interpretation activities is also presented. 

Diagnostic Software Development 
The group is responsible for developing software for 
diagnostics and for handling their computer interface to 
the CODAS computers. During 1986, the following 
diagnostics have been successfully interfaced to 
CODAS. 

Limiter Temperature Monitors (KL2) 
(K. Slavin and C. Best) 
A complex data acquisition system to digitise the outputs 
of an infra-red Mesa array viewing the limiters has been 
developed and commissioned. On-line display software 
was written to give a colour contour map of the tempera
tures in the control room. An analysis program has also 
been developed to yield the power loading during a JET 
pulse. 

Pellet Injector Diagnostic (KZI) 
(C. Best) 
The software to provide full remote control from a 
CODAS console has been commissioned. A set of 
MIMICS touch panels and a real time program have been 
successfully used during operation of this diagnostic. 

Neutron Diagnostics (KN3 and KM3) 
(K. Slavin and D. Wilson) 
The data acquisition systems for the Neutron Yield 
Profile (KN3) and Time of Flight Spectrometer (KM3) 
have been implemented and are now operational. The 

KM3 system required the development of a real-time 
program to control a wedge scintillator position during a 
JET pulse. This is necessary to handle the wide variation 
in neutron fluxes. 

77;.? Fast Transfer System (KY2) 
(K. Slavin and D. Wilson) 
The data acquisition system has been implemented and 
first data produced for this diagnostic. A flexible soft
ware system to handle and analyse data from a variety of 
probes is under development. 

Calibration (KT2) 
(F. Sieweke) 
A calibration dataset has been set up for the KT2 Spectro
meter. It contains several tabulated calibration curves 
which are used by the data calibration procedures to 
convert pixel numbers into wavelengths, to compensate 
for the high voltage, or to convert the raw ADC values 
into real light intensities. Another dataset identifies the 
various spectral lines with their position on the pixel 
array. 

Transport Data (KT2) 
(F. Sieweke) 
The transport data base contains information for selected 
pulses at selected time points. A program has been 
written to interpolate time histories at the time points of 
the transport data base. The result can be visually verified 
at a terminal before it is stored together with the transport 
data. The combined KT2 and transport data base is then 
filed as SAS datasets. 

Soft X-ray Camera (KJ1), X-Ray Crystal Spectrometer 
(KX1), Active Beam Diagnostic (KS4) 
(E. Oord) 
During 1986, the Soft X-ray Camera (KJ1) data retrieval 
and display software were completed. This permits data 
with different sampling rates (or time windows) to be 
superimposed on one graph and the speedy detection of 
detector saturation. The High Resolution X-ray Crystal 
Spectrometer (KX1) was also successfully brought on
line. An interactive bandfit procedure was developed 
mainly for incorporation in the Active Beam Diagnostic 
(KS4) data analysis software. However, it is available 
as a stand-alone package and can be used when the 
automatic fit procedure fails. 

86 



XRay Pulse Height Analysis Software (KH2) 

(E. van der Goot) 

Analysis software for the XRay Pulse Height Analysis 

System has been developed on the NORD computer and 

ported to the IBM mainframe using NICE. The IBM 

version has been extended to enable the production of 

PPF's in interactive and in batch mode. The software 

now produces automatically a PPF containing the 

electron temperature, the concentration of metal 

impurities, the Xray anomaly factor and Zcff. 

Lidar Thomson Scattering (KE3) 

(T. Gadd) 

The Lidar diagnostic uses fast oscilloscopes to digitise 

the detected back scattered laser light from the plasma. 

These oscilliscopes have been interfaced to the NORD 

computer system to allow remote control and data 

acquisition. Programs have been written for commis

sioning the diagnostic and were used for first operations 

on JET. Display and analysis software was developed to 

process these first results. The software is installed on 

both the IBM and NORD computers. Current develop

ments are in the design of software for the full operation 

under CODAS. 

FORTRAN Source Code Conversion 

(E. van der Goot) 

A utility program, NICE, has been developed to allow 

easy transfer for programs that have been written on the 

NORD computers to the IBM mainframe environment. 

The program, written in Pascal, converts most of the 

nonstandard FORTRAN extensions. It also reformats 

the source code, so that the generated source is easy to 

read and to maintain. It offers several additional features 

to make the transfer as easy as possible. 

Other Software Support 

(C. Best, E. Oord and D. Wilson) 

The group has also supported various upgrades to 

existing diagnostics. Upgrades to the magnetics diag

nostic (KCl) has involved considerable effort, and a new 

method for accurately recording events such as dis

ruptions has been developed. 

Automatic diagnostic status checks have been imple

mented into JET operations. During the JET countdown, 

the failure of an essential diagnostic will inhibit a pulse. 

The status of all diagnostics is monitored and displayed 

on a central MIMIC. This system required the develop

ment of several real time programs. Of particular note is 

the magnetics (KCl) check program. This program 

performs on automatic validation of the data after a pulse 

can detect ADC failures, drifting integrators, etc.. 

Considerable effort has been devoted to unifying the 

NORD and IBM analysis software. A series of methods 

to ease transfer of software from the NORD to the IBM 

have been developed. This has involved installing a 

graphics package IGL, the terminal handling system 

and GETDAT on the IBM system. Several application 

programs have been transferred to the IBM mainframe 

computer. Procedures have also been developed for 
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Fig.A8: Fast ion heating and deposition parameters as a 

function of time during Pulse No: 9775. 

writing new analysis software which will enable them to 

run easily on either computer system. This provides 

diagnosticians with a standard software image irres

pective of which computer system they use. As an 

example, the BROWSE display program developed on 

the NORD, now provides the same interactive graphics 

to any JPF or PPF signal on the IBM system. 

Data Processing Software Enhancements 

Integrated Analysis 

(J. P. Christiansen) 

Improvements have been made to the integrated analysis 

of JET data applied to most JET plasma pulses. Data 

from a series of similar JET pulses with positive 

negative field and current in four combinations estab

lished a plasma current coupling to the diamagnetic loop 

signal and the data also improved the calibration required 

to compensate for toroidal field coil expansion. The ion 

temperature data from the crystal Xray spectrometer has 

been included to produce one further kinetic estimate of 

plasma energy. To facilitate data reprocessing due to 

hardware and software errors and faults, extensive 

computerised logging procedures of the latter have been 

produced. 

The Neutral Beam Injection Code PENCIL 

(D. G. Muir and P. Stubberfield) 

In order to understand the interaction of neutral beams 

with JET plasma, the prediction code PENCIL [1] has 

been modified into an online data analysis code and 

integrated into the JET processing chain. The deposition 

of fast ions, particle heating, current drive and other 

effects associated with neutral beam heated plasmas are 

now determined intershot. Fig.A8 shows the fast ion 

deposition and heating for Pulse No:9775. 

PENCIL has undergone considerable development 

during 1986. If has been linked to another program [2] 

which solves a simplified FokkerPlanck equation in 

order to model the evolution of the thermalising fast ion 

distribution. In addition, this FokkerPlanck solver has 

been updated to include the effects of toroidal geometry 

and the trapping of fast ions, which are important in the 

simulation of the beam driven current. Finally, the 
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geometrical modelling of the magnetic flux surfaces in 
JET have been revised. 

In addition to neutral beam data analysis, PENCIL 
has been used as a production code with the results of 
predictions written to the PPF data base and the SAS 
package used to analyse results. This combination has 
proved a very powerful tool in exploratory studies of 
upgrades of the neutral injection system. 

The pellet injection code, PELLET has been recon
structed so that electron density and temperature data 
from the PPF database can be accessed. This work is in 
preparation for the integration of pellets into the intershot 
processing chain during 1987. 

In association with M. Shaw, a data analysis code has 
been written which determines a hydrogenic ion tempera
ture from the observed KXl spectroscopic measurement 
of the Ni26+ impurity temperature (see Fig.A9). The 
calibration is based on a simple energy balance model [3] 
taking account of the stronger impurity heating during 
NBL This program is currently undergoing final testing 
before it is integrated into the intershot processing chain 
in 1987. 

Ion Temperature from X-ray Crystal Spectrometer 
(KXl) 
(M. Shaw) 
Improvements have been made to the KXl analysis 
program. The fit of the experimental data has been 
modified and more peak position and peak intensity 
points have been produced by the addition of a second fit 
lower statistics. 

A new program has been developed to calculate the 
hydrogenic ion temperature from the KXl nickel ion 
temperature data. The fractional abundance of Nickel 
and the power transfer from ions to electrons are 
also calculated. Fig.A9 shows both the KXl impurity 
temperature and the hydrogenic ion temperature for 
Pulse No:9775. 

Transport Database 
(J.G. Cordey, P. Lomas, A. Parker and K. Thomsen) 
The collection of data for the transport database has been 
re-organised. This contains for each shot a selected 
number of time slices. The results from pure ohmic and 
separatrix experiments are first inserted in an "Ohmic" 
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transport database. The neutral beam injection results are 
stored in a NBI database and results from ICRH heating 
experiments are stored in an ICRH database. The three 
different databases contain a common set of variables 
which are relevant to the particular heating technique. 
The data is first checked in these three databases and the 
common set is then transferred to the transport database. 

In this way, comparisons of all results can easily be 
made using the transport database, while more detailed 
selections can be made in the three sub databases. All 
four databases are available too all JET users. 

Calculation of ICRH Power Input 
(K. Thomsen) 
A chain of programs has been set up, which makes it 
possible to fit the plasma energy time evolution given that 
the auxiliary power is turned on as a step function or 
increased quadratically (see Fig.AIO). The results are 
automatically saved in a database. This technique gives 
independent estimates of both the absorbed power and the 
incremental confinement time. 

Personal Computers 
(E. van der Goot and A.R. Talbot) 
Personal Computers have been co-ordinated within the 
project. Models from two manufacturers are being 
supported, the IBM PC XT and Olivetti M24 for general 
applications. The IBM AT and Olivetti M28 systems are 
used for applications which require greater processing 
power or need an IBM AT or compatible system to run. 
Configurations always include a hard disk of at least 
20Mb capacity and a hardware floating point processor. 
Other standard items include a fully passive current loop 
interface for use on the Gandalf network and a backup 
tape interface. Additional features such as colour monitor 
and enhanced graphic cards are obtained only if required 
for the specific application. Olivetti M28 systems are 
always purchased with an additional 360kb floppy disk 
drive in order to maintain compatibility with the M24 
systems. 
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A major use of personal computers has been for the 
production of presentation graphics, using the GEM 
range of software products, in particular, GEM Draw. 
Usually, the final output is printed directly onto a 
transparency using a laser printer. Colour output can be 
produced using an ink jet printer. A new GEM appli
cation has been written at JET which enables the 
graphical output from programs, using PLOT10 on the 
mainframe computer, to be included in GEM Draw 
pictures. 

Data Interpretation 
(J. P. Christiansen, J. G. Cordey and K. Thomsen) 
Analysis of local transport, confinement and temperature 
profile consistency has been made. A study of data from 
neutral beam power scan experiments has shown [4,5] 
that simple local transport models can be used to interpret 
measured electron temperature profiles and their changes 
during auxiliary heating. Comparisons between the heat 
flow calibrated from ohmic - neutral beam power 
deposition profiles and the density and local temperature 
gradient yield estimates of the heat diffusivity. The latter 

is found to depend mostly on the plasma current. 
The local heat transport models also reproduce the 
experimentally observed scaling laws for global confine
ment in JET. 
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Appendix III 

JET Task Agreements 1986 

Title 

RF HEATING DIVISION 
ICRF CURRENT DRIVE EFFECTS -
• Asymmetric heating of minority 

species ions, 
• Absorption of fast magnetosonic 

waves by TTMP of suprathermal 
electrons. 

• ICRF enhancement of beam driven 
currents 

Associations 
(JET Responsible Officer) 

EUR-UKAEA 
CULHAM LABORATORY 
(CUL/TA6) 
(J Jacquinot) 

Duration of Agreement Present Status 

November 1984—May 1987 · work continuing 

RF ANTENNA DEVELOPMENT. EUR-CEA FAR 
TESTING, COMMISSIONING AND (FAR/TA2) 
OPERATION (J Jacquinot) 

ICRH HEATING -
• The operation of ECRH antennae. 
• The evaluation of the heating 

performance and the comparison 
to theoretical expectations, 

• The theory of RF current drive. 

ICRH HEATING -
• Coupling calculations of ICRH 

antennae. 
• Calculations of the power 

deposition profile by the method 
of ray tracing. 

EXPERIMENTAL DIVISION 1 
PHYSICS OF SHAPED 
CROSS-SECTIONS 

EUR-CEA 
(FAR/TA3/GREN/TA1). 
(J Jacquinot) 

EUR-ERM/KMS 
(ERM/TA2) 
(J Jacquinot) 

CULHAM.UK 
(CUL/TA4) 
(P E Stott) 

Sept 1984-July 1987 

Sept 1984-April 1987 

analysis of results 
obtained with ICRF. 

March 1983-May 1987 

• testbed operational 
• A. antennae tests underway 

Since January 1985. FAR 
staff have been 
participating actively in 

1 Feb 1985-30 Sept 1986 · Work completed 

• Work continuing. 

EDGE PLASMAS & PLASMA 
SURFACE INTERACTIONS 

PLASMA WALL INTERACTIONS 

CULHAM.UK 
(CUL/TA2) 
(Ρ E Stott) 

GARCHING, FRG 
(IPP/TA2) 
(Ρ E Stott) 

June 1983-June 1989 • Work proceeding 

January 1984-December 1986 · Work proceeding 

MHD ACTIVITY. DISRUPTION 
AND RF WAVEFIELDS. EDGE 
PLASMAS UNDER INTENSE 
RF FIELDS. 

LAUSANNE. SWITZERLAND 
(CRPP/TA1) 
(Ρ E Stott) 

March 1984-March 1986 · Work proceeding 

NEUTRON PRODUCTION. RELATED SWEDEN 
PHYSICS AND ASSOCIATED (SERC/TA1) 
DIAGNOSTICS (Ρ E Stott) 

January 1984-December 1986 · Work proceeding 
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Titte 

PLASMA SURFACE INTERACTIONS 

NEUTRON PRODUCTION RELATED 
PHYSICS 

NEUTRON PRODUCTION RELATED 
PHYSICS AND ASSOCIATED 
DIAGNOSTICS 

ECE MEASUREMENTS 

Associations 
(JET Responsible Officer) 

SWEDEN 
(SERC/TA2) 
(Ρ E Stott) 

HARWELL, UK 
(HAR/TA1) 
(P.E. Stolt) 

FRASCATI, ITALY 
ENEA/TA3 

FOM, 
NETHERLANDS 
(FOM/TAI) 

Duration of Agreement 

July 1984-June 1987 

March 1985-March 1988 

Present Status 

• Work proceeding 

August 1985-April 1987 · Work proceeding 

January 1986-January 1989 · Work proceeding 

Work proceeding 

EXPERIMENTAL DIVISION 2 
BULK IMPURITY PHYSICS 
AND IMPURITY RELATED 
DIAGNOSTICS 

IMPURITY ANALYSIS 

SPECTROSCOPIC MEASUREMENTS: 

INTERPRETATION AND IMPURITY 

PHYSICS OF ION AND ELECTRON 
ENERGY TRANSPORT AND 
RELATED DIAGNOSTICS 

PHYSICS OF NEUTRAL BEAM 
HEATING 

OPTIMISATION 

THEORY DIVISION 
TESTING THEORETICAL 
TRANSPORT MODELS AGAINST 
JET DATA 

EUR-IPP 
FRG 
(W W Engelhardt) 

EUR-UKAEA 
CULHAM LABORATORY 
(CUL/TAI) 
(W W Engelhardt) 

EUR-CEA 

FAR 
(W W Engelhardt) 

EUR-ENEA 
CREF 
(W W Engelhardt) 

EUR-UKAEA 

CULHAM LABORATORY 
(CUL/TA3) 
(W W Engelhardt) 

EUR-UKAEA 
CULHAM LABORATORY 
(CUL/TA5) 
(T.E. Stringer) 

Started February 1983 

Started February 1983 

Started July 1984 

Started October 1983 

July 1983-July 1986 

Work proceeding 

• Work proceeding 

Work proceeding 

• Work proceeding 

Work terminated 

Started December 1986 • Work proceeding 
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Appendix IV 

Articles, Reports and Conference Papers Published 1986 

1. Distortion of ion velocity distributions in the 

presence of ICRH: a semianalytical analysis. 

Anderson D., Core W., Eriksson LG., Hamnén 

H., Hellsten T., Lisak M. 

Controlled Fusion and Plasma Heating 13th Euro. 

Conf, held in Schliersee, 1418 April 1986. 

Geneva, European Physical Society. 1986. 

Vol.2, pp.97100. 

2. Distortion of ion velocity distributions in the 

presence of ICRH. A semianalytical analysis. 

Anderson D., Eriksson L.G., Hellsten T., Core 

W., Hamnén H., Lisak M. 

Joint European Torus JET. 1986. 

Report (JETR(86)09. 25p. 

3. Overview of the JET ICRF power plant operation 

and development. 

Anderson R. J., BosiaG., Plancoulaine J., Sand F., 

Schmid M., Wade T.J. 

Fusion Technology 14th Symp. held in Avignon, 

812 September 1986. Avignon, SOFT. 1986. 

Paper No. Β O.02. 

4. Textbook finite element methods applied to linear 

wave propagation problems involving conversion 

and absorption. 

Appert K., Hellsten T., Vaclavik J., Villard L. 

Computer Physics Communications. 

Vol.40 No.l May 1986 (Procs. 3rd Euro. Work

shop on Problems in the Numerical Modelling of 

Plasmas (NUMOP 85), 1012 September 1985, 

Varenna, Italy). 

pp.7393. 

5. Energy transport in JET with ohmic and auxiliary 

heating. 

Bartlett D.V., Bhatnagar V., Bickerton R.J., 

Brusati M., Bures M., Campbell D.J., 

Christiansen J.P., Cordey J.G., Corti S., Costley 

A.E., Cottrell G.A., Duesing G., Edwards Α., 

Fessey J., Gibson Α., Gill R.D., Gottardi N., 

Gondhalekar Α., Gowers C.W., Hendricks F., 

Jacquinot J., Jarvis O.N., Källne E., Källne J., 

Kissel S., de Kock L., Lallia P., Lazzaro E., 

Lomas P.J., Morgan P.D., Nielsen P., Prentice 

R., Ross R.T., O'Rourke J., Sadler G., Schiiller 

F.C., Stamp M.F., Stott P.E., Summers D.R., 

Tanga Α., Taroni Α., Thomas P.R., Thompson E., 

Tibone F., Tubbing B.J., Watkins M.L., and 

others. 

Controlled Fusion and Plasma Heating 13th Euro. 

Conf, held in Schliersee, 1418 April 1986. 

Geneva, European Physical Society. 1986. 

Vol.1, pp.2932. 

6. Investigation of electron temperature profile 

behaviour in JET. 

Bartlett D.V., Bindslev H., Brusati M., Campbell 

D.J., Cordey J.G., Costley A.E., Kissel S.E., 

Stott P.E., and others. 

Controlled Fusion and Plasma Heating 13th Euro. 

Conf, held in Schliersee, 1418 April 1986. 

Geneva, European Physical Society. 1986. 

Vol.1, pp.236239. 

(Also Report JETP(86)15). 

7. Ultralong sawteeth during combined additional 

heating JET. 

Bartlett D.V., Campbell D.J., Costley A.E., 

Cottrell G.A., Duperrex P.A., Edwards A.W., 

Gowers C.W., Gill R.D., GranetzR.S., Jacquinot 

J., Kissel S.E., Lallia P.P., Lopes Cardozo N., 

Nave F.M.M., Stork D., Stott P.E., Thomas P.R., 

Thompson E., TonettiG., Tubbing B.J.D., Weiler 

Α., Wesson J.Α., Snipes J.A. 

American Physical Society. Bulletin. 

Vol.31 No.9 October 1986. 

(Abstracts of 28th Annual Meeting Division of 

Plasma Physics, Baltimore, 37 November 1986). 

Paper 8P 30, P. 1591. 

8. Impurity and radiation studies during the JET 

ohmic heating phase. 

Behringer K.H., Denne Β., Decker G., Engelhardt 

W., Gill R., Gottardi Ν., Källne E., Krause Η., 

Magyar G., Mansfield M., Mast F., Morgan P., 

Stamp M.F., Summers H.P. Carolan P.G., Forrest 

M.J., Hawkes N.C., Peacock N.J. 

Nuclear Fusion. 

Vol.26 No.6 June 1986. 

pp.751768. 

9. Metal sources and general impurity behaviour in 

JET plasmas during ICRH. 

Behringer K.J., Denne Β., Kaye Α., Morgan P.D., 
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Stamp M.F., Summers H.P., Tallents G., Forest 

M.J., Hawkes N.C., Peacock N.J. Controlled 

Fusion and Plasma heating 13th Euro. Conf, held 

in Schliersee, 1418 April 1986. 

Geneva, European Physical Society. 1986. 

Vol.1, pp. 176179. 

10. Radiation behaviour during additional heating of 

JET plasmas. 

Behringer K.H., Edwards Α., Gill R.D., Granetz 18. 

R., Gottardi N., Jaeckel H., Magyar G., and 

others. 

Controlled Fusion and Plasma Heating 13th Euro. 

Conf, held in Schliersee, 1418 April 1986. 

Geneva, European Physical Society. 1986. 

Vol.1, pp.180183. 

11. Spectroscopic diagnostics on JET (invited). 19. 

Behringer K.H. 

Review of Scientific Instruments. 

Vol.57 No.8 pt.II August 1986 (Procs. 6th Topical 

Conf. on High Temperature Plasma Diagnostics, 

Hilton Head Island, South Carolina, 913 March 

1986). 

pp.20002005. 

(Also Report JETP(86)10). 20. 

12. Development of the JET poloidal electromagnetic 

system. 

Bertolini E., Last J.R., Mondino P.L., Noll P. 

Fusion Technology 14th Symp. held in Avignon, 

812 September 1986. Avignon, SOFT. 1986. 

Paper No. 11.02. 

13. Operation and development plans of JET. 

Bertolini E. 

Fusion Engineering 11th Symposium, held in 

Austin, 1822 November 1985. 

New York, IEEE. 1986. 

Vol.1, pp.818. 

(Also Report JETP(85)26). 

14. The JET magnet power supplies and plasma 

control systems. 

Bertolini E., Mondino P.L., Noll P. 

Fusion Technology, Vol.11 No.l January 1987 

(Special issue on design, construction, and first 

operational experience on the Joint European 

Torus (JET)) pp.71119. 

15. Fusion Reactor Design IV (Report on the 4th IAEA 

Technical Committee Meeting and Workshop, 

Yalta, 26 May  6 June 1986). 

Bertolini E., and others. 

Nuclear Fusion. 

Vol.26 No. 10 October 1986. 

pp. 13771428. 

16. Comparison between Η and He3 minority ICRF 

heating experiments in JET. 

Bhatnagar V.P., Corti S., Ellis J.J., Jacquinot J. 

Controlled Fusion and Plasma Heating 13th Euro. 

Conf, held in Schliersee, 1418 April 1986. 21. 

Geneva, European Physical Society. 1986. 

Vol.2, pp. 165168. 

(Also Report JETP(86)15). 

17. Theory of excitation of asymmetric kparallel 

spectrum by phasing the JET ICRF antennae. 

Bhatnagar V.P., Evrard M.P., Jacquinot J. 
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APPENDIX IV (a) 

JETP(86)21 

Invited Paper at 13th European Conference on 
Controlled Fusion and Plasma Heating, Schliersee, FRG, April 1986 

Plasma Heating in JET 

ABSTRACT P.P. Lallia 

Heating the JET plasma well above temperatures reached in the ohmic phase is the aims of the 

two additional heating systems planned for JET: Ion Cyclotron Resonance Heating (ICRF) and 

Neutral Beam Injection (NBI). Operations with the latter started in February 1986, initially 

with Hydrogen injection, up to a power level of 7MW. ICRF power has been delivered to the 

plasma by three antennae and has reached power levels of 6MW for 2s. In most experiments, the 

frequency of the waves is adjusted to position the minority ion resonance layer close to the 

centre of the discharge, resulting in a centrally peaked power deposition profile. Results 

have also shown that the increase of the volume averaged electron temperature was much less 

dependent on the radial position of the ion resonance layer than were the central temperatures 

of both ions and electrons which can both approach 5keV. In cases of "on axis" heating, large 

increases in the sawtooth activity is observed with sawtooth periods exceeding 0.3s. Initial 

results with NBI have shown a decrease of the global energy confinement time with additional 

power similar to the one observed with ICRF heating. The scaling of the "incremental" 

confinement time (defined as the ratio of the plasma energy increase to the input power 

increase, ÄW/ΔΡ), is notAye£ available but figures between 0.15 and 0.3s have been observed. 

At present, the product n^T^.tg is not significantly increased above*the ohmic level 

(~6 χ 10
19
m
_3
keVs). On the other hand, the neutron yield has exceeded 2.10

l5
/s in initial 

combined NBI/ICRF (D injection, H minority) with 1 4MW total input power as compared to 

lO^.s
 1
 in the best ohmic conditions. 

KEYWORDS 

Thermonuclear Fusion Research; Plasma; Tokamaks; Joint European Torus; Additional plasma 

heating. 

I. INTRODUCTION 

Since mid1985, (Jacquinot et al, 1985; Bickerton et al, 1985), the capabilities of heating 

the JET plasma have increased with the availability of a third ICRF antenna and RF generator, 

and, especially, the first Neutral Beam Injection box (Duesing et al, 1986). Studies of 

ohmically heated plasmas have been pursued and have resulted in maintaining a plasma current 

of 5MA for a 3 seconds flattop, as illustrated in Fig. 1. The energy content was 3MJ for an 

ohmic input power of 5MW. While the density was kept at ne = k χ 10l9
m"

3
 well below the 

density limit, the DeuteriumDeuterium thermonuclear reaction yield reached 10
ll,

s~
l
, corres

ponding to a peak ion temperature of 2.5keV. 

Two types of discharges will be described in the following: (i) the socalled "limiter 

discharges" where the last closed magnetic surface on JET is tangential to eight graphite 

limiters located at a major radius of 1.17m and (ii) the socalled "inner wall" discharges, 

where the plasma leans on the graphite tiles protecting the central part of the vacuum vessel 

at a radius of 1.80m. The antennae protection tiles were recessed 8mm behind the carbon 

limiters and the metallic screens were 15mm further away. 

All the results presented here have been obtained with a wall covered mostly by the carbon 

deposited early in 1985 (Engelhardt et al, 1986), with only a light carbonisation having been 
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performed in November 1985. The wall temperature was close to 300°C. The plasma 

cross-section was close to elliptical with an elongation ratio of 1.1 and the total plasma 

volume around 120m
3
. The ICRF antennae were used with a wavenumber spectrum centred on 

k// = 0. 

Ip(MA) 

ION ION HYBRID 
RESONANCE 

CUT OFF 

SURFACES 

Ó 2 4 é 8 IO 12 14 lfe 18 t(S) 

Fig. l Time evolution of the plasma current 
showing the f lat- top current at 5 MA. 
The other major parameters of this 
discharge were: BT = 3.4 T; ne = 

(a) 

MINORffY CYCLOTRON 

RESONANCE 

POWER FLOW 

TENNA 

DAMPING ZONE 

(b) 

Fig. 2 Cross-section of JET i l lus t ra t ing the 
various surfaces of CRF significance 
in ICRF heating. 

eo 
3 keV; <Te> 4 χ 10ΐ%-3; Τ 

1.8 keV; Tio,= 2.5 keV; Plasma Energy 
content: 3 MJ; Input ohmic power: 
5 MW. 

II. ION CYCLOTRON RESONANCE HEATING 

The basic scheme of ICRF minority heating in Tokamaks is to couple a compressional 
electromagnetic wave to the plasma. This type of wave can propagate freely into the plasma as 
long as the density exceeds a cutoff value (which depends on the Alfven speed and on the 
excited wave number), which is typically a few 10l8m-3. The presence of a minority ion 
species introduces locally near the so-called "hybrid resonance layer", a strong modification 
of the polarization of the compressional wave which increases the electric field component 
rotating in the same direction as the minority ions. In JET, the distance from the hybrid 
layer to the minority ion cyclotron resonance is about 5 to 15cm. For clarity, this distance 
has been exaggerated in Fig. 2, which shows the various surfaces of significance in ICRF 
heating. Those of the ions which experience both the current polarization and frequency (i.e. 
those for which the Doppler-shift exceeds the distance of the cyclotron layer - hybrid 
resonance layer) are strongly accelerated by the wave. The redistribution of power (by 
Coulomb collisions) to the electrons or the ions of the main plasma depends on the energy of 
the minority ions, which depends on the RF power per particle absorbed locally. Most of the 
RF power should be absorbed inside a volume, of which the characteristic radial extent is the 
perpendicular wavelength into the plasma (typically 20 to 30cm,) which is a small fraction of 
the minor radius of the JET plasma. 

The two minority ion species used in JET are either Hydrogen or Helium-3 at a concentration 
relative to the Deuterium population varying between 5 and 10$. The proton concentration was 
monitored by a mass selective neutral particle analyser (Corti et al, 1986), while the actual 
concentration of He in JET was deduced from the density increase at the time of the 3He gas 
puff and assuming a complete recycling at the plasma boundary. 

Coupling of the RF antennae to the plasma showed fair agreement between results and the 
theoretical model, assuming strong absorption in the plasma (Evrard et al, 1986). In the 
absence of strong absorption, (i.e. in absence of resonating minority ions), eigenmodes should 
exist and have been observed, as shown in Fig. 3· Time evolution of the forward and reflected 
voltage along the RF transmission line are shown for three JET pulses. Without 3He injection 
(Fig. 3a), the reflected trace shows fluctuations which disappear about 0.4s after the 3He 
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Time evolution of the incident and 

reflected voltage along the ICRF ion 

transmission l ine in case of onaxis 
3
He resonance. 

a) No
 3
He injection. 

b) The
 3
He gas valve was opened at 

t = 44.3 s. The arrow indicates 

the estimated time when Helium 

reached the plasma axis. 

c) As b) with higher He content. 

Fig.3 Time evolution of the incident and Fig.4 a) Time evolution of the central 

deuteron temperature with and 

without 3.4 MW ICRF, and of the 

proton flux at 15 and 62 keV 

during a toroidal field ramp down. 

The plasma current was kept 

constant at 2 MA. 

b) Radial position of the proton and 
3
He cyclotron layers during the 

above pulse. The approximate 

position of the corresponding 

hybrid layers is indicated by the 

dotted lines. 

valve was opened at 44.3s, the arrow indicates the estimated time for the minority ions to 

reach the JET axis where the cyclotron layer existed. 

Further evidence of the minority role in wave absorption is shown in Fig. 4. During this 

experiment, the toroidal magnetic field was ramped down so that the proton cyclotron layer 

entered the plasma at t = 48.3s, while the
 3
He cyclotron layer was moving from the plasma axis 

towards the inner wall. A square RF pulse of 3.4MW was applied from t = 45 to t = 49s. The 

upper part of Fig. 4 shows an increase of 2keV in the peak Deuterium temperature deduced from 

the neutron flux, with the large sawteeth characteristic of "on axis" heating. The flux of 

15keV protons seen by the neutral particle analyser increases at t = 45s, reflecting the ion 

temperature rise. At t = 47s, the central ion temperature decreases slightly, probably a 

consequence of both the density increase and the growing size of the volume inside the 

sawtooth inversion radius. However, the major change occurs when the proton cyclotron 

resonance enters the plasma: protons with energy up to 100keV are detected with a time delay 

increasing with energy and simultaneously the Deuterium temperature on axis drops further, 

indicating that a part of the RF power is now absorbed near the plasma boundary. 

Ramping down the magnetic field during a JET pulse allowed a scan of the radial position of 

the cyclotron layer and permitted an observation of its effects on the heating efficiency of 

the plasma. This was performed using Hydrogen minority in a Deuterium plasma at a 

concentration of about 7Í during a 2MA discharge. The wave frequency was 32MHz and the RF 

power ranged from 3.3 to 3.8MW. Figs. 5a, b, c and d show, respectively, the neutron flux, 

the central ion temperature deduced from this (Jarvis et al, 1985), and the central and volume 

averaged electron temperatures deduced from the absolutely calibrated ECE system (Costley et 

al, 1985), as a function of the radial position of the proton cyclotron layer. The axis of 
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Fig.5 Variations with the position of the proton cyclotron layer of: 
a) the DD reaction rate; neutron f lux ; 
b) the central ion temperature from neutron f lux; 
c) the central electron temperature from ECE; 
d) the volume averaged electron temperature. 

The data are taken during a ramp down of the toroidal f ie ld and the 
continuous l ine corresponds to a pulse without ICRF. The plasma boundaries 
are at R = 4.2 and R = 2.8 m. The sawtooth inversion radius is at R * 3.4 
and 2.8 m. The plasma axis is at R = 3.1 m. 

110 



the discharge was close to 3.1m. 

and 4.17m, respectively. 

The inner and outer boundaries of the plasma were at 1.80m 

The q profile changed somewhat during the scan but on average the sawtooth inversion radii 
were at 2.8m and 3.4m. The position of the ionion hybrid layer, where the maximum absorption 
was expected, was at a radius of 0.1m smaller than the cyclotron layer. The squares and 
crosses represent the data during RF, nonaveraged over the sawteeth, while the solid lines 
indicate the values during an ohmic reference pulse. Curves 5a, b and c show clearly a 
maximum increase of the central temperatures when the hybrid layer is inside the inversion 
radius of sawteeth. The dispersion of the RF data reflects the large amplitude of the 
sawteeth. On the other hand, Fig. 5c shows a much smaller increase of the volumeaveraged 
temprature which seems less dependent on the position of the cyclotron layer. 

A global estimate of the ICRF power transferred to the plasma was estimated by fitting the 
time evolution of the total plasma energy content W(t), deduced either from magnetic or 
diamagnetic measurements (Cordey et al, Î986) or from temperature and density measurements, to 
a relationship of the form (Ejima et al, 1985): 

W(t) Wo
 +
 T*(fPRF + ΔΡβ)[ΐ - expí-t/τ*)] 

Here PRF is the total RF power radiated by the antenna (i.e. the power RF delivered.by the 
generator less the power ohmically dissipated in the transmission line and in the antenna), 
ΔΡβ is the change in ohmic power during the RF pulse. The fit allows a determination of the 
quantities f and τ*, (i.e. the fraction of RF power "observed" in the plasma and the 
replacement time of the additional energy, respectively). The results show that τ* ranges 
from 0.1 to 0.3s and f from 60 to 80$ (Thomsen et al, 1986). While part of the missing power 
can be explained by the sudden influx of energy detected in the scrape off layer (by Langmuir 
probes) in the first millisecond after switching on the RF power, the mechanism responsible 
for peripheral absorption or for the very fast transport to the plasma boundary of some 30? of 
the RF power, is not yet identified (Brinkschulte et al, 1986). 

Ρ (MW) <
3
He) D #6322 Ρ (MW) 

10.0 13.0 time (s) aO time (s) 

Fig.6 Time evolution of the ohmic and total input power in two ICRF heated 

pulses: 

a)
 3

He minority in Deuterium 

b) H minority in Deuterium in Table I. 

Previously reported experiments up to an RF power of 4MW had shown no significant dependence 
of the plasma heating results with the nature of the minority ions. At higher power, some 
difference in repartition of power between electrons and ions was identified. Figs. 6a and b 
show the time evolution of the total and of the ohmic input power during two "on axis" RF 
pulses; one with

 3
He, the other with Hydrogen. The basic parameters of the discharge are 

given in Table 1. While the magnetic field and the plasma current were different, the peak 
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plasma density reached during the RF pulse was similar and close to 3 χ 10' The larger 

ohmic power decrease was observed with Hydrogen and is supported by Fig. 7 which shows, for 

the same two pulses, the time evolution of central ion temperature T, and of the peak, Τ , 

and volume averaged electron temperatures <Te>. Higher <T > increase and higher sawteeth on 

T e o are observed with Hydrogen with peak values of 6keV. On the other hand, higher sawteeth 

on TÍ are observed with Helium and electron and ion temperatures are now close to each other, 

at peak values close to 5keV. 

An estimate of the central deposition of ICRF power can be deduced either from the initial 

rise of the sawteeth or from the temperature modulation resulting from ICRF power modulation 

(Bhatnagar et al, 1986). Both methods are effective only inside the sawteeth inversion 

radius. Fig. 8 shows the central electron temperature evolution during an RF pulse of 5.5MW 

using Helium3 as minority species (Gill et al, 1986) measured with the high time resolution 

ECE grating polychromator. The parameters of the discharge are similar to those indicated in 

Table 1. 

T(keV) (H)D #7220 

6.0 

4.0 

2.0 

w\M¡¡ill
L
' 

5.0 

Fig. 7 

'v| ι 
v\,. * . ι * 

6.0 7.0 80 time (s) 13 time (s) 

Time evolution of the central and volume averaged electron temperature and 

central ion temperature for the pulses shown in Fig.6. 

a) (
3
He)D 

b) (H)D 

TABLE I 

Pulse No: 

Gas mixture 

Minority concentration (?) 

Toroidal field (T) 

Plasma current (MA) 

q cylindrical 

Electron density on axis (10
l9
m~

3
) 

6322 

(
3
He)D 

6 

3.0 

3.5 

3.0 

3.5 

7220 

(H)D 

5 

2.3 

2.0 

3.5 

3.2 

Fig 9 shows the corresponding input power density on axis just after each sawtooth crash for 

both electrons and deuterone. The deduced values before and after the RF pulse are in 

agreement with the estimate of the ohmic input power density deduced from magnetic measure

ments (Taroni et al, 1986). The jump in power input to the deuterons, when the RF is switched 

on, appears to be larger than the corresponding one to electrons, while the distribution of 

power between electrons and ions is greater to the electrons in the ratio 1.4:1, when a steady 

state is reached. The peaking factor of RF power deposition (defined as the ratio of RF power 
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density on axis to the volume averaged one] 

favourably with the ohmic case of 3 to 4. 

ranges from 5 to 8. These values compare 

The assumption that the radial profiles of power deposition to the electrons and to the ions 

are similar leads to the conclusion that around 3MW of the 5.5MW coupled to the plasma are 

absorbed inside the sawtooth inversion radius. A similar analysis has been performed for the 

pulse of Fig. 6 with Hydrogen as minority ion. The results are summarised in Table II, 

together with the calculated values using "ray tracing" techniques and taking into account the 

redistribution of the minority energy to ions and electrons (Bhatnagar et al, 1986). The 

comparison between experiments with
 3
He and H minorities shows that power deposition is more 

centrally peaked with
 3
He, and that the ratio Pe/Po of power to the electrons to that 

Table II 

FROM 

EXPERIMENT 

FROM 

THEORY 

Ή Ε MINORITY IN Π PLASMA Η MINORITY IN D PLASMA 

PCOUPLEO " ' · ' ™ "COUPLED " ' · ' ™ 

"ABSORBED " ' l · 0 1" PAB50RBED " 1·° * 

PONSIDE RIHV ) " 0.75 PONSIDE RINV ) - 0.55 

ABSORBED ABSORBED 

"ELECTRONS " *■' ELECTRONS " *■* 

DEUTERIUM "DEUTERIUM 

PONSIDE R I H V - 0.78 PONSIDE RINV - 0.85 

ABSORBED ABSORBED 

Ρ - 1 2 Ρ - 4 9 r
ELECTRONS

 1 · ί rELECTRONS ^ 

"DEUTERIUM "DEUTERIUM 
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the deuterone is much larger with H minority. The comparison of experimental results with ray 

tracing models shows that the experimental deposition profile is broader than the theoretical 

one, especially with H minority but the dependence of Pe/Pn with the minority species is 

fairly well predicted. Direct RF absorption by the electrons cannot yet be quantified by lack 

of information on the minority behaviour, especially
 3
He. 

The previous statements are furthermore confirmed by Figs. 10a, b where the central 

temperature increment of both the electrons (from ECE) and of the ions (from the neutron 

yield) are plotted versus PRp/<ne> where PRF is the RF power coupled to the plasma and <np> 

the volume averaged electron density. The squares refer to (H)D experiments and the crosses 

to (
3
He)D. In spite of the dispersion of the data, averaged over 0.2s, a difference between 

the two schemes seems to emerge when Ppp/<ne> is larger than 1.5MW/10
19
m~
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Fig.10 a) Central electron temperature increase 

b) Central ion temperature increase versus PRp/<ne> during "on axis" 

heating at I_ = 2 MA, for
 3
He(X) and H(n) minority experiments. 

III. COMPARISON BETWEEN RADIO FREQUENCY AND NEUTRAL INJECTION HEATING 

Degradation of energy confinement with ICRF in JET has already been reported and is well

illustrated by Fig. 11 showing the time trajectory in the plane of energy content versus power 

losses. During the ohmic phase, the energy increases up to 0.8MJ through the density increase 

while the power loss is constant and close to 1.8MW. When the RF pulse is switched on, the 

energy increases by around 1MJ while the losses are now of the order of 6MW. It is 

interesting to note the similar paths during the ramp up and ramp down of the RF power, which 

is reminiscent of the steady state pattern shown on Fig 12, where the energy content W of the 

plasma in steady state is plotted versus the total input power P^, for two values of current 

(2 and 4MA), for either neutral injection or ICRF. 

The additional power counted in this plot is either the total radiated by the ICRF antenna or 

the total beam power reaching the plasma, (i.e. shinethrough losses are not subtracted). 

Hydrogen beams with a maximum energy ranging from 60 to 65keV have been used and around 80$ of 

the power is provided by the main energy component. The
 3
He ICRF resonance was on the plasma 

axis and the major parameters of the experiment are listed in Table 3· As shown, the general 

pattern of results is independent of the type of additional power, but slightly better for 

Neutral Injection, and suggest a dependence between the energy content and the input power 

of W = W0 + Tj_ncPt'
 w h e r e

 "inc
 d o e s n o t

 depend significantly on the plasma current at the 

present power level. It should be noted that the density is not constant over the scan and 

that part of the difference between NBI and ICRF may be due to higher density and lower 

radiation losses with NBI. The "incremental" confinement time, T i n c, would identify with an 

assymptotic value of the global confinement time if the linear trend persisted at higher power 

levels. In summary, higher confinement times are obtained by increasing the plasma current 

In, but τ ( has shown a limited dependence on both I and the type of heating (Thomsen et al, 

1986).
 μ 
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Fig.12 Plasma Energy content versus input 
power in steady state during Neutral 
Injection (H° > D) and ICRF ((3He)D, 
"on axis"). The parameter is the 
plasma current (By = 3.4 T). 

TABLE III 

Magnetic F ie ld (T) 

Minor r ad ius (m) 

Elongation 

Line averaged dens i ty (10 l 9m~3) 

fWC« + pad> 
z e f f 

Ad Heating 

ICRF 

1.5 to 3.2 

0.4 to 0.8 
3 to 4.5 

(3He)D; on 

NBI 

3.4 

1.2 

1.45 

ax i s 

1.5 to 5 

0.3 to 0.7 
2.5 to 3.5 

H° -»· D; 60-65keV 

On the other hand, the density limit can be doubled with NBI when compared to ohmic and ICRF 
results as illustrated by Fig. 13. The black squares represent NBI data in the operating 
diagram 1/qcyi_ versus ñR/B while the shadow area covers the ohmic and RF data: the increase 

in density limit with ICRF does not exceed 15í of the ohmic value. The explanation is likely 

to be found in one or both of the features of beam heating: most of the new charged particles 

are created near the plasma axis and the radiated power does not exceed 40Í of the input power 

(Rebut, Hugon, 1984; SchUller et al, 1985; Wesson et al, 1985). 

The product n^.T^.xg., where n^ and ̂  are the central ion density and temperature and the 

global energy confinement is plotted in Fig. 14 versus the total input power. The data 

correspond to the experiments shown in Table 3 and Fig. 12. The ion temperature is deduced 

from the neuj^ra^ particle analyser measurements. As can be shown, there is no significant 

increase of n^T^Tg above the ohmic level in either the ICRF case, Fig. 14a, or in the NBI 

case, Fig. 14b. On the other hand, and since the identification of n^.T^.ig with the ratio of 

the α particle power to the input power is valid only when the fusion crosssection is 

proportional to T¿
2
, namely above 7keV, the neutron rate is strongly increased with the 

auxiliary power (Sadler et al, 1986). Fig. 15 shows the dependence of the ratio of 

thermonuclear power from the DD reaction to the input power Ppo^^t
 v e r 3 u 3 tne

 input power 

for ICRF heating. Initial combined operations of Deuterium neutral beam and ICRF heating on 

Hydrogen minority have resulted in increasing further PDD by an order of magnitude for a total 

input power of 13MW, most of the neutrons being produced by beam plasma reactions. 
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IV. SUMMARY OF CONLUSIONS 

1) A 5MA discharge has been achieved with a flat top duration exceeding 3s. 

2) Neutral Injection heating operations have started, initially with Hydrogen beams and then 

with Deuterium beams. 7.7MW peak power and 35MJ of energy have been delivered to the 

plasma. 

3) Ion Cyclotron heating operations have been pursued with three antennae. 6MW peak power 

and 21MJ of energy have been coupled to the plasma. 

4) ICRF studies have shown: 

(i) About 70$ of the RF power radiated by the antennae is required to acount for the 

observed initial rate of plasma energy increase. 

(ii) In conditions of "on axis" heating, 40$ in (H)D and 55$ in (
3
He)D of the RF power 

radiated by the antennae is absorbed inside the volume defined by the sawtooth 

inversion radius. 

(iii) As expected, the maximum central temperature increases are observed during "on 

axis" heating experiments. However, the volume averaged electron temperature 

increase is much smaller and seems less dependent on the position of the cyclotron 

layer. 

5) Preliminary comparative studies between NBI and ICRF have shown: 

(i) In both cases, the global energy confinement time TE is observed to decrease with 

increasing input power. While tg is larger at higher current, the rate of 
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6) 

increase of the plasma energy with the additional power seems neither significantly 
dependent on Ip nor on the heating method. 

(ii) While the density limit is increased by only 10$ with ICRF, it can be doubled with 
beam injection when compared to the ohmic limit and nRq/B reaches 20 χ 10l9m~2/T. 

(iii) In the best conditions so far achieved, the product η,.Τ,.τρ with either NBI or 
ICRF is not significantly larger than the values with ohmic heating only, i.e. 
close to 6 χ 1019m~3.keV.s. 

(iv) The neutron yield is strongly increased with additional heating and has .exceeded 
10lss-1 with 80keV Deuterium beam injection into a Deuterium plasma. 

Combined NB-ICRF operations have just started and with total power input of 13MW have 
shown a continuation of the trends presented above. Neutron yield exceeding 2 χ 10l5s_l 

have been measured. 

7) Future experiments in JET will concentrate on achieving an "H mode" with additional 
heated plasmas in a magnetic separatrix configuration. 
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APPENDIX IV (b) 

JETP(86)25 

Invited Paper at 13th European Conference on 
Controlled Fusion and Plasma Heating, Schliersee, FRG, April 1986 

Impurity Behaviour in JET 

W.W.Engelhardt 

I INTRODUCTION 

It is one of the main objectives of JET to control impurities at conditions approaching the 

reactor regime. Investigation of the impurity behaviour is therefore a major task in the 

JET programme. There are two main reasons why impurity concentrations must be kept 

sufficiently low close to ignition conditions: 

1) Impurities dilute the reacting hydrogen plasma reducing thereby the available fusion 

power. If the electron density is limited, the fusion power density is reduced by a factor 

(1aZ)
3
, where a is the relative concentration of an impurity with charge number Z. If a 

ßlimit cannot be exceeded, the reduction is (1aZ)V(la(Zl)/2)
2
. An impurity level of 5% 

carbon would decrease the fusion power by a factor of 2 or 1.6, respectively. 

2) Highly charged impurity ions increase the radiation losses by emission of 

bremsstrahlung, recombination and line radiation. If the radiation losses are enhanced over 

hydrogen bremsstrahlung by a factor of 35, ignition is impossible. Heavy impurities of the 

order of 1$ would already make up for this factor. 

Impurities can be released from limiters and wall by the impinging ion flux. They leave the 

surface in the neutral state, penetrate into the plasma and become ionized within an 

ionisation length λ.. If the impurity ions obey a diffusion law, a gradient of ions builds 

up and in steady state the charged and the neutral flux must be the same: 

3n, 

D
*r ' Ί 

where D is the diffusion coefficient and / , is the influx of neutral particles. The 
gradient may be replaced by an increment an. divided by the ionization length /1/. Adding 
the boundary value to the increment the impurity concentration in the plasma is 
approximately /2,3/ 

n. 
1 Ι(λΙ + W 

I D 
'ape-off layer i 

parallel to the magnetic field are intercepted by the limiter. This consideration can also 
λ„η[ is the thickness of the scrape-off layer in the limiter shadow where ions flowing 

* For definition, see Appendix I of Ρ Ρ Lallia (1986) Proceedings of the 13th E.P.S 
Conference on Controlled Fusion and Plasma Heating (Schliersee, F.R.G, April 1986). 
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be applied to hydrogen and if the same transport law applies, the relative concentration 

does not depend on the diffusion coefficient: 

^1
 X

I *
 A
SOL 

n
H
 λ

Η
 + À

S0L 

Y is the ratio of impurity to hydrogen flux and λ„ the ionization length of hydrogen. The 

above formula is obtained under the assumption that the impurities are mainly released at 

the limiter and the ionisation length is short compared to the plasma radius so that a plane 

geometry can be applied. In this case it follows immediately that no difference in Impurity 

concentrations is expected for big and small tokamaks, provided the conditions at the plasma 

edge are about the same. The release rate Y depends on the surface conditions, on the 

energy of the impinging particles and on the release processes involved. In the simplest 

case it is just a sputtering coefficient. In many cases λ, < λ„0, and λ„ > λ„_. so that the 

concentrations are smaller than the release rate coefficient Ύ . 

On JET Y is measured by comparing line intensities emitted by low ionization stages of 
various impurities with hydrogen lines at different locations like limiters, wall, antennae 
/4/. An atomic model is required to relate the line emission rate to the ionization rate 
/5/. The ratio of these rates is dependent on the electron temperature, which must be 
measured in the region where the lines are emitted /6/. 

Langmuir probes are used to give this information in the scrape-off layer Π/. They measure 
also the electron density, which enters into the ionization length and the thickness of the 
scrape-off layer λ„η[ . The surface conditions both at the wall and at the limiters are 
monitored by samples of various materials, which are analysed along with the limiter tiles 
after major openings of the vessel /8/. 

When impurities diffuse from the edge into the interior of the plasma, they are distributed 
according to the prevailing transport law. This leads in most cases to a moderately peaked 
density profile, but accumulation processes in the plasma centre can occur. The 
distribution among different ionisation stages is governed by the 'corona equilibrium' in 
large tokamaks, significant deviations, however, occur in the outer zones. The usual 
spectroscopic methods ranging from the visible to the soft X-rays are applied on JET to 
measure the concentrations of impurity ions and their spatial distribution. Global 
quantities like total radiation losses and the effective ion charge Ζ ff are determined by 
bolometer arrays and by monitoring the visible bremsstrahlung at 523.5 nm respectively. 

In order to obtain a consistent picture, these measurements must be accompanied by numerical 
impurity transport simulations /9,5/. It is assumed that a simple transport law applies for 
all fluxes: 

Ü r / =  D.  v i η 
3r o a 

ν is chosen to be 2D/a. The code allows to predict measured line intensities, Ζ ff, total 

radiation, if the profiles of electron density and temperature are known. Comparisons are 

made both with line integrated and with local measurements obtained from Abel inversion. 
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In the following an overview of the main results obtained on JET is presented. Sect. II 
deals with the measures to control the impurity contamination and the resulting wall and 
limiter conditions. The impurity situation during ohmic discharges is reviewed in Sect. Ill 
and the main effects resulting from auxiliary heating are given in Sect. IV. 

II WALL AND LIMITER CONDITIONS 

JET has an inconel vessel which is armoured with carbon tiles at the inboard wall. Eight 
carbon limiters of .4x.8 m2 each protruding in the midplane from the outboard wall take the 
conducted power losses. Three antennae with either chromium of nickel screens and protected 
by carbon tile picture frames are located a few centimeters outside the limiter radius. 

The vessel is baked to 300°C also during tokamak operation. During many hours of glow 
discharges volatile surface contaminations are removed. In some instances the glow 
discharges were seeded with methane in order to cover all metallic surfaces seen by the 
plasma with a layer of 10-100 nm of carbon /10/. In addition it is hoped that carbon oxide 
formation helps to reduce the oxygen contamination. 

Analysis of limiter tiles after longer periods of operation, showed that the surface is 
covered with metals, mainly nickel and chromium. Tne central area of the limiter where the 
plasma-wall interaction is strongest according to infrared photographs has typically a 
surface concentration of 102' ,η-2. Towards the limiter edge the concentration is increasing 
by at least an order of magnitude. This observation suggests that the limiters have been 
covered by metals, probably during violent plasma-wail interactions (disruptions) /8/. 
Subsequently, the plasma has eroded the metals in the centre and deposited the material at 
the edge. In cases where the initial coverage was thin (see Sect.IV), a cleaning effect 
after some discharges was indeed observed. If, however, the contamination is very strong 
and the metals are sitting on the limiter in the form of droplets, a metal free surface 
cannot be reached. In this case carbonisation helps to cover the metals for a while until 
the carbon layer is eroded again. Depending on the thickness of the layer the carbon 
erosion takes place within 20-200 discharges. 

Ill OHMIC DISCHARGES 

In the following the main results on impurity measurements will be discussed for ohmic 
discharges. The important aspects of impurity behaviour will be established as a reference 
point to be compared with in cases where auxiliary heating is applied. 

1) Boundary Layer: 

By introducing an array of Langmuir prooes through a vertical port up to a distance of 3 cm 
from the last closed magnetic surface the profile of electron density and temperature in tne 
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limiter shadow is measured. For a typical ohmic discharge with B_ = 3 T, I - 3 MA and n -
2·10" m-3 the e-folding length of the density is about 4 cm and that of the temperature 
profile is about 6 cm. Extrapolation to the limiter edge yields Τ - 50-100 eV and η -
2-3-10'8 m-3. Due to the compression of the flux surfaces towards the midplane the 
e-folding lengths at the limiter are about a factor of 3 shorter. This is confirmed by 
measurements with Langmuir probes located in the graphite protection of the RF-antennae 
/11/ and also by unfolding the power loading on the limiter as measured in the near 
infrared. There is a tendency that the e-folding length of the electron density and the 
edge temperature decrease with increasing plasma density. 

The spatial decay of the scrape-off plasma parameters is in accordance with similar 
observations on many other tokamaks. It is commonly explained by the balance between fast 
parallel and slow anomalous cross-field transport. Due to the widening of the flux surfaces 
the scrape-off thickness in JET varies and it is difficult to derive a diffusion coefficient 
as the correct averaging is not known. Taking a thermal speed V„ = 10s m/s for the parallel 
transport, a connection length of L = 50 m and an anomalous diffusion coefficient of D = 1 
m2/s (see below), an e-folding length of λ^. = /DL/V„ = 2.2 cm is calculated. This appears 
to be a fair average between the thicknesses measured at the top and at the midplane of the 
torus. Under these conditions the ionization lengths of impurities are practically always 
shorter than the scrape-off thickness. 

2) Impurity Fluxes: 

Flux measurements by visible spectroscopy have been made at various locations, in particular 
at the limiters /5/. It is found that both the hydrogen flux and the flux of light 
impurities (C, 0) increase with plasma density, the increase of oxygen flux being stronger 
(Fig.l) /6/. The ra,tio Y = / ,// „ stays therefore approximately constant, but at low 
density carbon is dominant and at high density oxygen is taking over. For carbon we find 
typically Ύ_ - ·1 at medium density, a value which is nearly independent of the vessel 
conditions. For oxygen there is a much broader range Ύ_ - ·01 + -05 depending, not 
surprisingly, on the vessel status. After an opening the oxygen flux decreases in the 
course of operation, provided there are no leaks. 

The metal fluxes are substantial when the limiters are covered with metals as reported in 
Section II. They are, however, strongly decreasing with plasma density (Fig.l) and they 
vary appreciably depending on the metal deposits (Y„ - 0 + ·02) /4/. 

The fluxes as measured at the limiter can account for the observed concentrations in the 
plasma, the wall fluxes do not contribute significantly. An exception is oxygen, where both 
the limiter and the wall fluxes cannot make up for the oxygen concentration observed in the 
bulk plasma. We must assume that some unidentified sources from portions of the wall, which 
are not in the field of view, contribute to the total flux. This is supported by the fact 
that often a steady increase of the limiter flux is observed during a discharge, suggesting 
a recycling of the wall contribution at the limiter. 
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The results of the flux measurements can be used to draw conclusions on the release 

mechanisms. For metals we consider sputtering (including impurity and selfsputtering) as 

the most likely process. This is concluded from the measured release rate, the surface 

coverage and the relevant sputtering coefficients at the measured plasma edge temperature. 

The decrease with increasing plasma density is explained by the accompanying reduced edge 

temperature which leads to a strong reduction of thesputtering yield /6/. In cases where 

the limiter surface reached very high temperatures (  1500°C) at the end of a discharge, 

the metal influx was enhanced by up to a factor of 30 due to evaporation. The metal 

concentration in the bulk plasma, however, did not increase at all /6/. This is explained 

by the very short ionization length expected for particles with practically room 

temperature. They are immediately diffusing back to the limiter surface in accordance with 

our picture of the penetration process as discussed in the Introduction. On the other hand, 
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this observation rules out evaporation as a normal release process. The particles must have 
a few electron volts to penetrate appreciably into the plasma. This energy can only be 
provided by sputtering processes. 

The release of carbon is less clear. The measured release rate of 10* is typical for 
chemical sputtering, but the expected dependence on the surface temperature of the limiter 
is not observed. Furthermore, chemical processes would lead to very low particle energies 
and a similar penetration behaviour, as observed in the case of metal evaporation, would be 
expected. On the other hand, physical sputtering processes can explain the measured release 
rates within the error bars, if sputtering by oxygen and self-sputtering are taken into 
account. They are in basic agreement with the observed dependence on the edge temperature. 
From these considerations we tend to believe that chemical sputtering is not a major release 
mechanism /6/. More detailed studies, however, will be necessary to clarify this point. 

The release of oxygen is even more obscure, as already indicated. The lacking knowledge of 
all sources makes it difficult to arrive at a conclusion. Oxygen appears to originate 
mainly from the vessel walls and to recycle at the limiters /6/. 

3) Transport Properties: 

Profiles of line emission from nickel have been obtained by scanning the plasma 
cross-section with rotating mirrors. Fig.2 shows an example, together with a transport 
simulation and the 'corona' prediction. The observed profile is clearly transport dominated 
with a diffusion coefficient of D - 1 m V s . In some instances a small'amount of nickel fell 
into the plasma, leading to a rise of line émission with a subsequent decay. Such events 
have also been simulated with the transport code using the same diffusion coefficient. The 
very good agreement of the calculated time evolution of the line emission with the measured 
one confirms independently the magnitude of the anomalous diffusion coefficient. This 
measurement is in fact more precise than the comparison of profiles: The emission shell 
width depends on / D, whereas the characteristic decay time depends on D~'. 

For the interpretation of line intensities in terms of concentrations it is necessary to 
know the radial position, the width and the relative maximum of the relevant ionisation 
stage density. These data are obtained from the code simulations using the measured 
diffusion coefficient. In the calculations an inward velocity of v » -2Dr/a2 was assumed 
which leads to a moderate peaking of the total impurity density profile and a nearly 
constant relative impurity concentration. Since we find the same concentrations using line 
emission from ionisation shells at different radii, strong accumulation of impurities must 
be excluded /12/. This result is, however, not very precise. Within the experimental error 
the inward velocity could also be zero, the derived diffusion coefficient would then be ·7 
m2 /s. 

4) Impurity Concentrations: 

The measured impurity concentrations follow roughly the behaviour of the fluxes to which 
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they are proportional. Light impurities are therefore fairly constant with respect to 
density changes, whereas metals vary quite strongly. The following trends can be observed: 
carbon is almost independent of the vessel status, but has a tendency to increase with 
plasma current and to decrease at higher electron density. Oxygen depends on the vessel 
status (major openings, leaks) and increases somewhat with electron density. Low density 
discharges contain therefore more carbon than oxygen and the trend is reversed for high 
density discharges. Metals depend very much on the limiter conditions. They are abundant 
when the limiter has been contaminated with metals and they nearly disappear when the 
limiter tiles are clean or covered by carbonisation with a fresh carbon layer. In addition 
they decrease strongly with increasing electron density, but increase somewhat with plasma 
current. Typical concentrations are 2-4$ carbon, 1-2$ oxygen and 0.001-0.3$ metals giving 
Zeff values r a ng i ng between 2 and 5 and a dilution fraction n„/n between ·6 and ·8. The 
best values are obtained at the highest achievable electron density /12/. 

These results are in broad agreement with the Ζ „ measurements based on the emission of 
visible bremsstrahlung. Ζ „ decreases with increasing electron density because of the 
reduction of metals and carbon. At high density, however, a minimum value of Ζ „_ - 2 is 
reached independent of density. It is mainly oxygen which prevents a further reduction of 
Zeff 

It may be appropriate in this context to comment on the effect of carbonisation /13»10/. It 
has already been mentioned in Section II that excessive metal contamination of the limiters 
is irreversible, but can be covered by carbonisation. In addition, we have observed a 
gradual decrease of oxygen, which does not manifest itself immediately after a fresh 
carbonisation, but seems to be a long term effect. It is worth mentioning that 
carbonisation does not cause an enhanced carbon concentration. The main disadvantage of the 
method is that it does not lead to stationary conditions. After carbonisation it is 
difficult for the first discharges to control the hydrogen density as a large amount of 
hydrogen has been co-deposited with the carbon and is slowly released. The metals, which 
indeed disappear immediately, come gradually back when the carbon layer is eroded. Only 
very thick layers provide a metal free plasma for the order of 100 discharges. On the other 
hand, metals are no problem at high electron density as they strongly decrease with density 
anyway. The situation may be different when metals are excessively released during ion 
cyclotron heating. In this case carbonisation may be useful to prevent strong radiation 
losses. 

5) Radiation Losses: 
The total radiation losses in JET vary between 30$ and 80$ of the ohmic input power. The 
higher values occur at high density and reach sometimes even 100$ or more when the density 
limit is approached. The metal contributions to this radiation is never more than 20$. The 
profiles are generally hollow, the central input exceeding the radiative losses by a factor 
of 5-10. Only at very low densities with relatively high metal concentrations central 
radiation losses become significant. Over two thirds of the minor radius the power losses 
are usually transport dominated. 
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TABLE I 

Main Impurity concentrations determined from spectroscopic measurements. Ζ  , i s 

piteas i 3 ¿ e t e r n i n e by bolometry, P ^ d
C is predicted by the bremsstrahlung measurements. 

impurity transport simulation code using the measured concentrations. 

Auxiliary power 

Ohmic power 

ne(0) 

Impurity 

concentrât ions (.%) 

C 

0 

Ni 

7calc 
¿
eff 

7meas 

eff 

pCalc 

rad 

píreas 

rad 

discharge t 7115 

neutral injection 

I -1 HA, 
Ρ 

before heating 



3.2 MW 

3.2-10" m~' 

2.5 

2.0 

0.006 

3.1 

3.3 

1.0 MW 

1.2 MW 

Bt3.1 τ 

during heating 

5.2 MW 

2.5 MW 

6.0-10" π~* 

1.0 

1.9 

0.001 

2.5 

2.7 

3.9 MW 

3.5 MW 

discharge * 5186 

radio frequency heating 

I -1 ΜΑ, Β -3.1 Τ 
Ρ t 

before heating 



3.7 MW 

3.0-10" m
-
' 

3.1 

0.7 

0.08 

3.1 

3.1 

1.5 MW 

1.7 MW 

during heating 

3.9 MW 

3.5 MW 

1.1-10" m"" 

3.9 

0.9 

Ο.09 

3.6 

3.0 

1.1 MW 

1.1 MW 

IV DISCHARGES WITH AUXILIARY HEATING 

When the plasma is heated by either radio frequency or neutral beam injection, the limiter 

fluxes of all particles increase proportional to the applied power (Fig.3). As a result 

both the hydrogen and the impurity densities increase, but Ζ f remains approximately 

constant. The total radiation is enhanced, but its ratio to the input power is generally 

not exceeding the ohmic value /13/. These global results are summarized in Fig.4. A 

detailed analysis of the impurity concentrations obtained from line intensity measurements 

has been performed for individual discharges. The results are in reasonable agreement 

both with the measured Ζ _„ values and with the radiation losses within the expected 

uncertainties. Two examples selected for comparable discharge parameters are given in 

Table I. 

Although there is quite a scatter of data in Fig.3, a tendency is observed that Ζ ff and the 

relative radiation losses are somewhat lower during neutral injection. The reason for this 

behaviour is mainly additional fuelling by the hydrogen beams. The electron density 

increases more strongly than in RFdischarges so that the relative importance of impurities 

becomes less. 

In addition to these general features radiofrequency discharges show a peculiar behaviour 

of the metal impurities /14/. When the power is switched on, a strong influx of the screen 
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material is observed at the antennae and the corresponding metal impurity increases in the 
plasma depending on whether a chromium or a nickel coated antenna is activated. Furthermore 
the metal flux at the limiter builds up to a saturated level within a few discharges. 
Subsequent ohmic discharges erode the limiters again and the metal impurities are being 
reduced. The mechanism of this metal release at the antenna screens is not clear. It 
seems, however, that a broadening of the boundary layer, which is simultaneously observed by 
probe measurements, leads to a stronger plasma-screen interaction. It should be noted, 
however, that also in RF-discharges the relative contribution of the metal radiation to the 
total radiation is not more than 20$ /14/. The radiation profiles remain hollow and the 
bulk plasma is still transport dominated. In this respect JET seems to be different from 
other tokamaks, which frequently suffer from excessive metal contamination when ion 
cyclotron heating is applied. The reason is probably the relative size of the plasma in 
comparison to the antennae which leads to a focussing of the waves and a centrally peaked 
power deposition. 

V CONCLUSIONS 

The impurity concentrations in JET are not significantly different from smaller ungettered 
tokamaks with carbon limiters. Strong metal contaminations can be avoided when the limiters 
are kept free of metals by preventing violent plasma wall interactions during disruptions. 
Minor, more homogeneous metal coatings are eroded by the plasma. 

The anomalous diffusion coefficient (D-l mVs) is similar as in small tokamaks, a somewhat 
surprising result in view of the enormous differences in plasma current or gradients of 
temperature and density. Catastrophic impurity accumulation does not occur. 

The boundary layer can be described with the usual simple model balancing parallel and 
anomalous perpendicular transport. 

The relative radiation losses are in a similar range as in smaller tokamaks, the bulk plasma 
is transport dominated. 

During auxiliary heating the particle influxes from the limiters increase substantially, but 
Ζ ._ and the relative radiation losses compared to the input power remain approximately 
constant. 

Ion cyclotron heating broadens the boundary layer and leads to a metal release from the 
antennae screens. The metals build up on the limiters, but they are eroded again by ohmic 
discharges. The metal concentrations in the plasma remain nevertheless low and cause not 
more than 20$ of the radiation losses. 

Neutral beam injection fuels the plasma with additional hydrogen. The discharges are 
therefore somewhat cleaner and have a very low metal concentration. 
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With the present impurity concentrations in JET no severe problems with respect to radiation 

losses are expected when approaching thermonuclear conditions. The present dilution would 

reduce the αpower by a factor of about 2. Higher electron densities which must be achieved 

in future could reduce impurities further. 
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APPENDIX IV (c) 
JET-P(86)20 

Paper at 13th European Conference on 
Controlled Fusion and Plasma Heating, Schliersee, FRG, April 1986 

First Results of Neutral Beam 
Heating on JET 

G. Duesing 

Operating Parameters 
A long pulse (- 10 3) neutral beam injector [1] with eight beam sources and one 

integrated beam-line system [2] has been taken into operation on JET. The sources are 
arranged in two vertical groups, and the injection geometry is shown in Fig.1 . 

H beams were injected into D+ plasmas with particle energies (in the full energy 
fraction) of i 65 keV. The neutral power fractions at this energy are 69$, 23$ and 8$ in the 
full, half and third energy components respectively, giving a total beam power of £ 5.5 MW 

o j. 

injected into the torus. Most recently, D beam heating experiments were started with D 
plasmas. The beam particle energy was 75 keV, the injected power fractions 76$ : 17$ : 7$ 
and the total power and energy into the torus 7.7 MW and 35 MJ, respectively. The data 
presented in this paper are mainly from the 65 keV H beam experiments. 

At 5.5 MW the particle source rate into the plasma (- 120 m3 volume) was 7 χ 10 2 0 s - 1. 
Under all operating conditions, the density profiles of the fast-ion deposition [3] were 
peaked on axis, though only weakly so at the highest plasma densities. 

Experiments were performed over a wide range of plasma parameters, i.e. plasma current 
1 = 1 - 4MA, toroidal fields B. =· 1.7 - 3.4 Τ and safety factors q , = 1 . 7 - 10.5. Beam ρ t cyl 
power scans were performed by firing various numbers of beams. When possible, the density 
time evolution n(t) was maintained during power scans by adding gas fuelling to compensate 
the reduced beam fuelling at lower powers. 

High Density Plasmas 
With beam injection, stable plasma operation 

at high density was achieved. Fig 2 shows a 
typical example of a 4 MA plasma with 5.5 MW beam 
power (pulse # 7145). The drop in ohmic power 
Ρ at the beam onset reflects the drop in loop OH 
voltage due to a combination of beam driven 
current, electron heating and reduced effective 
ionic charge Ζ „_. The plasma was first in ef f 
contact with the outer wall limiters, and was 
moved tcwards the inner wall at the end of the 

TANGENTIAL 

Fig.1 Plan view of the 
injection geometry. 
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main beam pulse. This discharge termination 

scenario was routinely used, as the inner wall 

apparently is able to pump the high density buildup 

by the beams. In addition, density limit 

disruptions during the density decay are avoided by 

staggering the beam switchoff. The initial rise 

rate <n > of the volume averaged density is larger 

than the beam fuelling rate. The almost constant 

<n > close to the density maximum is I and Β 
e ρ t 

dependant. It amounts to 1/3 and 2/3 of the beam 

fuelling rate at 1 and 4 MA, respectively, for 3.4 T. 

With lower Β,., <n > is reduced, 
t e 

In limiter discharges, the density profile was 

found to remain constant from the ohmic part of the 

discharge all through the beam pulse. The density 

profile was, however, changed in a different 

experiment, when plasmas were shifted to the inner 

wall early in the beam pulse and subsequently had no 

or little density increase. In a power scan with 

such plasmas the reduced beam fuelling rate at lower 

beam power was replaced by external gas introduction 

in order to maintain the density evolution unchanged 

from pulse to pulse. The result was a 40$ higher 

ratio of η / <n > for the beamfuellingonly over 

the gasfuellingonly case (n central density). 

In pulse # 7145, the ion temperature close to the plasma axis increased from 3.1 keV to 

4.1 keV at the beam onset with a subsequent slight reduction to 3·9 keV during the density 

rise. The electron temperature on axis was raised from the ohmic value of 3.8 keV to 5.0 

keV (median value through á 1 keV sawteeth), but then dropped smoothly during the density 

increase to 3.3 keV at the end of the beam pulse. (The absolute values of the ion 

temperatures given here need further corrections by  20$.) 

Fig.2 Input power, line averaged 

density ñe, and plasma stored 

energy (from 3 different meas

urements) in a 4 MA limiter 

plasma, which is terminated on 

the inner wall. Plasma current 

flattop from 7 to 12 s. 

Impurities 

In general beam heated pulses showed an impurity situation very much like in high 

density ohmic discharges. 

In pulse # 7145, Ζ was reduced from 3.2 to 2.7 due to the beam injection. A 

reduction in Ζ is also found in an evaluation of all NBH plasmas as a function of the 

beam power, which is proportional to the beam fuelling rate. This reduction amounted to 20$ 

at the highest power level. 

The most prominent impurity concentrations in # 7145 (with graphite outer wall limiters, 

graphite inner wall tiles, and the wall carbonised several months before the experiments) 

were changed by the beam injection as follows [4]: C was reduced from 2.9 to 1.0$ and 0 from 

2.0 to 1.9$, CI was unchanged at 0.07$, and the most important metallic impurity Ni was 

reduced from 0.006 to 0.0008?. 
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reduced from 0.006 to 0.0008$. 
The radiated power [5] both 

in limiter and inner wall 
discharges very closely follows 
the density time evolution 
(except when approaching a 
disruption). 

In the limiter discharge 

" 1Vi5' ?rad/ Ptot d r 0 p p e d 
from 40 to 24$ on beam onset, 
and subsequently increased to 
42$ during the density rise. 
The radiation profiles stayed 
unchanged, in particular no 
relative increase of the core 
radiation was observed. 
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Fig.3 Hugill diagram for all JET discharges with 

a substantial plasma current flattop. 

Operating Regime 

The Hugill diagram in 

Fig.3 contains NBH discharges 

over a wide range of I (1 to 

Ρ 
4 MA) and Β (1.7 to 34 T). 

The extension of the 

accessible operating regime by 

beam injection is substantial. 

The densities are increased by 

approximately 70$ over ohmic 

and RF heated cases. A value 

of n Rq ./Bt of 20 has been 
e cyl t 

exceeded compared to values of 

11 quoted for JET so far [δ]. 
max 

e 

with Ρ 
tot 

(Fig.4) increases 

but indicates the 

(lO^mM*) 

¿A
1 

4 5 

P,.,(MW) 

χ 3MA/3.4T + 4MA/a4T Ο 3ΜΑ/2.8Τ Λ2ΜΑ/3.4Τ O 1 MA/3.4T 

Fig.4 Maximum densities vs input power for 

disruptive neutral beam heated limiter 
V 

discharges, normalised to I . beginning of a saturation. A 

/Γ" dependence of η 
Ρ
 e 

describes the measurements well (all pulses with q Ζ 3) as reported before [7] from NBH 

cyi 

experiments in Asdex, and different from the apparent linear I dependance in ohmic plasmas. 

High Ion Temperatures 

The inner wall pumping was found effective in controlling the plasma density rise during 

beam fuelling. In order to keep the initial densities low, plasmas were limited by the 

Fig.5 shows pulse # 7155 where by this technique a line inner wall during the I ramp, 

averaged density η = 2.3 χ 1 0 " was obtained and maintained during the 5.5 MW beam 
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pulse. The maximum Ρ during the pulse was 25$ of 

P. ., which is a typical value for inner wall NBH 
tot

 r 

plasmas. 

o 
The central electron temperature Τ increased to 

 4.8 keV for the median value during 1 keV sawteeth
 2 0 

(Fig.6). The ion temperature T. increased from 2.2 keV plasma 

to  6.5 keV (Fig.7) as measured from three diagnostics 

with an uncertainty of ± 1 keV. In NBH discharges of 

this type, T. was substantially increased beyond Τ , 

unlike ICRH results on JET. During the main beam pulse 

in # 7155, the beam particle deposition profile [3] was 

strongly peaked on axis with a central particle source 

rate of 35 χ 10' m 's
 l
, the central ion heating 

power was 1.8 χ 10
5
 W/m

3
 and the central electron 

heating power 0.8 χ 10~
5
 W/m

3
. 

A central velocity of plasma toroidal rotation 

of 1.6 χ 10
5
 m/s was measured by the Xray crystal 

spectrometer during this pulse. 

#7155 

energy 

(MJ) 

8 10 12 
Time (s) 

Energy Confinement 

Neutral beam power scans were performed with limiter 

plasmas at 3.4 Τ and various values of I between 1 and 

4 MA. Fig. 8 shows the plasma stored energy W during 

the latter part of the beam pulses for these scans. The 

stored energy during the ohmic phase of the discharges, 

when the densities were much lower, is also shown. 

Fig.5 Beam power, ohmic 

power, line averaged 

density, stored energy 

and total radiated 

power in a 3 MA plasma 

(flattop from 5 to 15 s) 

limited by the inner wall 

from 3 s. 

T,(keV) 

Fig.7 Ion temperatures for the plasma in Fig.5. 

• "Xray crystal spectrometer (1.59 A Ni
26 + 

resonance), A neutron spectrometer, — neutral 

particle analyser (linear fit), β neutral 

particle analyser (complete fit). 

(KeV) 

2 

«7155 

Te ¿«WTMW^V,... 

v "W 

5.5 

2.7 
PD (MW) 

,2.7 

6 8 10 12 14 
Time(s) 

Fig.6 Central and average 

electron temperature 

for the same plasma 

as in Fig.5. 
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Fig.8 Stored energy from kinetic measure

ments vs total input power, for beam 

power scans in limiter plasmas at 

various Ip and at 3.4 T. 

Τ ε kin 

(S) 

0.0 

Fig.9 Global energy confinement time 

τ
Ε kin =

 w
kin

/p
tot

 f o r t h e s c a n s 

in Fig.8. 

Lines have been drawn into the 

diagram only to guide the eye. 

Within the uncertainty of ± 15$ for 

the W values, the slope of these 

lines is the same for the 2, 3 and 4 

MA scans. The 1 MA scan appears to 

show a different slope and the 

onset of a saturation. A 

quantitative evaluation of this 

data in terms of linear fits and 

incremental confinement times is 

given in reference [β]. 

The global energy confinement 

time τ_ for the same data (Fig.9) 

qualitatively shows the expected 

[9] degradation. At the highest 

input power Ρ 
tot 

MW and I = 4 

Ρ 

<T.) 

0.6 

0.3 

0.2 

u 
Ì 

¡m — 

0.2 0.3 

1 

I«* 

3MA/3.4T 

3MA/1.7T 

3MA/3.4T 

0.4 

 4MA/3.4T 

3 1MA/3.4T 

• 3MA/2.6T 

0.5 Oí 

. 2MA 34T 

Ο 3 Μ Α . 1 3 Γ 

• 3MA.2 3T 

Fig.10 Width of Te profiles for a wide range of beam 

heated plasmas. Each cluster of data is from a 

power scan with 0 to 5.5 MW beam power. 

MA, the observed value is τΓ 0.4 s. The available beam power is still too low (P  2 Ρ 

b OH 

at high I ) for an unambiguous statement on a τ Ε saturation with increasing power. Equally, 

the I scaling of τ in beam dominated plasmas cannot yet be quantitatively determined. At 

Ρ E

present power levels an I dependence is observed that is weaker than linear. 

Ρ 

A weak density dependence has also been observed. The data is well described by various 

fits, e.g. a /rTdependence of τ or a τ definition [10] in the form of τ
 2
 = τ "

2
 (η) + 

OH 
τ . with a linear density dependence of τ 
add

 r
 OH 

Power scans at various Β values between 1.7 and 3.4 Τ have been performed for 3 MA 

plasmas. For an assumed W = W(0) + τ. P. dependence, the values of τ were 0 2 to 

incr cot incr 

0.3 s, determined from different W measurements, and were independent of Β . W(0) was 
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independent of Β at higher Β values . At lower values of Β and hence of q, the W(0) 

values were somewhat lower. 

The observed consistency of the Τ profile is presented in Fig. 10. The profile width is 

well described by a 1/q dependence. Each cluster of data represents power scans over a wide 

density variation in limiter and, to a lesser extent, 

the data is mainly due to the sawtooth variation of T 

density variation in limiter and, to a lesser extent, inner wall discharges. The scatter of 

o 

e 

Summary 

Longpulse neutral beam heating experiments with 65 keV hydrogen beams into deuterium 

plasmas have been performed over a wide range of plasma parameters (q = 1 .7  10.5) and 

cyi 

beam power (¿5.5 MW). 

Impurities did not present a problem. Ζ slightly decreased with increasing beam 

power and also during a beam pulse. Plasma radiation closely followed the beaminduced 

density buildup and stayed at low values, particularly in the case of inner wall plasmas. 

At medium density the ion temperature was increased from  2.2 to  6.5 keV and in excess 

of the electron temperature. 

The energy confinement degradation was close to Lmode scalinglaw predictions. The 

confinement time at the highest input power and current was τ„ = 0.4 s, τ„ being a weakly 
t Cl 

increasing function of plasma current, density and toroidal field. 

The operating regime for beam heated plasmas was much greater than for ohmic or RF heated 

plasmas. The maximum density increased with input power and with I . A Murakami parameter 

of 6 χ 10
19
 m

2
 T

1
 was obtained. 
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JET has now been operated with ohmic, ion cyclotron resonance and neutral 

beam injection heating. A wide range of plasma conditions have been 

studied with ohmic and ion cyclotron resonance heating while neutral beam 

injection heating has just recently been applied. 

1. OHMIC HEATING 

During 1984 and 1985 an extensive series of experiments with ohmic heating 

have been carried out in both Hydrogen and Deuterium discharges [ï]. 

The ranges of variation in the main plasma parameters covered are: 

Toroidal magnetic field 1.7 < BT < 3.4 T; plasma current 1 < I < 4 MA; 

line average density 0.5 χ 10
19
 < η < 36 χ 10

19
 m

3
; elongation 1 < Κ (= 

b/a) < 1.7; minor radius 0.8 < a < 1.23 m; major radius 2.5 < R < 3.4 m; 

cylindrical safety factor 1.7 < q < 12; effective charge 2 < Zeff. < 8; peak 

electron temperature 1.5 < T < 5 keV; peak ion temperature 1 < T* < 3 keV. 

The plasma geometry has been varied from fully elliptical to small circular 

plasmas limited on the inside wall or on the limiter. The discharges had 

long flat tops in current, density and temperature, 412 sees, which was 

sufficient in all but the 3.5 and 4 MA discharges for the magnetic field 

diffusion to have been completed before the end of the flat top. Values up 

to 0.8 s have been achieved for the energy confinement time defined by 

τΕ = W/(Ptot W), where W = 3/2 ƒ (neTe + n1'T1) dv. 

The scaling of τg with density for a few characteristic conditions is 
shown in Fig. 1. The general pattern is that at low densities the 
confinement time increases roughly linearly with density and then saturates 
at higher densities (n £ 3 x 10'9 m~ 3). The precise reason for the 
saturation is not clear, both the impurity radiation and transport losses 
increase as the limiting Tg is reached. Due to the large errors in 
separating the ion and electron losses at high densities, it is not 
possible to determine which is the dominant loss channel. 

The scaling of ig with the plasma parameters has been investigated, Fig. 
1 shows that the neo-Alcator scaling, ig α nqR2a, is a reasonable fit. A 
marginally better fit can be obtained by a regression analysis in the form 
τΕ α B^q etc. The result from such an analysis is (A is the atomic mass 
and ε = a/R the inverse aspect ratio) 
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Tg = 0.013 η°·38 q
0
33 ̂ 0.57 K0.21 R32 £1.7 A0.56 (1) 

The range of variation of R and ε in the JET data set is very small so the 

uncertainty on their indices are rather large. The JET data set has been 

combined with the Dili data set to get a better estimate of the scaling 

with dimensions. The scaling law obtained from a regression analysis on 

this combined data set can in terms of q (cylindrical) be written as: 

TEe α η
0
'
6
 q°5 B°·

1
 Κ°·3 Κ3·* ε0.9 (2) 

From analysis of the local transport properties with interpretative and 

predictive codes three distinct regions have been clearly identified; an 

inner region dominated by sawtooth activity, an intermediate region 

dominated by electron and ion thermal transport and an edge region 

dominated by impurity radiation and other atomic processes. The main loss 

channel at low and moderate densities in the second region is found to be 

via the electrons. The ion thermal conductivity is between 1 and 8 times 

neoclassical with the higher values of this anomaly factor occuring at 

lower densities. The electron thermal conductivity can be approximated by 

χ 2.5.10
l9
/n at low densities, while for the highest JET densities it 

does not decrease with n. No clear dependence of χΘ on toroidal magnetic 

field or plasma current has been observed so far. 

2. ION CYCLOTRON RESONANCE HEATING 

Ion cyclotron resonance heating has been used in JET since the beginning of 

1985. The heating system and characteristics of the different antennas are 

described elsewhere [2]. Various minority heating experiments have been 

performed in deuterium discharges with either Η or
 3
He as the minority gas. 

It has been possible to couple up to 6 MW of RF power, PRp, to the plasma. 

The increase of the total plasma energy during ICRH is partly due to a 

density increase. However, both the ion and electron temperatures have 

also been increased significantly. 

In the first experiments the power scaling of W and τΕ was unclear [3]. 

Recent results seem to support a linear scaling of W with power in the form 

W = W(o) ♦ Tinc Ptot (3) 

Fig. 2 shows W versus Ptot for different plasma currents obtained in D 

(
3
He) limiter discharges with BT = 3.4 T, K = 1.45 and a = 1.2 m using a 

frequency of 33 MHz for central power deposition. The results of fitting 

eq. (3) to the RFpoints only are shown by dotted lines. The incremental 

confinement time tinc, obtained this way, ranges from 128 ms  192 ms with 

no obvious current dependence. 

At present no strong dependencies of x^nc with respect to PRp, BT, Ip and 

η have been observed, however, comparing with results from other tokamaks 

there must clearly be a strong dependence on the plasma size [4], The 

degradation of the total τΕ during ICRH is clearly seen in Fig. 3. 

From Eq. (3) we may express the confinement of both ohmic and additional 
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heated plasmas in the form 
Po(0) OH

 Γ
Ω' 

tot inc 

PQ(O) 

d - J? ) 
'tot 

(4) 

.OH where xg and ΡΩ(0) are the ohmic heating confinement time and power, 

respectively, in the absence of auxiliary heating. The present Tinc is 

typically one third of xg , which means we need to couple more than 10 

times the ohmic power in order to confirm the saturation of xg. 

By performing an exponential fit of the form W(t) = WQ + AW (1exp(t/x)) 

to the time evolution of W from the time of a change in RFpower level, we 

can estimate the fraction f = (AW  xAPß)/xAPRF of RFpower which 

contributes to the increase in stored energy. This fraction f was 

typically  70$ in the experiments shown in Figs. 2, 3. 

3. NEUTRAL BEAM INJECTION HEATING 

Neutral beam injection heating (45  65 keV H into D plasma) has now been 

successfully applied to JET discharges [5J. Identical target plasmas have 

been used for NBI and ICRH making it possible to compare the two methods. 

Fig. 4 shows W versus Ptot for NBI heating, i.e. the equivalent of Fig. 

2. Again a linear dependence of W with Ptot (eq. (3)) fits the data. In 

addition X;nc shows an apparent current dependence which is present in all 

the estimates of the total plasma energy as is shown in Fig. 5. 

In conclusion all NBI and ICRH experiments so far have produced values of 
T
inc *

n t h e r a n
8

e 1
 00  300 ms. Future heating experiments with more 

input power are needed to determine the dependence of τ<ηο with power. 
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ENERGY CONFINEMENT IN TOKAMAKS 

Ρ R Thomas 
JET Joint Undertaking, Abingdon, 0X14 3EA, UK 

1. INTRODUCTION 
The presentation of the results of Ohmic and additional heating 
experiments on tokamaks has relied to a substantial degree on the 
parametric scaling of the total energy confinement time. Since the 
correct theory for transport in high temperature plasmas has not yet been 
identified, the range of validity of the resulting scaling laws is 
completely unknown. Also, it is not clear that the total energy 
confinement time is the appropriate quantity to represent the data and its 
use in scaling laws might even obscure the underlying physics. Tokamaks 
exhibit several confinement regimes with different scaling behaviour. It 
is proposed in this paper that tokamak plasmas can be viewed as have 
several phases separated by sharp transitions. 

The use of the phraseology of phase transitions in thermodynamic systems 
is meant to suggest a framework for the representation of tokamak data. 
The applicability of the modern theory of phase transitions to driven 
systems which might not even posses a thermodynamic limit is the subject 
of an extensive literature [lj. In addition to discontinuous behaviour of 
observable quantities or their derivatives in an independent parameter, an 
important qualification for the theory to be useful is that the system 
possess a large scale order parameter. In some models of plasma 
turbulence [2], long wavelength pump modes appear to act as order 
parameters and the resulting transport exhibit the characteristics of 
second order phase transitions. However, the question as to whether or 
not tokamak plasmas undergo phase transitions will be left open here. 

2. THE CONFINEMENT PHASES 
There are two distinct, observable phases in tokamks. The growth of the 
energy density in the central region between sawtooth crashes indicates 
that a third (neoclassical?) phase exists within the q=1 surface. As 
given by Goldston [3], the low density Ohmic heating phase can be 
described by the neo-Alcator scaling 
τΕ,0Η = °· 0 1 ne(10l9nT3) R2-°"(m) ax-°-(m) q0'5 (1) 

whilst the high density ohmic and auxiliary heating phases are represented 
by 

TE,aux = C o n s t· V A > ptot"°' 5 ( W ) K 1 · 7 5 ^ ) b°j5(m) a-°'87(m) (2) 

The constant is in the range 3.7~7.4x10~s depending on the regime being 
represented. The variation in the constant is indicative of the neglect 
of a significant parameter from the description of a common transport 
mechanism. 

In the neo-Alcator scaling, equation 1, is consistent with the Connor, 
Taylor constraints [-.] for collisional high or low beta and collisionless 
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high beta models. This freedom of choice is perhaps the reason why so 
many explanations for neo-Alcator scaling have appeared! 

The auxiliary heating scaling, equation 2, is consistent with collisional 
high beta and resistive MHD. The scaling of the resistive MHD model can 
be cast into the form 

ST. - f (ptot/POH' S' q· a / R ) ( 3 ) 

where S is the magnetic Reynolds number and the other symbols have their 
usual meanings. It is assumed here that the plasma current is driven 
entirely by the transformer and that electron trapping is unimportant so 
that the Ohmic heating power is a consistent measure of the plasma 
resistivity. A simplified form of equation 3 

»j - 0.11((Ptot/P0H) (R/a) (b/a))0·5 (4) 

is a quite good representation of the data [5] from several NBI dominated 
limiter experiments as shown in Figure 1. It is similar when transformed 
to a confinement time scaling to equation 2 and to the form expected of 
resistive ballooning mode turbulence [6], 

3. THE NEO-ALCATOR TO AUXILIARY HEATING TRANSITION 
The existence of a sharp transition between the neo-Alcator and auxiliary 
heating phases is indicated by several pieces of experimental data. The 
energy content of some 4MA, 3.4T ICRF heated JET plasmas is plotted 
against total power in Figure 2. The linearity and non-zero intercept 
imply the presence of an underlying confinement phase which supports most 
of the energy content. The propogation time of the sawtooth heat pulse 
was independent of input power for these discharges [7]. Furthermore, the 
thermal conductivity inferred from the beta pulse propogation is 
consistent with the characteristic time given by the slope in Figure 2. 
Therefore the thermal insulation has been broken down by the Ohmic heating 
and the application of auxiliary heating causes little or no further 
change. The transition becomes apparent when the energy content for Ohmic 
heating discharges with the same current and field are plotted against 
line average electron density. As can be seen in Figure 3, the transition 
is rather sharp and the energy content, becomes independent of density at 
high densities. The same behaviour has been observed in most machines. 

Following the above comments, it is of interest to determine whether the 
transition to the high density Ohmic phase has any of the characteristics 
that might be expected of resistive MHD. The JET Ohmic heating data 
cluster around the transition and this results 
in the reported weak density dependence of the energy confinement time 
[8]. Consequently, the JET data are well represented by the form of 
equation 3 as shown in Figure 4. The aspect ratio dependence is striking 
and must reflect the importance of toroidal coupling of modes or the edge 
plasma. It is tempting to ascribe the behaviour shown in Figure 4 to a 
threshold beta for MHD instability. 

4. THE NATURE OF THE TRANSITION 
Simple addition of the neo-Alcator and auxiliary heating loss rates is not 
consistent with the data. In order to match the sharpness of the 
transition, Goldstcn combined the loss rates by 
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* B - ( ^ 1 / τΕ,ΟΗ) α + ^ E . a u x ^ 1 / a (5) 
with a-2. This suggests that each loss channel gains complete control of 
its own phase. The best match of the JET data to equations 1 and 2 can be 
obtained by taking o + a , or the maximum loss rate! Therefore it is 
unlikely that the confinement transition is due to the passage through a 
local critical point. Instead the data point to a global mechanism for 
switching from one loss process to the other [9J. 

Additional heating data from several machines [ΐθ] indicate that the 
current density profile or the shape of the electron temperature profile 
are held rigid by some, as yet, unexplained process. If this picture is 
correct, the temperature scale would be determined by the region with the 
works loss rate in relation to the local power flow. A sharp confinement 
transition could then result form the switch of control between a region 
dominated by drift wave turbulence, for example, and another dominated by 
resistive MHD. Any model leading to the neo-Alcator scaling, in which the 
losses increase with electron temperature, would yield a confinement 
transition at a critical density which increases with heating power. 
Unfortunately the published data is rather sparse in this region. However 
there is some weak evidence in the JET data to suggest that the critical 
density increases slightly with power. 

5. CONCLUSIONS 
Complex, non-linear systems generally exhibit phenomena which can be 
described, at least phenomenologically, as phase transition. Tokamak 
plasmas are no exception and the transition from the neo-Alcator to 
auxiliary heating phases is a good example of such behaviour. The loss 
rate in the auxiliary heating phase and the critical beta in the Ohmic 
heating data are consistent with resistive MHD processes. However, the 
transition so sharp that local transport must be regulated by some global 
mechanism. This mechanics must reflect the dominance in tokamak plasmas 
of an unobserved phase transition associated with the shape of the 
electron temperature or current density profiles. A concerted 
experimental attack on the transition between the confinement phases would 
surely yield some insights into transport processes. 

6. REFERENCES 
1. See for example, Η Haken, Rev. Mod. Phys . , 47(1975)p67 
2. RE Walz, Phys. Rev. L e t t . , 55 (1985)p1098 
3. R J Goldston, P l a s . Phys. and Cont. F u s . , 26(1984)p87 
4. J W Connor and J 3 Taylor , Nue. F u s . , 17(1977)p1047 
5. The author g r a t e f u l l y acknowledges the use of da ta c o l l e c t e d by 

S M Kaye and Ρ J Lomas. 
6. J W Connor, P l a s . Phys and Cont. F u s . , 26(1984)p1419 
7. Β Tubbing et a l . , Proc 12th EPS Conf. on Cont. Fus. and P l a s . 

Phys. , (Budapest 1985) Par t 1, p215. 
8. J G Cordey e t . a l , Proc 12th EPS Conf. on Cont. Fus . and P l a s . 

Phys. , (Budapest 1985) Par t 1, p26. 
9. B B Kadomstev, Comm. P l a s . Phys and Cont. F u s . , 9(1985)p227, 

has discussed a l o c a l swi tching of t r a s p o r t p r o c e s s e s . 
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SAWTOOTH ACTIVITY DURING ADDITIONAL HEATING IN JET 

R D Gill, D V Bartlett, G Bracco*, D J Campbell, S Corti, A E Costley, 
A W Edwards, W Engelhardt, Η-U Fahrbach0, D J Gambier*, 

C W Gowers, R Granetz, A Hubbardx, S E Kissel, N Lopes-Cardozoy, G Magyar, 
J O'Rourke, E Oord, R Prentice, S Tsuji2, B J D Tubbingy, 

A Weiler0, J A Wesson, V Zanza+ and D Zasche0 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK. + EURATOM-ENEA 
Association, Frascati. ° EURATOM-IPP Association, Garching. 
* EURATOM- CEA Association, Fontenay-aux-Roses. x Imperial College of 
Science and Technology, London. y EURATOM-FOM Association. ZJAERI, Japan 

ABSTRACT Sawtooth oscillations have been studied with a wide variety of 
diagnostics in JET in additionally heated discharges. Multichordal 
measurements, combined with tomographical reconstructions, have allowed a 
detailed experimental study of the sawtooth collapse with high time 
resolution. It is shown that the initial part of the collapse has m=l 
topology. 

1. INTRODUCTION Sawtooth activity has been studied in JET during both 
ohmically and additionally heated discharges using a large number of 
diagnostics, including two X-ray diode array cameras, a 12 channel ECE 
grating polychromator, four channel Fabry-Perot and Michelson ECE systems, 
a microwave transmission interferometer, a microwave reflectometer, 
bolometry and a multi-chord far infrared interferometer. Sawteeth have 
also been observed by the neutron diagnostics and on the particle fluxes 
and ion temperatures determined by a set of four neutral particle 
analysers. 

2. SAWTEETH DURING ADDITIONAL HEATING During both neutral injection and 
radio-frequency heating the sawtooth oscillation increases in amplitude and 
its period becomes longer (Figure 1). The observation of partial sawteeth 
is common and the sawteeth are accompanied by a wide range of mhd activity 
in the plasma central region, generally with m-1. 
In particular, we often observe: (i) strong successor oscillations 
following the sawtooth collapse; (ii) strong mhd activity accompanying the 
partial sawteeth; (iii) a large saturated m-1 mode which is sometimes seen 
before the sawtooth collapse during RF heating and (iv) a large amplitude 
m=l mode seen during beam heating. The main sawtooth collapse generally 
occurs without mhd precursors. During ohmic heating typical mhd 
frequencies of - 1 kHz are seen and with ICRH this decreases, sometimes to 
250 Hz. With 4.5 MW of tangential beam heating the frequency increases to 
- 5 kHz, corresponding to plasma rotation with ν =10s ms~l. The radial 
location and poloidal mode number of the mhd activity in the central region 
has been studied with both the soft X-ray cameras and the ECE systems. For 
a particular discharge, the maximum amplitude of the mode occurs at 
approximately the same minor radius slightly inside the sawtooth inversion 
radius, regardless of its phase within the sawtooth 
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cycle. These modes are thought to occur on rational q surfaces and their 
relation to the q=l surface is under investigation. 

3. THE SAWTOOTH COLLAPSE A detailed study has been made on JET of the 
rapid (- 100 usee) part of the sawtooth collapse with the X-ray and the ECE 
systems. The two X-ray cameras view the plasma from vertical and 
horizontal ports at the same toroidal location with 38 and 62 detectors 
respectively. The detectors are shielded with 140 ygm of Be to enhance 
their sensitivity to radiation from the central region of the plasma from 
which the emission is due mainly to He-like Nickel for RF heated discharges 
and recombination for beam heated discharges. 

Further information on the sawtooth collapse comes from the ECE 
diagnostics. In particular the electron temperature at a fixed radius is 
measured with very high time (10 usee) and temperature resolution (30 eV) 
using a Fabry-Perot instrument and the sawtooth development in both time 
and radius along a fixed chord is measured with a 12 channel polychromator 
system with similar resolution. 

A typical sawtooth collapse, with successor oscillations, taken during an 
RF heated discharge, is shown in Figure 2. The letters Α-F indicate the 
times used for Figure 4. A contour plot showing the X-ray signal 
intensities from the vertical camera as a function of detector number and 
time, taken at 200 kHz sampling frequency (Figure 3a), shows that the 
collapse occurs in = 100 ys and in this case with a rapid outward movement 
of the hot central plasma core. A similar plot for a different sawtooth 
collapse taken with the ECE polychromator with a digitization frequency of 
20 kHz (Figure 3b) shows that the plasma temperature behaves in a similar 
way to that of the X-ray emission but in this case with an inward movement. 
These measurements indicate that the initial part of the sawtooth collapse 
is due to bulk motion of the hot centre of the plasma off axis to r/a = 
0.3. 

The detailed nature of.the collapse and its successors have been studied by 
tomographic analysis ' of the data from both X-ray cameras. By fitting 
the experimental data with radial Zernicke polynamials λ=8 and angular 
harmonics m=2 (but excluding sin 20), the line integrated data observed by 
each X-ray detector is reduced to a two dimensional function of X-ray 
emissivity as a function of plasma major radius and height. The 
tomographic reconstructions were carried out at 5 ys intervals throughout 
the sawtooth collapse. Some of these reconstructions are shown in Figure 4 
in the form of contour plots and illustrate the main features of the 
collapse. On each plot the relative times are shown and the maximum 
radiated power, Pm. Initially the hot central core moves rapidly away from 
the centre with a maximum velocity of 2xl03 ms-1 until it reaches r/a - 0.3 
where the outward motion stops. The hot region then collapses on a time 
scale of 100 ys while at the same time the emissivity in the remainder of 
the central region increases. This implies a mixing of hot and cold plasma 
regions or rapid conduction of heat during this phase of the collapse. The 
final emissivity profile is not completely poloidally symmetric and it is 
the subsequent rotation of this distribution which is responsible for the 
observations of successor oscillations as can be 
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seen from Figure 4. In other sawtooth collapses, without successor 

oscillations, the final state is completely poloidally symmetric. 

The tomographic analysis clearly determines the m1 character of the 

initial phase of the collapse and the strong n1 mode seen by the magnetic 

coils at the plasma edge " to accompany the sawtooth collapse then 

determine the sawtooth collapse as an mn1 mode. The initial fast plasma 

motion occurs at different poloidal angles as expected for m  1. 

Our observations do not generally seem in good agreement with existing 

theoretical models and in particular are in disagreement with models which 

require growing or static magnetic islands before the sawtooth collapse 

However, a very recent theoretical model^, in which the plasma motion 

occurs on a rapid timescale due to an ideal m1 mode would account for 

many of the features of our observations, particularly the observed initial 

plasma motion. 

REFERENCES 1. R S Granetz and J F Camacho, Nuclear Fusion 25, 727 (1985). 

2. Ρ A Dupperex, R Keller, M Malacarne and A Pochelon, 12th European 

Conference on Controlled Fusion and Plasma Physics 1, 126 (1985). 3· J A 

Wesson, Plasma Physics and Controlled Fusion, 28, 2"4~3 (1986) 
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IDENTIFICATION OF ION CYCLOTRON EMISSION FROM CHARGED FUSION PRODUCTS 

G.A. Cottrell, P.P. Lallia, G. Sadler, P. van Belle 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA 

Abstract We have made measurements of the Ion Cyclotron Emission (ICE) 

Spectrum from JET D ohmic plasmas using an ICRF antenna in reception mode. 

The spectra (10100 MHz) show a number of bright emission peaks with (a) 

frequencies proportional to the magnetic field and (b) intensities 

correlated with the total DD neutron yield (YDD) °*"
 t h e

 discharge. We have 

compared the observed intensities of the spectra with the thermal black 

body emission and find the peaks to be of superthermal origin. We examine 

the hypothesis that the peaks are generated by the confined charged fusion 

products from the DD reaction which emit ICE at harmonics of the cyclotron 

frequency and have used a particle orbit tracing code to generate model 

spectra to assist interpretation of the data. 

1. Introduction 

The possibility of observing optically thick (τ >> 1) ICE in large and 

dense thermonuclear tokamak plasmas has stimulated experiments on TFR 

(CLARK 1984) and JET (COTTRELL 1985) to attempt to measure emission from 

the thermal ions. However, in large and hot D
+
 plasmas, the superthermal 

population of fusion products radiate significantly in the ion cyclotron 

frequency range. For deuterium, the following primary reactions take place 

with equal probability: 

50j^He (0.8MeV) + in (2.5MeV) 

fD + fD < ^ _ (1) 

50Ì* fT O.OMeV) + ¡P (3OMeV) 

In addition, secondary reactions can take place between the fast products 

of (1) and the thermal deuterium: 

3q0  2D _ 1p ( ι i;.6MeV) + i>H 

) Il 1 

■D ■+ ?He (S.oMeV) + An (l4.7MeV; (3) 

¿He  fD  ]Ρ (l4.6MeV) + ^ne (37MeV) (2) 

3™. 2· 

In experiments reported here we have attempted to identify the mechanism 

Tor ^reducing the ICE as emission from charged fusion products. Vie havs 

done this by deliberately replacing the D" plasma ions by H
+
 ions in the 

plasma thereby changing its fusion reactivity and observing changes to the 

ICE intensity. 

2. Experimental 

In a sequence of discnarges with almost constant overall conditions (_D = 

2.OMA, ΞΤ = 2.ÓT, ηΩ = *. . 5 x i0
13
m~

3
}, the deuterium ionic fraction was 

varied by changing tne torus filling gas from Z~> to H9. 
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Complete replacement of D
+
 with H

+
 could not be achieved owing to the 

desorption of residual deuterium from the vessel walls. However, within 

the range of concentration studied the total DD reaction rate, YDn 

(derived from 2.5 MeV neutron flux measurements (JARVIS et. aï, 1984)) 

varied by a factor of  6. ICE measurements were made with the system 

described earlier (COTTRELL 1985); frequency and amplitude calibration of 

the detection system being made by mixing two standard frequency 

calibrators (20 and 50 MHz) with the incoming signal. Figure 1 shows two 

BT = 2.6T I _ = 2.OMA 
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Figure 1 : Ion Cyclotron Emission (ICE) 
spectra from two JET D ohmic 
discharges with different DD fusion 
reactivities. Upper (dashed) curve 
obtained from a discharge with a total 
fusion neutron yield - 6 time the value 
corresponding to the lower (solid) 
curve. Other plasma parameters were 
almost constant. Also shown is the 
expected thermal black body spectrum 
(ω = 2ω„η) from the majority ions. 

Figure 2: Variation of measured 
intensity of ICE peak A (see Fig 1) 
with the total DD reaction rate 
(Y DD) determined from 2.5 MeV fusion neutron measurements 
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The blackbody power_which can be coupled to the antenna is then given by: 
Pgg = kT^ [1 - pc

2] Af ΔΩ ΔΑ where pc is the voltage reflexion coefficient 
at the antenna-plasma interface and Δ?, ΔΩ, ΔΑ are the receiver bandwidth, 
antenna solid angle and antenna area respectively. The antenna-plasma 
coupling resistance has been estimated for frequencies in the range 
(25-47) MHz by separate transmission and reflexion experiments. Assuming a 
parabolic form for the radial variation of T^(R), Ρβ3 can be related to 
emission frequency in a manner analogous to that used in tokamak ECE 
measurements. The expected thermal spectrum is shown plotted in Fig 1 and 
suggests that the measured broad underlying component could be thermal 
radiation. However the bright, narrow emission peaks Α, Β and C etc are of 
non-thermal origin. 

3. Model 
We have attempted to model the basic features of the non-thermal spectrum 
on the basis that it represents cyclotron emission from the charged fusion 
products. Even though the birth distribution of the fusion products is 
strongly localised to the central region of the tokamak discharge, the high 
energies of these particles leads to significant orbital excursions. For 
this reason, we have used a code to model the distribution of ICE from the 
charged products. The code traces the full individual particle orbits 
(MARTIN 1985). We have modelled the D-shaped JET magnetic topology and 
have included the Shafranov shift, and divergence-free magnetic fields. At 
each point along the orbit the contribution to the harmonic cyclotron 
emission power is calculated. For cyclotron emission perpendicular to the 
magnetic field, the power radiated in the η harmonic of the cyclotron 
frequency, ωη<, of a particle of charge + Ze and perpendicular velocity νχ 
is 

,2 
p n - (Ze)2 ΐΐ2ίΐ μ  ^ J î f v 2 [SJSUL] (4) 

8π
2
 ε c 

o 

where N( ω_,·/ω„.·) is the refractive index of the medium, and J ' is the 

derivative of the n
u u
 order Bessel function (eg BEKEFI 1966). This 

expression shows the strong weighting for the emission to particles with 

high perpendicular velocities. The number of fast fusion products in the 

plasma is N*  YDD to, where ig is the classical slowing down time. In our 

exDeriments τ ς - 0.3s giving N* - 3 x 1013, constituting a fraction - 2 χ 
10~8 of the plasma ions. The optical depth at 2ω ^ is τ = ï Bi RQ §=■ 

where 3.;is the ratio of the pressure of the fusion products to the magnetic 

field pressure. We find τ  10~
ä
 and have therefore neglected the 

selfabsorption of the ICE. In our model, test particles were lauched 

sequentially, scanning with increments in both velocity and real space in 
4 Vi *\ J ' ^ rt '.Λ Λ vi *»» Λ O l » i w ^ ^ * * , r·* ^y ** 4» C Λ y^ *^ * r Λ νΊ 4" Vt *** Τ rt f^ 4* Vt *"> ̂  Τ fi ^ * >" ̂  W Ί Ί "· 4- ν> *■ W » ■ V ^ ¿*\ **\ 

L.II3 u i o v j i i a i 5~· ^ J J  i .ocgi αυ.ι.ΟΓι u v e i o;.— i o w u i O p l U u i l οίι u x o u i i j u i / i u i i 
function thus generated, ICE spectra were synthesized, using Eq. 4. We do 
not calculate the slowing down spectrum in this model. 
For the plasma conditions relevant to the discharges in Fig. 1 we show in 
Fig.3 the calculated ICE source emission functions for the 3 primary 
products as well as the α-particle. The amplitude of the α-particle 
emission has 'oeen weighted by 0.02, corresponding to the expected bu^n-up 
(of T") fraction ir. the present conditions. The spectra show a number of 
narmonic emi ss i or. peaKs having tne property ω α 5„. (as seen 
e xoe^ iment all ""'. aio a si— p.ificant oeak at - 23 MHz (close to Dear' A* 
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Figure 4: Same as Fig.3 except 
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been taken into account coupled 

with reemission by the indicated 

blackbody spectrum (shaded). 

coming predominantly from ì He fundamental radiation. Above 35 MHz the 

spectra become harmonically overlapped giving a quasicontinuum. Fig. 4 

shows the effect of including a bulk plasma absorption model at 

ω = 2LOCD. Here it is assumed that the fusion particle radiation from ωοΗ, 

2 ω0<» 8̂ and 3 ω03Τ is absorbed by the optically thick plasma and replaced 

by blackbody radiation at the bulk ion temperature (2 KeV). This model 

shows reasonable qualitative agreement with the experimental spectrum in 

the range 25~50 MHz. Above this frequency, uncertainties in the antenna 

response make detailed comparison more difficult. However we may expect to 

see bands of absorption at higher harmonic frequencies of the bulk plasma 

ions; these bands can be thought of as being analogous to the Fraunhofer 

absorption lines seen in solar spectra. 

Acknowledgements : 

It is a pleasure to thank Drs J Jacquinot, T Hellsten, C LashrnoreDavies 

and W Core for useful discussions and M Brandon for help in performing the 

experiments. 

References 

CLARK, W H M 1984 

COTTRELL, GA 1935 

JARVIS 0 Ν, GORINI G 

BEKEF: 
M A R T Ι Γ: 

G 1966 

G 1935 

Proc. 4th Int Symposium on Heating in Toroidal 

Plasmas. Rome Vol 1, 385391. (EUR 9341 EN) 

Proc Workshop on Application of RF Waves to tokamak 

Plasmas. Varenna Vol II, 710716. (EUR 10333 EM) 

, HONE M, KALLNE J, MERLO V, SADLER G, VAN BELLE Ρ 

1985. Paper 185 in Proc of 12th European Conference 

on Controlled Fusion and Plasma Physiccs, Budapest, 

Hungary. 

Radiation Process in Plasmas. 'Wiley, Page 180 

Doctoral Thesis, Universite de ParisSud. Orsay N
,3
694 

Fr ar.ee. 

158 



PROFILE CONSISTENCY AND ELECTRON ENERGY TRANSPORT MODELS 

A. Taroni and F. Tibone 

JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, UK 

INTRODUCTION 

Results from several tokamaks have been recently interpreted invoking 

the concept of "Profile Consistency" (PC) first introduced by B. Coppi [ï]. 

There does not seem to be a unique definition of PC (see for example 

[26]). Here we adopt the following definition: in tokamaks, with and 

without auxiliary heating, the plasma relaxes to a state with a "canonical" 

temperature profile 

Te(r) = T e 2 f(r,o), 
I 1 \ 
\ I / 

T e 2 being the temperature at a radius r2 close to the plasma boundary and 

outside which atomic processes and transport not related to PC dominate 

[5,7]· a "shape" parameter that can depend on global 

(safety factor at the boundary), I n (total plasma 

α represents 

parameters such as qa 

current), Bt (toroidal field), poloidal or toroidal β. The family 

f(r,a) = exp [ad ^ )] 
vi 

(2) 

was originally proposed [2] as "canonical" shape, and we shall mainly refer 

to it. However, we assume eq(1) to be valid in general only outside the 

region dominated by sawtooth activity (r > v\ = r(q=1)). Thus other 

expressions for f may turn out to be more appropriate. Theory and/or 

experimental results are supposed to provide the information necessary to 

determine f(r,a) [8]. 

2. DERIVATION OF 
XePC 

Our approach will be an empirical one. We assume PC with some f(r,ct) 

and derive a series of consequences for models used in transport codes, 

modifying and somewhat clarifying previous work in this direction [3]. 
1
 we derive χ from the steadystate electron thermal Following [2,3,9 

energy equation 

.(r) 

V 
Jri 

D . 

' Ω aux 
+S]rdr + Φι 

(3) 

where ?_ 

n (r) 3Te/3r 

is the ohmic input term, P_.,v is the auxiliary heating term for 

electrons and S e includes all other local sources and sinks in the 

equation. Φι is proportional to the electron heat flux at r=ri and 

convection is neglected. 

Eq.(1) can be used to eliminate 3T /3r from eq.(3) [3,9]. Furthermore, for 

e 

any f(r,a) it is possible to eliminate Ta0 by introducing Te(r), thereby 

obtaining a transport coefficient constrained by PC and expressed in 

terms of r, local quantities, ct and integral quantities. 
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Clearly χΘ derived in this way (xePC) cannot be expected to be valid 

far from the relaxed state. We assume it to be valid after the current 

distribution has.relaxed (e.g. flat top of I_ in JET). 

If the profile shape (2) is assumed, one obtains 

, Λ /î1<Pa
+p
au*

+s
e>

rdr+
·» 

x =J (4) 
e P C

 2a r
2
 ne(r) Te(r) 

Notice that Paux is treated on the same footing as P~ in this expression. 

I f one considers a clean ohmic plasma with Τ _ Τ , and ir = 0 , then 

r
2
 r

2 

. 1
 2

 E Kr)
 2 V B

T (5) 
e P C

 2a r
2
 ne(r) Te(r) 2α μ0 R

2
ne(r) Te(r) q(r) 

where E is the (radially constant) electric field, I(r) the current inside 

r, V the resistive loop voltage, R the plasma major radius and μ0 the 

vacuum magnetic permeability. Eq.(5) gives essentially the CoppiMazzucato 

Gruber coefficient [10 ], which approximates the χ derived in [2]. 

e 

Tne main difference between xePC (5) and the coefficients proposed in [2,3] 

is due to the further assumption of a scaling, including a weak n(r) 

dependence, for some global quantity (e.g. V) made in [2,3]· It seems 

to us that if PC holds any global scaling (including V, the energy 

replacement time and its degradation with auxiliary heating) must follow 

(given the density, a resistivity model, the impurity content and an ion 

transport model) from: 

choice of f(r,a) and possibly a scaling of α (i.e. numerical 

coefficient in χ ) in terms of global quantities (PC contribution); 

plasma boundary model (or in its absence a scaling for r2 and Ta); 

effects of sawtooth activity. 

The problem of connecting the PC region of the plasma with the sawtooth 

dominated region needs further investigation. Sawtooth activity can be 

reconciled with steady state only considering time averages ever a sawtooth 

period. For example one can assume φι = ¡Q (P~+Paux+SQ)rdr. This 

prescription is consistent with the simplest model of sawtooth activity: 

an enhanced χβ for r < ri. It can be used also with "reconnection" models 

and other choices of χ for r < rι. However other expressions of φι = 

φι(t), possibly more consistent with a "pulsating" model of sawteeth, are 

to be looked for. Notice the connection between the choice of <tu(t) and 

the problem of the velocity of propagation of the heat pulses induced by a 

sawtooth collapse. 

We observe that other empirical transport coefficients are closely 

related to PC. For example the assumption f(r,a) = 1 ̂ Ca/TsVl Γ/Γ 2J leads, 

r2V BT r 
under the same approximations used to derive eq.(5), to χ ■ 

This coefficient is close to the NecAlcator one. 

ap0R
2
n(r)q(r) 
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3. NUMERICAL RESULTS 

T h e c o e f f i c i e n t x e P Q g i v e n by e q . ( 4 ) h a s been extensively and 

successfully tested for JET ohmic discharges. Encouraging preliminary 

results have been obtained also for a number of RF heated discharges. 

Figure 1a shows the temperature profiles computed with x e PQ in our 

transport code, for ohmic discharges at different densities. They have 

been obtained with r 2 = a (the plasma radius) and prescribing T e 2 according 

to the observed experimental trend (Fig.1b); α = 2.85 has been used. 

The influence of the plasma boundary transport model is illustrated in 

F i g . 2. We assumed Xgb oc Χο Β ο η π ι when r > r2 (= .8a). In this case T e 2 

changes by changing xel3 and the entire temperature profile follows. 

F i g u r e 3 shows results obtained with XgPQ and RF heating. Again T e 2 

was prescribed according to the experimental trend and α = 2.85. 

The acceptable agreement between computed and experimental temperature 

evolution implies that x e p c can indeed be used outside steady state. 

4. CONCLUSIONS 

Simple considerations allow to derive a transport coefficient x e ? c that 
we regard as being "genuinely PC". In comparison, coefficients derived in 
[2,3,9] are to be considered as "quasiPC". A particular choice of xepç has 
been successfully tested in the simulation of JET discharges. 
Our analysis shows that the success of Χ ΘΓΜΠ

 =
 XePC *

n
 simulating ohmic 

discharges in completely different devices can be explained by: 
the underlying "canonical profile" is close to reality and no strong 

change of α is needed in different cases; 
a "hidden" scaling is introduced in computations using XQQMQ when the 
boundary value of Te is changed. This aspect has alwaysbeen dis
pregarded in the past. 
Choices other than (2), possibly less optimistic, are however possible 

for the "canonical profile", leading to other expressions for xepr· 
In the absence of a quantitative theory and of more detailed 

experimental observations on PC, our analysis and results are to be 
considered only as indications that transport models can be modified to 
introduce the constraint of PC. This must and can be done taking into 
account appropriate models for the central and the boundary plasma region. 
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Te(kev) Te(keV) 

Fig.1  Steadystate (sawtooth averaged) electron temperature profiles for 

a density scan at Bt= 3.4 Τ , Ip= 4.0 MA in JET : 

a) computed using χ (0<r<a) = χ pr ; b) experimental data (ECE) . 
Ê Giro 

Fig.2  Profile sensitivity to changes 

in the boundary model: three numerical 

experiments were performed using XePc 

given by eq.(4), a=2.85 and 

a) r = a 

b) r = 0.8a and xe(r>r2)=0.1 X e B o h m 

c) r = 0.8a and χ (r>r2)= 2 XeBohm 

Fig.3  Experimental data from ECE 

and numerical results (thicker lines) 

for an RFheated JET discharge with 

P t 0 t / ΡΩ ~3 : 
aux 

a) time evolu t ion of peak and volumeaveraged e l e c t r o n temperature 
b) T g  p r o f i l e s before and during RF ( t h r e e ECE p r o f i l e s during the 

same RFheated sawtooth a r e shown) . 
In the s imula t ion χ (r<ri)<*x „ , and Τ i s increased by 50% during RF. 

*e AeBohm ea 

τ, M) 



3-D MONTE-CARLO COMPUTATIONS OF THE NEUTRAL TEMPERATURE AND DENSITY 
DISTRIBUTION IN JET DISCHARGES 

R. Simonini, A. Taroni 

JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, UK 

INTRODUCTION - Detailed knowledge of the density and temperature of 
background neutrals in the JET bulk plasma is necessary for the 
interpretation of measurements such as charge-exchange emission spectra for 
NPA analysis. On the other hand, transport codes need averages of those 
quantities for evaluating source and sink terms. 

The purpose of this work is to calculate as accurately as possible the 
distribution of the neutrals by means of 3-D Monte-Carlo codes, including 
the effects of toroidicity, non-circularity of the plasma cross-section and 
poloidal and toroidal asymmetries due to the limiters. 

The results are used to assess the validity of simpler and faster models 
based on assumptions such as circular cylindrical plasma symmetry. Such 
codes are routinely used both for predictive and interpretative computations 
at JET. 

Typical ohmic JET discharges at low and high plasma densities have been 
considered. For the calculations, the 3-D Monte-Carlo code NIMBUS [ï] and 
an upgraded (3-D) version of the 1-D Monte-Carlo code AURORA [2] code have 
been used. For comparison with simpler models, the 1-D code FRANTIC [3] 
(upgraded so as to include a model of wall interactions) and the model for 
neutrals used in tne ICARUS code [4] were selected. 
GEOMETRY - The plasma and the chamber 3-D structure are considered in 
the following "complementary" way in codes AURORA and NIMBUS. NIMBUS does 
not allow for an exact treatment of toroidicity, but is otherwise very 
flexible in its geometry: it can model a general straight cylinder, with a 
largely arbitrary configuration in the poloidal plane; different materials 
can be assigned at various heights, with possibly periodic boundary 
conditions. Particle motion is fully 3-D. AURORA on the other hand can 
only model poloidal cross-sections defined by two matching semi-ellipses to 
allow for some degree of triangularity, but with full toroidicity. Taking 
into account these features, a configuration of eight 3-D limiters have been 
considered in NIMBUS, neglecting essentially only the toroidal curvature. 
In AURORA these limiters are replaced by a 2-D belt lying on the wall, thus 
the main approximation is the absence of any limiter shadow both in the 
toroidal and radial coordinate. 

For the 1-D calculations, the toroidal elliptical shells are replaced by 
area-preserving cylindrical circular shells. The limiters are taken into 
account only for ion recycling, while their area is neglected for neutral 
reflection which is considered to take place on walls only. 
PHYSICAL MODEL - The physical model in all codes assumes that the plasma 
characteristics remain fixed in the calculation. Electron temperature and 
density profiles are read from JET Processed Pulse File (PPF). The ion 
density profile is obtained by scaling the electron density by a depletion 
factor (typically, ni/nQ= 0.6-0.8). The ion temperature is made up by 

163 



taking the axial and average temperatures and then setting up a profile that 

follows that of the electrons. 

Test particles are neutral atoms or molecules (these for NIMBUS only). 

Target particles are electrons or deuterium ions. Impurities are only taken 

into account by assuming different densities for electrons and ions. No 

interaction neutral/impurity is considered. 

Wall and limiters are assumed to be fully saturated, and the total ion 

flux to the first wall is considered to be one tenth of the total flux, the 

rest going to the limiters. 

The neutrals are created either by recombination or by interaction of 

the scrapeoff layer plasma with the carbon limiters and the chamber wall. 

Interactions with the chamber wall and the limiters are simulated by 

instantaneous backscattering or reemission. NIMBUS allows for reemission 

in both atomic and molecular state. The processes considered for neutral 

ion interactions are chargeexchange, ionisation by electron impact, 

recombination. In NIMBUS, also molecular dissociation and ionisation. 

RESULTS AND DISCUSSION  We report here results from two typical ohmic 

shots, one at low density, ne= 8.4 χ 10
l2
cm~

3
, and one at high density, ne = 

3.2 χ 10
l3
cm~

3
. Since NIMBUS and AURuRA feature complementary 

approximations to a "full" 3D geometry, a crosscheck of their results has 

been performed to assess the relevance of these approximations. As for 

toroidicity for JET, AURORA has been run with different aspect ratios. It 

turns out that toroidicity plays a negligible role, all the discrepancies 

being well within the statistical errors. As for the importance of the 3D 

structure of the scrapeoff layer, comparisons of results from AURORA with 

results with NIMBUS averaged over the toroidal direction show that the 

presence of a 3D scrapeoff leads to an increase on .the boundary neutral 

density of about 25?. Here NIMBUS was run with the option of reemission in 

atomic state. One may add at this point that reemission in molecular state 

leads to a decrease in neutral density of about 30%. 

Poloidally averaged neutral density profiles computed by NIMBUS, namely 

nH(r , φ) = 1 / (2ττ)/nH(r , φ , θ )de , are plotted in Figs. 1,2 along the toroidal 

direction as functions of the distance from the limiter centre. A molecule 

is counted as two atoms. At limiter level, the neutral density drops by 

almost two orders of magnitude over a distance of 1 .5m. 

The toroidally averaged neutral density profiles obtained by AURORA at 

various radii are shown in Figs. 3,4 for different minor radii at the mid

plane, as functions of the poloidal angle. A marked poloidal asymmetry is 

present. In this case, an asymmetry is present even in the neutral 

temperature. In the highdensity case, the asymmetry is more localised in 

front of the limiter, and practically negligible as far as neutral 

temperature is concerned. 

Poloidal and toroidal averages of neutral densities from 3D AURORA are 

compared with 1D (i.e. cylinders with circular crosssection) results in 

Figs. 5,6, including AURORA in the 1D mode. For the Monte Carlo 

simulations, the statistical errors for the computed radial profiles are of 

the order of few percent at the boundary, and 15% at the centre of the 

discharge. We see that the shape of the plasma has some bearing in the case 

of low density. Here the circular 1D AURORA overestimates the neutral 

density at the boundary and underestimates it at the centre by about 50Í, 

due probably to the larger distance between source and centre in this 

boundaryrecycling dominated case. For the same shot, the FRANTIC code 
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overestimates the central neutral density when compared to 1-D AURORA. 
ICARUS, instead, estimates the density well, but the central neutral 
temperature is somewhat overestimated. At high density, the agreement of 
the models is generally better, except for the density from ICARUS, which is 
overestimated by about 70$. 
SOME SENSITIVITY RESULTS AGAINST BACKGROUND ASSUMPTIONS - The details of 
the plasma profiles in the scrape-off do not influence noticeably the 
toroidally and poloidally averaged neutral profiles in the bulk plasma 
(about 10$ for relative variations of the scrape-off e-folding length from 
0.5 to 2 ) . In addition, variation of the ratio deuterium/electrons (keeping 
the electron concentration constant) from 0.8 to 0.5 amounts to negligible 
variations in the low-density case. For this case the neutral density is 
also rather insensitive to quite large (30*) changes in the temperature 
profiles by constant factors. At high density the sensitivity to both 
changes is larger: 15$ at the centre for the variation of the depletion 
factor, 40$ for the variation of the plasma temperature (recombination 
effects). 

Finally, the neutral profiles are not very sensitive to the wall 
composition, the differences between cases with pure nickel or pure carbon 
wall being just above the statistical errors. 
CONCLUSIONS - Toroidicity and the 3-D structure of the limiters do not 
appear to have a strong effect on poloidally and toroidally averaged neutral 
profiles in the bulk plasma, at least for the typical ohmic JET discharges 
examined. 

The simple 1-D models reproduce sufficiently well the radial neutral 
profiles. This justifies the use of such models in transport codes where 
only averaged values of neutral profiles are required for source and sink 
terms. In such codes other inaccuracies are more relevant than those 
related to uncertainties in neutral profiles of the order estimated above. 

However, strong poloidal and toroidal asymmetries in neutral profiles 
are indeed present. They could play a role that remains to be assessed for 
problems where only the local neutral density or an average over particular 
lines of sight is to be considered, e.g. the determination of the ion 
temperatures from NPA measurements. 
REFERENCES -
[lj E. Cupini, Α. de Matteis, R. Simonini, "NIMBUS - Monte-Carlo simulation 

of neutral particle transport in fusion devices", NET Report EUR XII -
324/9. 

[2] M.H. Hughes, D.E. Post, "A Monte-Carlo algorithm for calculating neutral 
gas transport in plasmas", Princeton University Report, PPPL-1335 
(1977). 

[3] See for instance S. Tamor, "ANTIC: a code for calculation of neutral 
transport in cylindrical plasmas", JCP 40,104 (1981). 

[4] M.L. Watkins et al., Plasma Physics and Controlled Nuclear Fusion 
Research, 1980 (Proc. 8th Int. Conf., Brussels, 1980) 1, IAEA, Vienna. 
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DETERMINATION OF POLOIDAL BETA IN JET 

G T o n e t t i * , J Ρ C h r i s t i a n s e n , J G Cordey 
JET J o i n t Undertaking, Abingdon, Oxon, 0X14 3EA 

»Euratom  CRPP Assoc i a t i on , Swi tzer land 

Abstract 

Magnetic, diamagnetic, density and temperature measurements are used to 

calculate poloidal beta (β) by three independent methods. Comparison studies 

are made for a variety of plasma discharges in JET and error estimates are 

given. The results from the three methods are in good agreement for pulses 

with currents above 2MA. 

1. Definitions and Relations 

The poloidal beta (β), the internal inductance (l^) and the diamagnetic 
parameter (μ) are defined by the following integrals [ï] over the plasma 
volume 

jß, a_, v\ = — ƒ (ρ, Β2/2μ0, (3φ0 - 3φ)/2μ01 dv . (1) 
μο ΐ 2 Ηο J * ' 

ρ, Β, Β, denote pressure, poloidal field and toroidal field; RQ is arbitary 
but in practice chosen to be the torus centre. If the plasma pressure is 
anisotropic and plasma flow is included values ß_j_, β,,, SDQT are found from 
(1) by replacing the pressure ρ respectively with the perpendicular and 
parallel components of the pressure tensor and with the flow energy [2]. 
Neglecting the flow energy, two relations are derived [1,2] from (1). 

Λ = 1/2β± + fcs.. + 1ai = 1/2S1 + (1  *_6)S2 , (2) 

Bj_  μ = S1 + 6S2. (3) 

The Shafranov integrals S. , S 2 are evaluated on the plasma boundary via 

ι S i · s 2 ! = Hkr f Β2/2μ° {r ?*ïï' R° * * * } R di  (4) 

t h e

' denoting unit vectors in the poloidal r, toroidal R and Ζ directions 

and ïï is normal to the boundary; δ in (23) is defined in [ 1 ] . In this paper 

we describe 3 calculations of β giving values referred to as follows: 

ß
MHD

 = 1/2ß
_L

 + 1/2B
II

 ; ß
KIN

 = 8
i.

 ; ß
DIA

 = S
±

# ( 5 ) 

These values are determined from (2), (1) and (3) respectively. 

2. The MHD Beta 

ß
MHD ^

s
 obtained from ( 2 ) . Λ is given by the integrals (4) obtained from the 

plasma boundary calculations [ 3 ] . For an elongated plasma I* can be evaluated 

separately. An empirical formula for l, in terms of the elongation E, minor 
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adius a, major r ad ius R ar.c ohe cu r r en t moment Y? has been given in [ 4 ] , 

l .- JL· (C.+ C, *J. + C , 8a2A ¥*L ) + c ( 6 ) i 1+E 2 v Ί ~ 2 ( E 2 - 1 ) a 2 3 R 2 ( E 2 - 1 ) 
o 

The constants C·,- C^ are adjustable parameters. From a study of more than 
1000 JET pulses the following values were determined 

C1 = 2.15 C2 =5.8 C3 - 1 C4 = - 0.36 . (7) 

The values (7) have been obtained for JET pulses with E>1.25 and 0.9<î.i<2. 

3. The Kinetic Beta 

The integral Jpdv of (1) is written as 

Jpdv = e ƒ0 (ne(x) Te(x) + n^x) T^x)) Ω(χ)αχ , (8) 

were Ω(χ) is the volume between adjacent plasma surfaces described by the 
parameter 0 < χ < 1. The approximate geometry of the plasma surfaces is 
derived from the boundary geometry using the Lao-Hirshman parametric 
description [6j. The plasma profile quantities required to evaluate (8) are 
obtained or approximated as follows: Te (x) directly from electron cyclotron 
emission; n0(x) from a parametric fit to data from 7 FIR interferometer 
channels; the ion temperature is assumed to be either 

Tt(x) = T i 2 e u t r o n s Te (x) or Ίί (x) = T ^ A (1-x2) , (9) 
Te (0) 

where the central values T, are calculated from the neutron emission and from 
the neutral particle analyser (NPA) data respectively; the ion density is 
n. (x) = f„ρ η (χ) with the fraction of hydrogenic species being fixed 
(usually f„D -0.5) . 

4. The Diamagnetic Beta 

This is calculated directly from (3) using Si, S2 and δ as previously 
described. The diamagnetic parameter μ is 

m
 8 7 Γ Β

ΦΟ ΔΦ . (10) 
^o I2 

In (10) the flux change ΔΦ is derived from the measurement ΔΦΜ of a 
diamagnetic loop. The derivation includes compensation techniques implemented 
by hardware and software. The latter is 

ΔΦ = ΔΦ^ - ΔΦ£χ - ΔΦρρ - ΔΦ| . (11) 

In (11) the subscripts refer to flux change due to: toroidal field coil 
expansion (thermal and mechanical), coupling from the poloidal :oil currents 
and from the plasma current. The hardware of the diamagnetic loop compensates 
for toroidal field and eddy currents in the vessel. Further details are given 
in [5]. 
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5. Comparison of β values 

In an isotropic plasma the 3 ß estimates should be in close agreement. For a 

nonisotropic plasma (eg. with strong beam heating) the relations (5) would 

apply. On JET the values ß^j^ corresponds to ßj_ since the ECE and the NPA 

diagnostics measure Τχ . For the JET pulses obtained so far nonisotropic 

effects are small and should not affect the comparison. Figure 1 shows the 

time evolution of β for 2 JET pulses with ICRH and neutral beam heating. All 

three methods are in good agreement on the increase of β. A large selection 

of β values for pulses with different current, field and plasma shape are 

shown in Figures 2 and 3; each symbol represents a value from one JET pulse 

chosen at the end of current flat top. Figure 2 shows a good agreement 

between ß^n and ß^™ for the whole range of pulses. Figure 3 also shows a 

good agreement between ΒΓ̂ ΤΔ
 a n d βκΐΝ ^or c u r r e n t s above 2MA. For pulses with 

lower currents further studies of the coupling term ΔΦ-τ in (11) is needed. 

The errors on ß^p arise from the separation formulae (67) and are typically 
± 0.05. 

The errors on ß̂ jjj are due to 1) approximate surface geometry (Ω(χ) of(9)) in 

the axial region, 2) the density profile fit, 3) assumed profiles for n^ , T., 
4) errors on raw data. The horizontal error bar in Figure 2, 3 assumes 

relative errors on Te of 10$ and on the density of 5$. 

The error on β^™ is proportional to B./I
2
 times the error on Δφ. From 

measured residual fluxes the error AßDjA = ±0.02 is found for I = 4MA, B, = 

3.4T. A systematic error related to ΔφJ is apparent at low plasma current 

(Fig 3). 

6. Conclusion 

For a variety of JET pulses with I>2MA the results from the 3 independent 

methods of determining β are found to be in good agreement. For K2MA the 

compensation of the diamagnetic flux needs to be improved. 
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THE EFFECT OF NEUTRAL BEAM INJECTION ON WAVE PROPAGATION IN THE ION 

CYCLOTRON RANGE OF FREQUENCIES 

W.G.F. Core 

JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, UK 

1. Introduction  The possibility of using neutral injection combined 

with the fast magnetosonic wave as additional heating of tokamak plasmas is 

currently of considerable interest and has received some attention in the 

literature [ï]. As is well known, the injection of fast neutral particles 

leads to the formation of hot energetic ion tails on the bulk plasma ion 

species. These velocity space distortions modify the dielectric properties 

of the plasma, and in particular, for heating at the second harmonic 

frequency, can significantly enhance the absorption of wave energy [2]. 

In this paper, the effect of NBI on the propagation of waves in the IC 

range of frequencies is examined. The fast ion component is modelled by 

superimposing on the bulk plasma ions displaced Maxwellians of the form, 

f(v„,v_J = N exp {(v„v„0)
2
/a  ( v ^ )

 2
/ß }. (1) 

Using this form of representation for the ion distribution functions the 

components of the dielectric are obtained in a form which is amenable to 

efficient computation. The resulting dispersion equation is then solved 

numerically for fast wave propagation into the beam/ICRFplasma systems, 

(i) Hydrogen beam injection during fundamental (ω=ω_ιτ) heating of a 

minority H/D plasma; 

(ii) The seeding of a Dplasma with fast deuterons during bulk ICRF 

heating at (ω=2ωο0). 

2. The Dispersion Equation  Starting from the Maxwell field equations 

for electromagnetic wave propagation in a hot multicomponent magnetoactive 

plasma the dispersion equation is readily obtained and can be written as 

2 

k2& ..k.k. — ε.. 
iJ

 x
 J ~2 iJ 

.a, ■- ■- ω = 0, (2) 

C 

where the components of the dielectric tensor in the cylindrical coordinate 

system ν =(v„,vx) in velocity space takes the form [3] 

2 s 

e = β ι Γ Ι (-Ei) [δ + Ι /dv (-Î- ÌL ♦ k„ Í£ ) 'J— }, (3) 
S ω η — ν χ 3ν χ 3ν„ ^,ν,,+ηω^ω 
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4ττΖ2η Ζ Β 
S S s s s s 

where ω2  , ω = , k„=k«B, π , , = À 2 J 2 , π,,=—ιτ21= iv ,λ J J ' , 
ps es " X1 nn l 2 2 1 J  n n n 

m m c 
s s 

ηω 
ir?3 4 i = v . . V n > ^22= v l J

n
2 ' ^23=ττ32= i v „ v A J n J ¿ , irf3 v „ J 2 , λη= —Hi , 

J = J (ν. /λ ) , J ' = dJ (x ) /dx , and the summation i s over a l l the plasma 
η η ·*■ η η η

 r 

species ( s ) . 

In the local frame of the toroidal magnetic field, where kx=kj., ky=0, 

k =k„, Eq.(2) takes the form, 

A0kA  2Α^]_ + 4A2kj_  2A3kx + A„ = 0, (4) 

where Α0=ε„, A^^k,,, 4Α2=^
2
(ε„+ε33 )  ε„(ε22+ε33) +ε

2
3ε?2, 

Α3= k Μ ε j 3 + κΜ(ει2ε23ε13ε22;, 

Αι,= κ,,ε 3 3
_
κη νε11ε33+ε22ε33ε23ε13) 

~
 ε
ιι

ε
22ε33


ειιε23

+
ε33ει2ε22ε13

+
2ε12ε23ε31. 

3. Calculation of Permitlvity Tensor Components ε̂ ..  Introducing plasma 

species distributions of the form, Eq.(1) into Eq.(3) the components of the 

tensor e. . after some reduction take the form: 
ij 2 

ω ,/, n=» ηω . ηω .v. 

ε = ι  I 121) {ï  y / 2 l {(_£i ζ  J_ z.)i¿ n 2LÍE ζ i° n}}, 
i.e

 ω
 η — ak„ 2/β

 n
'
n
 ak„

 n , n 

with similar expressions for the remaining ε^, and where in the above 

expressions, Z(x) is the plasma dispersion function, Z' = dZ/dx, 

x = (a)nu,csk„v„o)/kn/ß, and 

°° k,v, k.v, (v.v,)
2 

I = ƒ dv,v. J I J J I J exp |- j, 
p,q -1· ■·■ p

v
 q 

ο ω ω α 

es es 

k^ P+q kxß 1 1 

^ ^ ν? 2 + 2~1Γ2 ^pTT + q+T^ 
CS I

 X
0 CS

 F M
 ι 

= exp { \ 

Ρ k Í ι ι p+q+m+1 2ß kxß 

{L* — (J_ + _L)} — —  ι + — (_L + _L) 
β 2ω

2
 p+1 q+1 2ω

2
 p+1 q+1 

CS CS 

Γ p+q+m+1) , ν 
" TTp+TTfTq+TT (p+q+m+1 Γ μ ; ' 
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Jη ? * 1 1 -H> 
where μ = [—+ ( + ]} , and D_ (μ) i s the Parabolic 

β β 2 ω
2

3 p+1 q+1 

cylindrical function [4]. 

4. Computational Considerations  To determine the fast wave propagation 

from the plasma edge to the centre of the discharge Eq.(4) is solved 

recursively with the full plasma and hot ion dielectric tensor according to 

the prescription 

A (k^ .)k. 
o ·*τ1

 xr V^rV
 =
 °' 

The bulk plasma species profiles take the form 

Te(r)=Ti(r)=T(0){lC1(r/a)
p
}
q
, n ^ r )  ^ (r)n(O) {1 C2(r/a)

p
}
q
, 

and in order to model the beam, and in particular, the effects of slowing 

down, energy diffusion, and pitch angle scattering, we take 3terms of the 

form given by Eq.(1), with Ni, cti ,2,^ >v»0i >
v
Joi » i

 = 1
»
2
»3, where for component 

energy E¿, energy spread ΔΕ.̂ , and beam angle Θ, ai = 2AEi/mcos
2
9, 

v,
2
 ,=2Ei/msin

2
6, with similar expressions for β̂ , and viQi. 

5. Numerical Results  For the aforementioned beam plasma systems we 

take the standard JET parameters, plasma species temperature 

Te(0)=Ti(0)=2.5keV, electron density ne(0)=3x10
J 

'cm p=2, q=1, 0,0.9, 

C2=1.0, beam injection angle at the toroidal axis 45°, minor radius a=125cm, 

and major radius Rn=296cm. For the beam deposition profile p=2, q=4. 

Hydrogen beam injection during fundamental (ω»ωοΗ) heating of a minority H/D 

plasma. 

For this configuration, we take 

E^eo.óO^OkeV; ΔΕί = 1 ,5 ,1 5keV, Ni = 1 , 
magnetic field at the toroidal axis 
B(0)=2.0T, wave frequency f=»33.3MHz, 
and k„=4x10~2cm~1. 

In Fig.1 the fast magnetosonic 
wave propagation characteristics from 
the edge of the plasma to the centre 
of the discharge in a minority H/D 
plasma seeded with energetic protons 
is shown. For a 15$ concentration of 
plasma minority hydrogen and no beam 
ions no significant single pass 
absorption occurs. The effect of 
increasing the fast ion concentration 
and maintaining the total minority 
concentration at 15$ leads to enhanced 
selective wave damping by the injected 
ions. For 15$ concentration of fast 
ions strong single pass absorption is 
indicated. 

τς · 0.15 
■ 4.0-10 cm" 

(r/a) 

Fig.1 
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Fast Deuteron injection during ICRF heating of a bulk D-plasma at 
(ω-2ωο0). 

For this configuration, we take 
Ei=l60,120,60keV, ΔΕί=2,10,30keV, 
Nĵ =1 , magnetic field at the toroidal 
axis B(0)=2.03T, wave frequency 
f=29.8MHz, and k„=4x10~2cm"1. 

In Fig.2 the effect of introducing 
energetic deuterons into a D-plasma on 
the fast wave propagation 
characteristics during bulk second 
harmonic heating is shown. For no 
concentration of fast ions the 
absorption occurs on or near the 
resonant surface ω=2ωοΓΝ. The presence 
of the fast ion components leads to 
additional damping at the Doppler 
shifted resonance surface at R, where 
ü)=2<DcD(R)+k„v„. The buildup of the 

fast ion concentration gives rise to 

strong increasing single pass 

absorption. However, here finite 

Larmor radius effects play a crucial 

role in the damping process. 

k. 4.010 an 

(r/a) 

Fig.2 

6. Summary  For the model configurations considered here, the 

preliminary results indicate that the seeding of ICRF heated tokamak plasma 

systems with fast resonant ions leads to 

(i) Strong selective absorption of wave energy by the injected fast ions; 

(ii) Damping of the fast wave during fundamental heating of minority ion 

admixtures is significant even at relatively large concentrations of fast 

ions. 

(iii) For a given injection energy, and for fundamental ICRF operations, 

near tangential beam injection θ=0, provides optimum damping. While for 

heating at the second harmonic frequency, where finite Larmor radius effects 

are important, injection in the region of θ = ττ/2 is to be preferred. 

Finally, for JET operations with a deuterium bulk, and either hydrogen 

or deuterium injection, strong damping by the fast particles is predicted. 
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1 

PREDICTIVE STUDIES OF NEUTRAL BEAM AND PELLET INJECTION ON JET 

M L Watkins, W A Houlberg*, Ρ Kupschus, Ρ Μ Stubberfield, A Taroni, 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK. 

*Oak Ridge National Laboratory, Oak Ridge, Tennessee, 37831 USA. 

INTRODUCTION 

A iVzD transport code is used to examine the importance of energy 

confinement degradation, beam deposition profile, central plasma fuelling and 

edge pumping in JET plasmas with neutral beam and pellet injection. 

2. MAIN FEATURES OF THE TRANSPORT MODEL 

The transport models used to simulate JET ohmic plasmas (including 

target plasmas for neutral beam injection and pellet injection) are basically 

those used previously [l

3] and include: anomalous electron thermal 

diffusivity of the ALCATORINTOR or CoppiMazzucatoGruber form (xeAI= 

5.10
19
ne

_1
 or xeCMG= 310

15
aBTne"°.

8
(RqTe)

_1
A ~°.

5
); ion thermal diffusivity 

of the Chang and Hinton form [A]; anomalous diffusive and convective particle 

fluxes; oxygen/carbon and nickel impurities; neoclassical resistivity; 

classical energy transfer between electrons and ions; and the K a d o m t s e v 

reconnection model for sawteeth. 

Following [2,3], a full calibration of the ECE temperature measurement 

removed the need for excessively high anomaly factors (a* £ 10) on the ion 

thermal diffusivity, thereby allowing a "conventional" transport model with 
x
i " ̂

x
iCH ~ *e

 t0 t3e acce
P
ta
ble. The present calculations use <x¿ = 4. 

3. NEUTRAL BEAM INJECTION 

Neutral beam heating of JET plasmas is simulated using a multiple pencil 

beam model for additional power and particle sources and by increasing the 

transport coefficients over their ohmic values. 

The birth profile of fast ions is obtained from the attenuation of many 

filamentary neutral currents by electron impact ionisation, proton ionisation 

and charge exchange, including capture by impurities. The energy partition 

to the background ions and electrons is obtained by solving a Fokker Planck 

equation for the slowing down of fast ions. The power mix assumed for 

hydrogen and deuterium injection at different energies is given in the 

Table. 

Table 

Full Energy/Species 

<
E
o> 

65kV/H 

80kV/H 

80kV/D 

Power 

Fractions at 

E„: EV2: ΕΛ/3 

° °($) ° 

69:23:8 

63:29:8 

76:17:7 

At full energy 

(MW) 

3.7 

4.2 

7.8 

Total 

(MW) 

5.4 

6.6 

10.3 
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Confinement degradation during NBI is simulated by increasing outside 
the q = 1 region the electron thermal diffusivity for ohmic plasmas [2,3] by 
either a fixed factor, cte^2, or a power-dependent factor, α = 
o'Vptotal,edWVpOHdV· 

Simulations of the ohmic deuterium discharges of [2,3] but with hydrogen 
or deuterium neutral injection at 80kV indicate that maximum central 
temperatures are reached after only 0.8-1.3s of additional heating and 
subsequently decrease as the centre is shielded from the neutral beams 
with increasing density from beam fuelling. The highest temperature is 
achieved at the lowest starting density and with deuterium injection. These 
effects have been observed in the first experiments with NBI on JET. In 
particular, simulation of the medium density discharge (JET Pulse #7145) 
fuelled to high densities by neutral injection at 65kV shows the subsequent 
fall in the electron temperature from its peak after approximately 0.5s of 
heating (Figure 1). The calculated beam deposition profiles at the beginning 
and end of injection are shown in Figure 2. High ion temperatures have been 
achieved in low density plasmas by pumping the edge particle flux by moving 
the plasma off the outer limiters, towards the inner wall. The low density 
discharge (JET Pulse #7155) heated to high ion temperatures by neutral 
injection at 65kV is also well simulated (Figure 3). Even higher ion 
temperatures are predicted with the above models with deuterium injection at 
80kV, provided beam fuelling is compensated by edge pumping (Figure 4). 

4. PELLET INJECTION 
The penetration of frozen hydrogenic pellets is calculated using a model 

that has been tested against TFTR, ISX-B and ALCATOR-C data [5]. The pellet 
surface is protected by a neutral gas shield of thickness given by the 
hydrodynamic solution of the gas expansion assuming spherical symmetry [δ] 
and a "tube" of cold ionised plasma, which extends along the magnetic field. 
The heat flux to the pellet surface is calculated from convective flows of 
electrons along the magnetic field through both the tube of cold plasma and 
the dense neutral gas shield and fast neutral beam ions normal to the 
magnetic field only through the neutral gas shield, which they can enter 
since their gyro-orbits are larger than the effective pellet ionisation 
radius. 

Calculations using the stand-alone code for pellet injection indicate 
that pellets up to 6mm diameter and speeds up to at least 10kms-1 are 
necessary to penetrate to the centre of JET discharges with central densities 
and temperatures up to 1020m-3 and 10keV respectively. Solid curves in 
Figure 5 show the penetration for electron ablation only and a fixed ratio 
between the thickness of the ionised plasma tube and the cold neutral gas 
shield. It should be added that when the thickness of the ionised plasma 
tube is kept fixed at 0.35cm (as derived from TFTR bench mark tests) smaller 
gains in the penetration depth are found with increasing pellet speed. For 
these cases, the penetration of low speed pellets, in particular, is strongly 
reduced by ablation by fast ions from 1OMW of deuterium injection at l60kV 
(dashed curves). 

Full transport code calculations indicate that lower edge recycling 
fluxes are achieved with peaked density profiles maintained by continuous 
pellet injection and pumping. However, radiated power losses equal to the 
ohmic input power can result after relaxation of the density profile, and 
although this situation can be avoided by additional heating, when all this 
power has been used to reach conditions close to ignition, reheat of the 
plasma is not possible with this model in which pellet injection does not 
lead to improved confinement. 
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5. CONCLUSIONS 

The expectations of neutral beam injection theory and confinement 

degradation are borne out by NBI on JET, with respect to both high density 

plasmas, in which the electron and ion temperatures are similar and the 

energy confinement is severely reduced and high temperature plasmas, in which 

the ion temperature exceeds the electron temperature, and energy confinement 

is little affected when pumping the edge particle flux allows low densities 

to be maintained. 

The predictions of pellet injection on JET indicate that a push towards 

10kms
_l
 appears to be warranted for JET, with somewhat improved penetration 

in the absence of fast ion effects and as a means of recovering penetration 

to the central plasma in the presence of fast ions. The potential 

disadvantages, including substantial radiation losses and the failure to 

recover ignitionlike conditions after pellet injection (unless confinement 

improves) should be considered together with the potential benefits, 

including lower edge fluxes, peaked densities and high edge temperatures 

obtained with continuous pellet injection and pumping. 
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Fig.3: Comparison between experiment and theory 

for the temporal variation of the peak and mean 

electron and ion temperatures for JET pulse #7155 

(a) ECE and NPA measurements, and (b) simulation 

with 4xeCMG and ctep. 2.7MW is applied at Os and a 

further 2.7MW at 2s. 
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Fig.4: Predicted peak ion and electron temperatures 
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COUPLING SPECTRA FOR ION CYCLOTRON HEATING IN LARGE TOKAMAKS 
IN PRESENCE OF EIGENMODES 

T. Hellsten and K. Appert* 

JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, UK 
*CRPP Ecole Polytechnique, Federale de Lausanne, Switzerland 

1. Introduction - The wave spectrum radiated from an antenna during 
ICRH is of importance for the radiation resistance, current drive 
efficiency, power deposition and partition to the various species. The 
wave coupling problem .is usually treated by assuming single pass 
absorption. In general, this is not the case when coupling to the 
magneto-acoustic wave from the low field side in a tokamak. Instead, the 
coupling problem is characterised by the presence of eigenmodes. Global 
codes have recently been developed which can treat the wave coupling 
problem in presence of reflection [1-3]· In this note we discuss the 
structure of the wave spectra for some JET scenarios. 
2. Characteristics of the Coupling Spectrum - A crude description of 
the coupling spectrum can be obtained from the dispersion relation for the 
magneto-acoustic wave in a plane geometry 

(£j_-kz2)(ej.-kx2-ky2-kz2) - εχν
2 - 0. (1) 

Here εα and ε χ ν are the diagonal and off-diagonal elements of the 
perpendicular components of the dielectric tensor. The magnetic field is 
assumed to be parallel to the z-axis. Let us identify x,y and ζ with the 
radial, poloidal and toroidal directions, respectively, in a tokamak of 
minor radius a and major radius R. Consequently, one has to imagine the 
components of k*, the wave vector, to be quantized with typical values 
n-rr/a, η /a and nz/R where ηχ,η and nz designate the quantum numbers. In 
a calculation ky and kz can be chosen whereas kx or rather ηχ, the number 
of radial nodes of the eigenmode, is obtained as a result when a resonance 
condition of the form (1) is met. Assume for a moment that kz could be 
treated as a continuous variable: a typical coupling spectrum (antenna load 

re as schematically shown in Fig.1. Essential 
kz << 

is greater 'J' ε. and ηχ>>1. The spacing between 
than between modes with the same n„ but χ ~ ~ Q. --.. - W W ........ „..- w — . W ..χ 

versus k ) then has a structjj 
for Fig.1 is that k 
modes with different η 
different ι\, and η . 

The amplitude and the width of a single resonance peak in Fig.1 are 
inversely proportional and proportional to the absorption, respectively. 
The amplitude further depends on the distribution of the current in the 
antenna, the distance between the antenna and the cut-off, wave frequency, 
k and kzas in the case when single pass absorption is assumed. In 
general, the coupling with higher k and kz is less effective. As the 
absorption increases, the resonances corresponding to different eigenmodes 
start to overlap and compound resonances are the result. 

The probability for the antenna to couple to a resonance with a given 
kydepends on the width of the resonance and the interval between the 
discrete k modes. A critical value of the absorption coefficient a*, can 
then be defined for which the width equals the separation of kz modes. The 
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absorption coefficient is here defined as the fraction of the wave not 
reflected back to the antenna. Calculations with the ISMENE code [3] give 
for JET parameters a* = 0.25. For a<a* the coupling resistance is 
determined by a single or a few single modes and hence may vary rapidly due 
to small changes in the plasma equilibrium, i.e. density, magnetic field 
etc. For a>a* the antenna couples to a large number of modes and the total 
resistance varies less when the equilibrium conditions evolve. We further 
note that since the amplitude and the width of the resonances vary in 
opposite ways with respect to the absorption, the mean value is independent 
of the absorption. However, as it falls below a*, fluctuations will 
increase around this mean value. 

The radiation spectra for antennae like the JET monopole and dipole 
antennae, which essentially couple to low kz are characterised by a com
pound resonance peak in the interval [o,k*] where k* is defined by 

π = ƒ [kx(0,0) - kx(0,kz)]dx. (2) 

Typical values of k* in JET are 0.05cm-1. Eq.(2) applied to Fig.1 implies 
that the antenna mainly couples to the first group of modes, i.e. ηχ=20. 

Since the wave number k is roughly proportional to /n/B the wave 
spectrum will be sensitive to small variation of the density or the 
magnetic field strength. If the density increases or the magnetic field 
decreases the resonances will be displaced towards higher kz. However, 
there will in general be one compound resonance peak in the interval [o,k|] 
which dominates the coupling thus leading to a fluctuation of the radiation 
spectrum and coupling resistance as the equilibrium parameters evolve. In 
Fig.2 we show how the radiation spectrum for fundamental heating of 
hydrogen in deuterium varies for small variation of the density as computed 
with the ISMENE code. The change due to a finite k is also shown. To 
obtain the spectrum for a finite sized antenna or antennae the spectra 
shown here have to be weighted with the Fourier components of the antenna 
current. In Fig.3 we show how the spectrum changes as the toroidal field 
varies. These calculations can be compared with the measured oscillations 
of the antenna resistance when the toroidal field was ramped down from 
2.6-1.4 tesla in 10s (see Fig.4). The code calculations predict that the 
compound resonance peak will be localized at the same k for a change of Β 
with O.O8T. This corresponds to an oscillation time of 0.67s compared to 
0.45s of the experiment. 

Predictions of the structure of the coupling spectra can then be based 
on studying the absorption coefficient. In Fig.5 we show how the 
absorption coefficient varies with respect to kz for the case shown in Fig. 
2 and for some other heating scenarios in JET: 
Ü) = 2ÜJCH, nH(0) = 3x10

l3
cm

3
, TR(0)=2.5keV, BQ=1 . 1T and f =33·3ΜΗζ ; 

ω=2ω03Η6 in D, n3He/nD=0.15, TD(0)=2.5keV, TaHe(0)=5keV, BQ=1.7T and 

f=33.3MHz ; 

üj=u)C3He in H, n3He/nH=0.02, nD(0)=3x10
13
cm

3
, T3He(0 )=TH(0) = 2.5keV, 3Q=3.4T 

and f=333MHz; 

ü)=ü)C3Hein D, n3He/nD=0.04, nD(0)=3x10
13
cm

3
, T(0) = 2.5keV, BQ=3.4T and 

f=33.3 MHz. 

Heating scenarios with "weak" absorption like fundamental heating of
 3
He 

in D will be subjected to sharp resonances as can be seen in Fig.6. Since 

the resonances for different ky appears at different kz the antenna will 

still see a relatively broad compound resonance. 
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3. Discussion  Ion cyclotron heating by magnetoacoustic waves being 

launched from the low field side is characterised by coupling via 

eigenmodes. When the absorption coefficient, which determines the width 

and amplitude of the resonances, exceeds a critical value (typical 0.25 for 

JET) the antenna will couple to a large number of eigenmodes. The average 

value of the coupling resistance does not depend on the absorption. 

Antennae which couple to small kz, will have a narrower radiation spectrum 

than if single pass absorption is assumed and the spectrum will be 

characeterised by a compound resonance in the interval [o,k*] whose 

position is very sensitive to small variations in the equilibrium. This 

will have consequences on current drive where a prescribed wave spectrum is 

important for the efficiency. Further, it may affect the partition of 

power absorbed by electrons and ions. 

Acknowledgement  The authors wish to thank Dr M Bures for valuable 

discussions. 
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I INTRODUCTION 

A detailed knowledge of the ioncyclotron resonance heating (ICRH) 

powerdeposition profile is a prerequisite in carrying out a meaningful 

power balance in the plasma. It is also an essential input to the tokamak 

transport codes which predict the evolution of plasma heating. 

Three ICRH antennae located on the lowfield side have been energised 

in JET which couple power to the fast magnetosonic waves in a deuterium 

plasma with H+ or He' minority species. In this paper, ICRH power 

deposition profiles in JET determined both theoretically (raytracing) and 

experimentally (several methods; see below) are compared. 

(i) Ray Tracing : A sophisticated raytracing code [ï], which 

includes the effects of poloidal field, has been used to generate the ICRH 

powerdeposition profiles in the Dshaped JET plasmas. The initial 

conditions of ray tracing are obtained by the fullwave solution of a 

realistic antenna plasma coupling model. The raytracing analysis shows 

that the ICRH powerdeposition profiles are narrow and that the energy is 

deposited somewhat locally due to the large plasma parameters and large 

damping per pass. 

(ii) Change of Slopes of Sawteeth : The RF power deposition in 

electrons can be estimated from L2,3j 

aw, 
(1) 

Pe .
 3W

e 
v
 RF ιτ~ 

e 
+ ε ~5Z~ ε 

where ±ε represent an infinitesimal time difference just after and before 

the application of a square wave RF pulse. Such a procedure assumes that 

the other source and sink terms (such as P^, "Pg^t ~?ra¿
 etc

) remain 

unchanged at such short time intervals. Experimentally, the RF is square 

wave modulated and the difference of the slopes of a sawtooth in the 

electroncyclotron emission (ECE) diagnostic of the 12channel grating 

polychrometer [4] allows the determination of electron power deposition 

profile. 

(iii) Modulation Experiments : When the antenna radiated power is 

amplitude modulated, the bulk temperatures in the plasma where RF power is 

deposited oscillate at the modulation frequency. The amplitude and phase 

of the oscillating signal of a temperature diagnostic at different radial 

positions lead to the knowledge of the power deposition profile of the 

additional heating [5,6]. The presence of large sawteeth in JET renders 

the signal analysis by correlation technique difficult especially when vm 
■
 v
st'

 w h e r e v
m *

s t h e RF
 modulation frequency and v_t is the average 

sawtooth frequency. For ν > v3t°r ν close to a harmonic of ν fc, the 
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ratio of signal to this extraneous disturbance is poor. However, when 
vm < ν at, this technique gives useful results. 

(a) Correlation function technique Consider the equation, 
C(T) - ƒ f(t) g(t+t) dt._ If J(iu)_and £Τω) are the Fourier transforms of f 
and g respectively then c - ? · g is the Fourier transform of c. We use 
the discrete Fourier Transform for the data sampled at a given number of 
points during the time interval of interest. The analysis program com
putes the auto-correlation spectra and the index m of the maximum modulus 
of the correlation function transform. It also displays the frequency v_ 
as well as the values 2 f_ and 2 m that are the amplitudes of the two 
signals oscillating at that frequency and their relative phase θ_. 

(b) BOXCAR_Technique_ : The "Boxcar" method is used to analyse non-
Gaussian random signals. In this method, each period of RF modulation is 
treated as an independent event and the signal behaviour on many 
successive events is averaged. As the sawteeth and the RF modulation are 
not synchronous and as the sawtooth amplitude is greater than the 
RF-modulated amplitude by an order of magnitude, it is necessary to 
eliminate the effect of the sawteeth. First, the sawteeth crashes are 
suppressed, and we build a long period, high amplitude single sawtooth. 
Then, the linear trend is removed and the remaining signal is analyzed. 
II. Plasma Response to RF Modulation 

If sawteeth do not change the power balance, the modulated quantities 
in the power balance equation can be written as 

lu, | n e T.- P H£ e )
+ Pe - L· | n e T. 

lu i nD TD - PD - _ f nD T D 

where we have neglected PQ. ̂ racj and ^cx (localized at the edge), P"Hp 
(mainly minority heating), ?e* (τçi » 150 ms >> τ β, τ,) and 
ñ./n, « Tj/T^.je.i. P t o t » PHF

 + P
e
 is the total

 (modulated) power 
going to the electrons through the minority and by direct mode conversion. 
Using the modulus/ phase representation of the complex modulated 
quantities, we write 

T
e 

 T
oe

 e
 '

 P
tot =

 P
oe

 e
 (3) 

Where 6e and ψβ are the relative phases ω.τ. to the RF power signal at the 
generator. This leads to the following expressions for amplitude and 
phase relating the measured quantities T Q e and θβ to the power density in 
the electrons 

P
oe  I

 n
e
 T
oe i m r ^

 and
 *e "

 e
e " " *e

 W 

where we have defined a phase angle φ β such that tan <|>e  ωτ β (5) 

The local electron energy confinement time is estimated from the local 
plasma transport considerations to be as 

xe  <R>
2
/ (j

2
0 , · D j (6) 

where j Q < is the first'zero of Bessel function JQ(r),De is the electron 
diffusion coefficient (at the centre of the plasma) and <R> is an average 
radius of the zone of interest. For the ions, we obtain similarly 

P
oD * I

 n
D
 T
oD

 u/
sin4>D

 with tan
 *D "

 ωτϋ and TD " J'^'up (7) 
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III. Results 
We present results of analysis of modulation experiments in which 

the antenna radiated power was square wave modulated at 5 Hz. The 
electron cyclotron emission (ECE) from the plasma was used as the Te 
diagnostic by detecting the signal by Michelson interferometer [7] and a 
12 channel polychrometer [4]. The correlation technique has been applied 
to the two diagnostics and the signal amplitude and phase for the two is 
plotted in Fig. 1 as a function of the major radius. The signal for the 
same shot was also analysed by using the boxcar technique outlined above 
and the peak amplitude of the temperature signal is plotted against the 
major radius at different time Interval in a 3"D plot shown in Fig. 2. 

Using the formulation presented in Section 2, the estimated e-power 
deposition profile points deduced from the correlation technique are shown 
in Fig. 3 for the two processing of the ECE signals. The power density 
points were obtained by estimating the value of the φβ (from eq. 5) in 
which <R> and Dg were taken to be 0.25 m and 1 m2/s respectively) which is 
found to be nearly the same as θβ measured at the centre with its value 
9g - Ο.36 rad. The points derived from the change of slope of sawteeth at 
a switch ON/OFF phase of the modulation are also shown. For the same shot 
in which the power coupled by the antenna was 1.25 MW with He'-minority, 
prediction of the. p-d-profile from ray-tracing are also shown where the 
predominantly absorbed power by the minority species is redistributed to 
electrons and background ions based on the Stix model [8]. In this case, 
at the low He'-minority power density, a significant fraction of the power 
is transferred to the ions. The correlation technique performed on the 
neutron diagnostic signal gave the central ion-power density which has 
relatively large error bars. The value of central ion diffusion coeffi
cient is estimated to be 3 m2/s. Experimentally derived e-power 
deposition profiles by several methods are found to be in good agreement 
among each other as well as with ray tracing. 

IV. Summary and Conclusions 

ICRH power-deposition profiles determined by (a) Ray tracing, (b) 
Change of slopes of a sawtooth of an ECE signal and (c) Modulation experi
ments analysed by correlation technique and Boxcar technique, have been 
compared for a JET deuterium plasma in the minority heating scheme. The 
results of power densities obtained by different methods are found to be 
in good agreements. The RF power-deposition profile are found to be well 
localized and are relatively narrow with respect to the size of the 
plasma. When the modulation frequency is increased from 5 to 25 Hz, the 
plasma temperature response goes down and the signal to noise ratio is 
worse. The presence of the strong sawteeth complicates the data analysis. 
The power-deposition profile presented have been obtained from the data 
when the modulation frequency was 5 Hz. These results suffer from the 
effect of energy diffusion which broadens the deposition profile. The 
effect of sawteething, equipartition etc have been ignored. 
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eo 
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INTRODUCTION - The study of of current formation in a tokamak is 
important both at the practical operation level and at the fundamental level 
of identifying basic transport mechanisms and regimes. Here an analysis of 
observations on the formation of tokamak temperature and current profiles in 
JET is presented. The time evolution of these profiles has been studied for 
a large number of plasma discharges using the equilibrium identification 
codes IDENTC and FAST, and the ECE measurements of electron temperature 
profiles. 

It is found that plasma resistivity is neoclassical during the current 
flat-top, from which we deduce that ECE temperature profile measurements are 
consistent with current profiles deduced independently from magnetic signals 
by the equilibrium codes. The effective resistivity is substantially higher 
than neoclassical during the initial stage of the current rise and, as a 
result, the current penetration occurs on a timescale which is much shorter 
than the neoclassical skin time. The penetration enhancement depends on the 
current and density ramp rates. Furthermore, during this early stage of the 
discharge substantial MHD activity is observed. The association between 
this activity and the process of current penetration has been investigated 
by analysing the path followed by typical discharges in the parameter plane 
(q0, q a ) , where qa is the safety factor. 
CURRENT PENETRATION BY RESISTIVE DIFFUSION 
MAGNETIC ANALYSIS - The toroidal component of Ohm's law can be written 

ηβίί = w ( 1 } 

where neff includes the resistive effects of any instabilities which may 
occur. For steady toroidal fields, this may be written 

3ψ . rD 3 1 3 32 i to\ 
neff = %π ' [R rea-*«- + ττ* J ψ · ( 2 ) 

Equation (2) is solved for a time sequence of inverse Grad-Shafranov 
equilibria fulfilling Dirichlet boundary conditions plus an optimal fit of 
Neumann conditions [ï] with current density profiles taken in the functional 
class: 

J.(R^)=I0[a R/Ro(l^+b(1i|0
2
) + (1a)Ro/R(l^+a(1,j,)

2
}], (3) 

where a, b, α are the parameters to be determined. Once the calculation is 
validated by checks of compatibility with other diagnostics, the accuracy of 
the evaluation of q is of the order of 20? if the error in the data is 3*. 
PLASMA RESISTIVITY  Profiles of plasma resistivity are derived from 
local parameters obtained by diagnostic measurements. The principal data 
are Ie(r) from ECE [2], η Ar) from microwave or farinfrared interferometry, 
and Ζ ff from visible Bremsstrahlung measurements. 'Spitzer' resistivity is 
calculated from 

ns = 1.034 χ 10" z e f f o(Zeff) in A/Te
3
/
2
, (4) 

where T. is in eV, and the neoclassical resistivity from 
e
 *  . . r = l 

Π  s n 3 > . -> 1 
..·„.„_ _ '  _ " "  _  \ \ - 1

 f
 1 _ ~ *■ / ' 1 ·  NÏ i r i i 

«nere s = I :  . " ' , :
T
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Explicit forms of the coefficients a(Zeff), ξ, CR, the electron trapping 

factor fT, and the collisionality v* are given in [3]. The principal 

sources of error in these calculations arise from the measurement of Te(r) 

(±10?), and ZQÇÇ (the profile is assumed to be flat). 

RESULTS  The evolution of the principal parameters of a pulse selected 

for analysis is shown in figure 1. Figure 2 shows a comparison of radial 

profiles of neff (crosses), ns (full line) and η* (dashed line) at several 

times during the rise phase and flat top of this discharge. Once the plasma 

current has reached its equilibrium value, the profiles of resistivity 

derived from magnetic analysis and from temperature measurements are in very 

good agreement [4]. However, during the first 2s there are significant 

differences between the two, and particularly during the first 0.7s, where 

n0|.f is significantly higher than η*. Thus, the current penetration occurs 

more rapidly than can be explained by neoclassical resistivity, which leads 

to this enhancement in the calculated value of neff over η*. This might be 

explained by magnetic relaxation, as discussed in the next section. 

ROLE OF MHD INSTABILITIES IN CURRENT PENETRATION 

TYPE OF INSTABILITIES PREDICTED FOR THE CURRENT RISE  to investigate 

the relationship between the observed MHD activity and the processes 

affecting current penetration, we have analysed the evolution of typical 

discharges in the parameter plane (qQ, qa) [5]. By drawing the boundaries 

of various MHD instability regions, obtained from the model of [6], in this 

plane, it is possible to interpret the processes accompanying current 

penetration. Figure 3 shows a scatter plot of a sample of JET pulses in 

this plane. Several time points are included for each pulse. It is 

remarkable how few points lie centrally in the 'stable' region. 

For clarity we discuss the trajectory of a particular pulse (2214) which, 

as shown in figure 4, passed through all regions of the plane. 

Identification of the times of interest which are labelled in the figure can 

be obtained from the plasma current trace in figure 1. Detailed magnetic 

equilibrium calculations show that the current profile initially exhibits a 

significant skin effect, and that it becomes gradually more peaked as the 

trajectory reaches the equilibrium state. It is also found that the 

trajectory reaches q 1 at approximately the same time as sawteeth appear, 

and that it remains in this condition during a substantial period of the 

current decay. Thus, there is qualitative agreement between the form of the 

J (and q) profiles at various times and the region in which the trajectory 

lies. 

This relationship between the J profiles and the regions of the (qQ, qa) 

plane is further illustrated the two other cases shown in figure 4. These 

trajectories show very distinct patterns of evolution. Pulse 2442 starts in 

the q < q sector and then remains entirely in the 'kink' sector before 

disrupting during the flat top. Its current density profile starts hollow 

and peaks 3s after breakdown, the trajectory then being in the 'kink' 

region. This is in contrast to pulse 2214 which has a similar slow rise, 

but enters the 'kink' region earlier and also becomes fully peaked earlier 

(after 2s), terminating within the 'tearinginternal' band. The third 

example (shot 2044) is rather unusual, but interesting, because it always 

has a peaked current profile and, as expected, it crosses only the 'tearing' 

region. 

CURRENT REDISTRIBUTION BY MAGNETIC RELAXATION  The trajectories 

described here show a significant correlation with the spectra of MHD 

activity observed. Figure 5 shows the magnetic activity signal for pulse 

2442 plotted as a function of the safety factor, qa< Investigation over 

many pulses during the current rise shows that trajectories lying in the 

'doubletearing'/'kink' regions exhibit MHD actvity spectra of this form, 
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i.e. with distinct peaks close to rational values of q , that is q = m/n 
with n = 1 or, sometimes, n = 2. Evidence for the redistribution of J for 
pulses such as 2442 is shown in the plot of £i versus q (fig.6). This is 
further supported by observation of negative spikes in dl/dt. Trajectories 
which have crossed into the 'tearing' region have MHD spectra which are 
generally less structured with peaks of the signal often uncorrelated to 
integral values of q. The same is true for the evolution of li, 
CONCLUSIONS The evolution of current and temperature profiles in JET 
may be understood in terms of the trajectory of the discharge in the (q , 
qa) plane. It is found that the plasma evolves through regions in this 
plane which are predicted to be MHD unstable. While substantial MHD 
activity is observed, which is correlated with rapid current penetration, 
the occurrence of MHD instabilities generally has no deleterious effect on 
the flat-top performance. As the MHD activity decays, current penetration 
approaches the neoclassical value, and becomes neoclassical as the current 
plateau value is reached. Generally the plasma current flat-top is reached 
with qQ - 1, and this state is maintained into the decay phase. 
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ELECTRON DENSITY TRANSPORT IN JET 

A Cheetham, J Ρ Christiansen, S Corti, A Gondhalekar, F Hendriks 

J Hugill*, Ρ D Morgan, J O'Rourke and M Watkins 

JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, UK 

* Culham Laboratory, Abingdon, Oxon 0X14 3DB, UK 

This study is based upon absolute measurements of H or D emission at 

various locations, of electron density using a 7channel FIR interferometer 

and of neutral particle effluxes using a NPA. Plasma fuelling with 

auxiliary heating is investigated and transport coefficients determined for 

a.range of plasma parameters. 

FUELLING AND PLASMA EDGE BEHAVIOUR 

During an OH discharge, the density evolution closely follows that of 

the plasma current, [ï]. The application of auxiliary heating pulses of 

duration a few seconds produces an increase in the electron inventory, ΔΝ , 

which scales approximately linearly with the additional power, Fig.1,while 

dN /dt falls throughout the heating pulse. During NBI, asymptotically the 

ratio of increase in electron inventory to the number of electrons injected 

by the beam, ΔΝ /NNBT, does not vary appreciably with N^.., Fig. 2, and is 

 0.8. In contrast, starting from the same initial conditions, admitting 

Ν  2.8 χ 10
21
 atoms into the torus by gas puffing produces a relative 

increase ΔΝ /N of " 0.4. 
e g 

During both ICRF and NBI, the global particle confinement time τ 

drops during the heating pulse, consistent with the plasma being more 

impermeable to the recycled neutrals, due to its higher edge density. For 

a series of shots in which only the density is varied, and where the vessel 

has been conditioned by a number of discharges, τ at current flat top 
_ 1 9 - 3 

varies inversely with η at densities > 1.5 χ 10 m , (1). At lower 

densities the reverse dependence has been seen. However, for the same 

settings of the discharge parameters, the values of τ obtained for a 

large collection of OH shots over a period of many months show a 

significant spread at a given η , varing by a factor of 2 or more. Apart 

from uncertainties concerning the spatial uniformity of the H/D emission, 

the spread in τ can be understood in terms of a shottoshot variation in 

Ρδ L _ 

the neutral influx from the limiters Φ„, at fixed η , depending on the 
recent history of the machine, Fig. 3
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ELECTRON DENSITY TRANSPORT IN JET 

Density Profile Constancy is a striking feature of electron density 

build-up in JET. Figs. 4(a) and 5(a) show the line integrated density 

along seven vertical chords through the plasma. Fig. 4(a) is for a plasma 

with ICRF. Fig. 5(a) is for a similar plasma with NBI. Observe that, in 

both cases, after the plasma current and aperture become stationary, the 

ratios among the seven line integrated electron density signals remain 

nearly constant (within less than 5%) as the discharge evolves in time, 

indicating that the density profile shape remains nearly constant - see 

Figs. 4(b) and 5(b). This indicates that the magnitude of the electron 

density transport coefficients adjust themselves as the plasma heating 

source, electron source and electron density change, so as to maintain a 

nearly constant density profile. 

In order to determine the electron density transport coefficients, the 

density transients as shown in Fig. 4(a) and Fig. 5(a) have been analyzed. 

The continuity equation governs the density evolution: 

3n (r,t) 

■sr - V
1

^ -*
v
 *

 r
e

( r
·^ · 

The spatial form of the radial electron source function S (r) is calculated 

using the neutral density profile arising from edge neutrals only, 

recombination neutrals do not contribute to the electron source. Se(r) is 

then normalized at the edge using the absolute Ha measurement. 

Ionization of impurities is also a source of electrons. We have 

simplified this by multiplying by a factor (usually 1.6) the electron 

source due to ionization of neutrals. Fig. 4(c) shows such a computation. 

This gives us a measurement of the radial electron flux. 

In NBI discharges the electron source consists of, in addition to 

ionization of edge neutrals, ionization of beam neutrals. Fig. 5(c) shows 

the electron source function at the start of NBI. This source is strongly 

time dependent; as the plasma density increases, the beam-generated 

source flattens. 

The measured electron flux Γ (r) is interpreted in terms of a model of 

electron transport consisting of diffusive and convective driving 

terms, [2]: 

an (r) 

Γ (r) = - D(r) f- + η (r) V (r). 
β a" 6 ρ 

D(r) and V (r) are assumed not to change during auxiliary heating. The 

magnitude of the diffusion coefficient D determined above is in agreement 

with that determined by analysis of density sawtooth propagation [3]· 
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The analysis described has been performed for a large number of RF heated 

and a few NBI discharges, covering a large parameter range in Β , I »Paux 

and η , Fig. 6. 

CONCLUSIONS 

1. ICRF and NBI heating produce increases in the plasma electron inventory, 

which are comparable under similar conditions, despite the differences in 

fuelling. The increase scales approximately linearly with applied power. 

2. Hysteresis behaviour in the variation with η of the Η or D influxes 

from the limiters leads to a spread in particle confinement time. Vacuum 

vessel conditions influence recycling and particle confinement. 

3. The results of the electron density transport analysis, whilst yeilding 

credible results do not provide a detailed insight into the transport 

mechanisms. The transport coefficients do not depend in any systematic way 

on the externally controllable parameters. It seems plausible that 

transiently, the transport coefficients assume a magnitude so as to 

prevent the density profile deviating far from a preferred shape. Work is 

in progress to explore if the measured electron flux Γ (r,t) is related to 

other driving terms such as the plasma pressure and its gradient. 
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ION CURRENT DRIVE USING ICRF AND COMBINED ICRF/NBI 

H. Hamnén* 
JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, UK. 

*0n attachment from Chalmers University of Technology, Göteborg, Sweden. 

Introduction 

Among the various proposals to drive non-inductive currents in tokamaks are 
suggestions to use radio frequency current drive in the ion cyclotron range 
of frequencies. In the so-called minority regime, this could be done by 
heating a thermal minority ion species [ï], or by heating a neutral beam 
injected minority species [2]. 

In the original proposal by Fisch [ï], of current drive using minority ions, 
only a qualitative estimate of the current drive efficiency was done. In the 
subsequent papers [3,4], analytical studies based on the Fokker-Planck 
equation were carried out, for thermal and injected minority ions 
respectively. 

In this paper, we will report on a numerical study of the current drive 
efficiency for these two schemes. Only the current carried by the minority 
ions will be included, leaving aside possible currents in the electron 
species. Electron currents could be created either by direct interaction 
with the wave through Landau- and transit-time damping, or as a "return 
current", resulting from momentum transfer from the minority ions. 

For the calculations presented here, the effects of toroidicity on the 
particle motion along the field lines will be neglected. The Fokker-Planck 

/no 

¿1 = C(f) + Q(f) + S (1) 
at 

Here C(f) is the collision operator which has been derived assuming 
Maxwellian distributions of equal temperature for the background species, and 
using a linearised operator for the self-collisions [5]. Further Q(f) is the 
RF- operator, using the quasi-linear approximation [5], and S is a narrow 
Gaussian source function representing neutral beam injection. Also included 
in S is a low-temperature Maxwellian sink, with loss rate equalling the 
injection rate. 

Q(f) = 1_ _1_ ( VjL D0 F(v„) M- ) (2) 

For the wave-particle interaction we will use the equation 

1_ -L-fvj. D0 F(v„) iL. vA 3vx \ ° 3vx 

Here D is a constant, dependent on the electrical field strength. For F(v„) 
we will use the simple model 

F(v„) = exp -[ " " V° 1 (3) 
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Numerical Results and Discussion 

The scaling given by Fisch [ï], for the minority ion current drive is 

ï  I_ (4) 
Ρ ne 

where j is the current density and Ρ is the power density. 

The results presented here have been calculated using the 2D finiteelement 

code BAFIC, [6j. We have used one single set of plasma parameters. For the 

ion species we have chosen hydrogen minority ions and deuterium background 

ions, with Zeff = 1 , Te = Ti = 8keV and ne = 5 χ 10
19
 m~

3
. Throughout, the 

minority ion species concentration has been set at 5%. For the NBI cases, 

the injected power density has been set at 0.1MW/m
3
 and the injection point 

corresponds to a pitch angle of 15°. 

Shown in Fig. 1 is the efficiency of the pure ICRF .scheme for three different 

interaction velocities vQ vs absorbed power density, using a velocity space 

interaction width w = 0.5v^h. For interaction velocities ν > 3ν^ it is 

difficult to achieve good numerical convergence. In spite of low power 

absorption (< 5kW/m
3
), very long highenergy tails are produced. Since the 

current drive is critically dependent upon the variation of the collision 

frequency, the best efficiency is found if the particles stay in a region of 

velocity space where this variation is strong. Being pushed too far out in 

the tail, electron collisions start to dominate and the collision frequency 

becomes almost constant. Thus, it seems to be difficult to achieve the 

optimum efficiencies predicted by Fisch [ï], which occur for vQ  5v^, with 

the high power levels expected in forthcoming experiments. 

By tuning the wave to a neutral beam injected species, one may hope to 

overcome this drawback, simply because there are now more particles in the 

optimum interaction zone, implying less power per particle. That indeed this 

scheme has a much more favourable scaling with power is illustrated in Fig.2, 

which has been calculated setting the velocity space interaction velocity vQ 
(Eq.(3)), equal to the NBI injection velocity. 

Both schemes are compared in Fig. 3, again using a very low RF power 

absorption ( 1kW/m
3
). Also shown is Fisch's qualitative estimate [ï]. 

Surprisingly good agreement is found. However, as noted above, raising the 

RFabsorption for the pure ICRF scheme, the peak efficiency drops 

drastically. 

The efficiency for combined ICRF/NBI is shown in Fig. 4, for different values 

of the velocity space interaction width w (Eq.(3)), again setting the 

velocity space interaction velocity vQ equal to the NBI injection velocity. 

It is interesting to note that also with homogenous RFinteraction in 

velocity space (w = <» in Fig. 4), there will be considerable currents 

resulting from this scheme. 
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Conclusions 

The current drive efficiency 

η = _!_ · i (A/W) 

2TTR Ρ 

has been evaluated for pure ICRF minority heating and for combined ICRF/NBI 

(where for the latter scheme j/P denotes the incremental efficiency 

associated with the RFinteraction). For low RFpower, the efficiencies for 

both schemes agree well with Fisch's qualitative estimate [ï]. The pure ICRF 

scheme, however, has a very strong power dependence, the efficiencies 

dropping dramatically for realistic power densities. This power dependence 

is much less pronounced for the combined scheme. 

Using typical JET discharge parameters, it is found that currents of the 

order of 24MA could be driven with the planned ICRF and NBIcapacity. 
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Figure Captions 

Fig.1 Current drive efficiency vs. absorbed RFpower density for the pure 

ICRF case: a)
 v
0 = vtn, b) vQ=2vth and c)

 v
0=3vth· The velocity space 

interaction width w=0.5vth. 

Fig.2 Current drive efficiency vs. absorbed RF power density for the 

combined ICRF/NBI case: a) vQ=5vth, b) vQ=2vth and c) vQ=3vth. The NBI 

injection energy is 80keV and w=0.5vth. 

Fig.3 Current drive efficiency vs. velocity space interaction velocity for 

the two cases. The dashed curve shows Fisch's estimate, [ï]. The 

absorbed RF power density was kept very low (< 5kW/m
3
). 

Fig.4 Current drive efficiency for NBI only and the incremental efficiency 

for the combined case (for three different choices of interaction 

width), vs. NBI injection velocity (
v
0
=v
inj)· 
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RADIATION BEHAVIOUR DURING ADDITIONAL HEATING OF JET PLASMAS 

K Behringer, A Edwards, Η-U Fahrbach+, R D Gill, R Granetz, N Gottardi, 
H Jaeckel , G Magyar, E R Mueller+, A Weller+ and D Zasche+ 

JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, UK 
+EURAT0M-IPP Association, Garching 

Abstract 
Additional heating in JET with ICRH or NBI leads to an increase of the 

total radiated power. This is partly due to the density increase caused by 
the applied heating method. The relative power loss P^ad^tot reac!ies higher 
values with RF heating. The density increase can be partly controlled when 
the plasma is attached to the inner wall. 

Radiation sources at the plasma edge lead to asymmetric radiation flux 
profiles. For this case the local emissivities can be derived from the 
bolometer measurement by a tomographic reconstruction method. Reliable 
values for the central radiation can be evaluated from the soft X-ray 
diagnostic when measuring with a 4.4 μπι Be filter. 

The radiative power loss of the JET plasma can be measured by bolometers 
in the energy range 5 eV < E D h < 9 KeV and with surface barrier diodes (soft 
X-ray diagnostic) in the range 300 eV < E h < 10 KeV. The lower threshold 
energy of the diodes can be shifted to higher values by using Be-filters of 
different thickness. For both diagnostics two camera systems are available, 
viewing the plasma from the bottom ("vertical cameras") and the side 
("horizontal cameras") on the same ports. In the immediate vicinity two 
RF antennae are installed which generate local radiation sources due to their 
interaction with the plasma. These sources contribute to the bolometer 
signal as well as to the soft X-ray signal (provided the latter is operated 
without filter). This may lead to an overestimation (up to about 10?) of the 
total radiated power derived from the vertical bolometer camera. 

At present additional heating on JET with RF or NB provides similar 
maximum power levels (PAU < 5.5 MW). The evolution of the electron density 
and hence of the radiated power during additional heating depends sensitively 
on whether the plasma is attached to the outer limiters or to the inner wall 
carbon protection plates. A strong increase of the electron density 
(particularly with NB-heating) and of the radiation loss is observed when the 
plasma is attached to the outer limiters. In inner wall operation, the 
density increase can be reduced or the density can even be kept constant. 
High radiation peaks may occur at the plasma edges. Fig.1 shows the 
radiation flux distribution for two NB-heated (Fig. 1a, 1b) and two RF-heated 
discharges (Fig. 1c, 1d) for limiter operation (top) and inner wall operation 
(bottom). The sudden appearance of a pronounced radiation peak at the inner 
plasma edge during the limiter bound discharge of Fig.1 is due to a shift of 
the plasma to the inner wall. 
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Fig. 1 Brightness distribution measured by the vertical bolometer camera for 
NB- (left) and RF-heated (right) discharges. 

The relative power loss reaches 70$ in the case of RF-heating 
(high <ne>). It can be kept quite low for NB-heating, when the density 
increase is controlled by shifting the plasma to the inner wall (Fig.2). 
Even in the high density NB-heated discharges the relative power loss is only 
about half of that in the corresponding RF-heated discharge. 

The local emissivities can be evaluated by Abel inversion only for 
radially symmetric flux profiles. Using a tomographic reconstruction method 
/I/ one can derive local emissivities also when m = 1 and m = 2 deviations 
from the poloidal symmetry occur. Fig. 3 shows the emissivity distribution 
obtained from a tomographic reconstruction and from an Abel inversion (dashed 
curve) of the flux profile of the vertical bolometer camera. In the latter 
case the channels which are affected by the outer local radiation source have 
been omitted. 

The emissivity in the centre cannot be derived accurately when 
asymmetries or hollow flux profiles occur. In that case the central 
emissivities can be obtained from soft X-ray measurements. Using a 4.4 um Be 
filter (E h > 750 eV) leads to an attenuation of the radiation predominantly 
from the plasma edge and hence to radially almost symmetric emissivity 
profiles (Fig.4). In this case the m = 0 component gives reliable values for 
the central radiation. For the hollow radial profile shown in Fig.4 the 
contribution to the soft X-ray signal can arise from resonance lines of H-
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Fig. 2: Time history of the total radiated power (middle curves) and the 

volume averaged density <ne> (lower curve) for the input power given 

in the upper curves. The numbers at the middle curves give the 

relative power loss
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rad
/P
tof 

and He like oxygen and/or from metallic impurities in Ne to Lilike states. 

Carbon line radiation is almost completely supressed by the 4.4 ym Be filter. 

For the discharge of Fig.4 a concentration of  0.09$ metallic impurties 

estimated from the soft Xray measurements are in agreement with spectro

scopic results /2/. For oxygen line radiation transport calculations usually 

show the radiation shell closer to the plasma edge than one would derive from 

the soft Xray emission profile. 
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FOURIER HARMONICS OF EMISSIVITY EMISSIVITY CONTOUR PLOT 
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Fig. 3: Emissivity distribution of an RF-heated discharge derived by a 
tomographic method and by Abel inversion (dashed curve). 
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Fig. 4: Fourier components of the 
emissivity obtained from a 
soft X-ray measurement 
using a 4.4 μπι Be filter. 
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Ίί PROFILE STUDIES DURING ICRF HEATING IN JET 

S Corti, E Barbato , G Bracco , M Brusati, M Bures, A#Gondhalekar, 
F Hendriks, F Sand, A Taroni, F Tibone, V Zanza 

# JET Joint Undertaking, Abingdon, 0X14 3EA, UK 
ENEA Euratom Association, Frascati, Italy 

ABSTRACT 
After a brief description of the analysis code used, some measurements 
performed with an array of four passive Neutral Particle Analysers are 
presented. The main result of this study is the evaluation of Ti profiles 
both during ohmic phase and ICRH phase of a JET plasma. A comparison of 
the experimental T.· profiles with those obtained from Transport analysis 
codes and a power oalance computation performed using the JICS code are 
discussed. 

This paper describes features related to the analysis of neutral particles 
and the ion temperature in JET as measured with an array of four passive 
Neutral Particle Analysers. Ten energies for two species (Hydrogen and 
Deuterium) are detected simultaneously in each analyser, so that the two 
energy spectra can be obtained at any time of a discharge and at different 
spatial locations. The neutral particles emitted by the plasma are ionised 
in a gas stripping cell and energy and mass analysed in a Β//Ξ geometry. 
The analysers have been absolutely calibrated both for H and D. 

An analysis code /1 / taking into account all the relevant processes is 
available. This code, using the measured neutral particle fluxes, the 
measured Te and ne profiles, taking the edge neutral density as a free 
parameter allows to compute the neutral density and the T^ profiles. A 
value for n^n,, (ranging between 0.5 and 1) is assumed, constant in radius, 
throughout the"calculation. 

To start with a T,· profile is assumed as a parabola best fitting the four 
points obtained performing a linear fit on the spectra given by the 
different operational analysers. An iterative process is then adopted 
taking the x2of the fitting to the experimental spectra as the key 
parameter. 

In order to check the consistency of the calculated profiles with the 
experimental data, the value of the derivative of the spectra (i.e. the 
value of the temperature) corresponding to the radial location of each 
energy measured experimentally is superimposed to the final profile. In 
doing that, the assumption is made that T¿ be constant on a given magnetic 
surface, so that all energies, measured along different lines of sight, can 
be plotted on the same radial scale. 

In Fig. 1 the profile obtained during the OHMIC phase of a discharge is 
shown. The horizontal error bars correspond to the halfwidth of the 
relevant source functions. 
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During Ion Cyclotron Resonance Heating the ion temperature profile is 
modified according 'to the location of the resonant layer and of the power 
deposition. By varying the value of the toroidal field it is possible to 
have the position of the resonant layer changed during the same discharge. 
Figs. 2 and 3 show respectively the profiles obtained in case of central 
and off-axis heating. 
The experimental T^ profiles obtained in this way have been compared for 
the ohmic phase of a discharge with those resulting from transport code 
simulations. The standard transport model for JET has been used: i.e. 
neoclassical resistivity, y^ = 2χΘςΜ0 and χ̂^ = 5\Α^, xiCH being the 
neoclassical ion thermal conductivity given in /2/. The results are shown 
in Fig. 4. Good agreement is found between computed and measured 
profiles. The ion contribution to the energy replacement time in this case 
is half the electron contribution. This is mainly due to the deuterium 
depletion caused by impurities. 

The same ion transport model is used to simulate the ICRH phase of the 
discharge. In this case a more detailed analysis is needed, especially at 
high RF power, where sometimes the consistency between the various Ί^ 
measurements failed. Results of the computation show that the NPA profiles 
can be consistent with the global power balance. However, when Ppjpä 2 - 3 
Po, they would imply that a substantial portion (-80%) of the auxiliary 
power is absorbed by the main ions. The radial dependence of the ion 
neoclassical conductivity allows to obtain, in these cases, Tj profiles 
rather broad in the intermediate plasma region ( VT^ < VTg) while the 
height of the central peaking is inversely proportional to the width of the 
RF power deposition profile. If this picture was confirmed, it would nave 
rather drastic implications on the global plasma parameters (e.g. TQ would 
be much higher, during RF, than estimated so far.) 

The analysis of the power balance has been performed, both for the Ohmic 
and the RF cases, using the JET analysis code JICS /3/. Experimental 
profiles for electrons and ions have been used to infer power terms and 
local conductivities. 
The power balance follows the general Tokamak pattern, with most of the 
input power being lost by conduction mainly through the electron channel. 
This picture is maintained (fig. 5) during additional heating: ie 
conduction losses scale with the total input power for both ions and 
electrons. 
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FIGURE 1 - T. profile obtained during ohmic phase (shot 6850) 
(dashed line). The T^ profile from ECE measurements and the T± 
values from x-ray spectroscopy on Ni ( · ) and from Neutron 
Yield ( x ) are also shown. The Θ represent linear fitting 
points. 

FIGURE 2 - As Fig. 1 but in 
case of ICRF central heating 
(shot 6850) . 

FIGURE 3 - As Fig. 1 but in 
case of ICRF off-axis heating 
(shot 6850) . 
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Abstract 

As a basis for investigating the possibility of controlling current 

profiles in JET we present a short analysis of transit time magnetic 

pumping of electrons by fast magnetosonic waves above the ion cyclotron 

frequency. 

1. Introduction 

The "profile consistency" observed to limit the performances of addi

tionally heated tokamak discharges stressed the interest of decoupling 

their temperature and current density profiles. 

The fast magnetosonic wave has been considered as an attractive 

candidate for noninductive current drive /12Λ Unlike the slow wave in 

the lower hybrid frequency range, it has indeed the potentiality of being 

efficient at high density and high temperature. Interaction with the bulk 

of the electron distribution in the centre of the discharge, although not 

the most efficient, would provide the required absorption of the RF power. 

In particular the fast wave could be very well suited for driving a 

reverse current in the central hot and dense plasma of large tokamaks, 

with the hope of suppressing "sawteeth relaxations" /3/· 

A mode conversion current drive scheme near a twoion hybrid 

resonance (Bernstein wave current drive) has been proposed /4/. As an 

alternative, we shall concentrate in this paper on direct electron current 

drive from the high frequency Alfvén wave itself. We shall draw some 

preliminary conclusions with respect to wave absorption by the electrons, 

bearing in mind that other loss channels such as absorption from ions at 

harmonics of QQ, or from high energy fusion products will have to be 

avoided or overcome. 

2. Electrodynamics of the fast wave above the ion cyclotron frequency 

We consider frequencies such that Ω
2
0< < ω

2
 < ÜQ¡ Ω and densities 

higher than the lower hybrid resonance density (ω
2
 ·>> ω ). The wave has 

both electrostatic and electromagnetic components, ie. È =  1 ~r  νψ, 

its electric field is mostly perpendicular to the equilibrium magnetic 

field § and its magnetic field § parallel to § . Parallel currents exist 

due to a small parallel electric field but also to the bulk pVB force 

exerted on the electron fluid. This force is the only thermal effect 

taken into account. Solving Maxwell's equations within these assumptions, 

one obtains the following results: 
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at densities such that ω0^>>ω only the fast branch propagates and 

there is no problem of accessibility up to a few harmonics of Ω : · , 
near cutoff the wave has all the characteristics of the right 

handed circularly polarized whistler mode and then transforms itself into 

the high frequency Alfvén wave (HFAW), η = nA = ωοί/Ωοί, at almost 
perpendicular propagation. 

- if S Q is along Ôz, ¡< in the Oxz plane and if α is the angle 
between ¡< and Ôx we find the following polarization for the HFAW: 

A„ =  jnA φ cosa Ω„Ί·/ω, A„ << A„, E„ = j k A , Β = j jnA φ cosa Ωο1/ω, Αχ << Ay, '"Α ι ' Ey j ko Ay' Bz J ko nA Ay 
cosa and Εχ= -j kQ nA φ cosa; 

the energy density carried by the wave is mostly in magnetic and ion kinetic energy and can be expressed as 
W - wm ♦ W· = 2W ι m 

B
z^o 0.5 n

e
 T
e βφ/Τ, 

usual ratio of electron pressure to magnetic pressure. 

2
 where ße is the 

3. Interaction of the fast wave with electrons : TTMP vs. LANDAU DAMPING 

Both parallel (eE// force) and perpendicular (pV//B force) electric 

fields act upon the parallel velocity of the guiding centre of the 

electrons. However, unlike ions in TTMP heating, electrons see opposite 

forces and the interaction vanishes at some critical perpendicular energy 

crit' Because the parallel electric field adjusts itself so as to give W 

a zero net force on the bulk electron fluid (in the limit of zero electron 

inertia and ω ^ >> ω) we expect this critical energy to be near the 
thermal energy of the bulk electrons. TTMP diffusion will therefore be 

most efficient on electron tails having perpendicular energies a few times 

above thermal. 

Our detailed calculations show that the total force applied on the 

guiding centre is 

F// = j t e | η// 
^c7^ - t 

Wj_  <WX> ω
2 

Η 
mc 

so that the critical energy defined above is indeed 

W
Lcrit

 = < W
J

> + m
°

2 ω 2 / ω 2
β ϊ where <Wj_> is the average perpendicular energy of the electron fluid 

(<Wj_>=T ). It is to be noted that at high density and low frequency 
(50 MHz) Wj_ ^ is indeed near T e whereas at higher frequencies (800 MHz) 
it is much larger so that Landau damping is the dominant absorption 
process (cf. Fig. 1). 

From the expression of the total force given above, it is straight
forward to obtain the quasilinear diffusion coefficient and the 
corresponding damping rate. We assume a Gaussian distribution in k// 
space for the wave energy density and, after some algebra, we find that we 
can approximate the diffusion coefficient by the following expression: 

D m = 0.5 <Av//2>/At /π 2m*-p 
F// 
v77 7ÜT77 exp 

n//  n//( 

SÏÏ77 

where n//Q is the peak parallel wavenumber and Δη// the half width of the 

spectrum. The thermal velocity vfce is defined by T e = J, mv
2
t and 

βφ/Τ
 2

 is related to the average wave energy density W by the expression 

given at the end of the precedent section. 

In high temperature plasmas and at moderate resonant velocities the 
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Maxwellian distribution will not be much distorted and we find the 
following damping rate for the wave energy: 

2Ύ = dW/Wdt = (/π/4) ω ß e xe exp(xe
2
) 

2 

1 

where xe = ü>/k//vte. 

4. Absorption of the fast wave and steady state current drive 

The results sketched above have been inserted into a FokkerPlanck 

code developed at Culham /5Λ For a given energy density, ie. a given 

maximum diffusion coefficient, we obtain the steady state current density 

and absorbed power density and we compute the corresponding absorption 

length L a b g = vft/2Y = vftW.(dW/dt)"', where vA is the Alfvén velocity. 

Future calculations will include trapping and relativistia effects which 

may reduce the current drive efficiency. 

An example of electron distribution that we obtained is displayed on 

Fig. 2 and it is clearly seen that substantial distortions from Maxwellian 

distributions take place at high perpendicular energy. 

Fig. 3 shows the absorption lengths resulting from high power ( 0.1 

MW/m
3
) quasilinear interaction, as a function of ¡} and Τ . It is clear 

that high ß e values (> 5%) and bulk interaction will be required if the 

wave is to be absorbed in a few passes. In this respect, the advantage 

that the centre of the plasma is accessible to waves with relativistic 

phase velocities along the magnetic field may turn out to be of little 

practical interest. 

Nevertheless, as shown on Fig. 4, current drive based on bulk 

electron interaction seems feasible in JET with efficiencies (η = j/2uR 

Pabs) of the order of 0.1 A/W. This is of the same order of magnitude as 

lower hybrid current drive efficiencies; however, we must emphasize that 

fast wave current drive should occur basically at the centre of the hot 

and dense JET discharges whereas lower hybrid current drive should be more 

peripheral at high temperatures. Both schemes (LHCD and FWCD) seem 

therefore rather complementary as far as profile control is concerned and 

could provide the additional "knobs" that one seeks for improving tokamak 

performances. 

Finally, a suggestion for enhancement of the T.T.M.P. absorption 

could be to start from a preformed nonMaxwellian distribution having 

high perpendicular energy (Ύ α Wj.2). Slide-away discharges or synergic 
effects from combined lower hybrid and fast wave current drive could for 
instance be beneficial. 
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EFFECTS OF MAJOR RADIUS COMPRESSION IN JET 
A Tanga, N Gottardi, A Hubbard, E Lazzaro, Ρ Noll, 

E Springmann, A Taroni. 
JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA 

Introduction 
Major radius compression in tokamaks is a tool for achieving high plasma 
pressure ', 2 ,3, ". Its attractiveness depends also on the fact that the 
compression can be made "adiabatic" and then the plasma quantities are 
expected to change according to simple laws ('). 
In JET the application of a fast increase of vertical field has produced a 
displacement of the plasma column in major radius with the toroidal field 
constant in time. Typically the time necessary to detach the plasma from 
the limiter, until it reaches the final state in the contact with the 
inner wall, was 0.15 + 0.2s while the global energy confinement time was 
0.5 + 0.7s. Parameters of the discharges analysed are presented in table 
I. Since the vertical field is not completely decoupled from the plasma, 
the increase of the vertical field causes an increase of poloidal flux. 
When the plasma is compressed the increase of plasma current is due for 
one third to the effect of the compression and for the rest to the 
increase of poloidal flux. The situation is illustrated in the figures 
1,2,3. Fig 1 shows the flux contour as obtained by the equilibrium code 
INDENT 3 (5) before the radial compression. Fig 2 shows an analogous plot 
for the plasma, 0.19s later after the compression. The plasma is in 
contact with the inner wall and the cross section is hardly changed. The 
expected result in an ideal adiabatic case starting from the configuration 
of Fig 1 is shown for comparision in Fig 3. Here the equilibrium 
configuration was calculated using the code ESCO (*). The fluxes on the 
vacuum vessel are the same as in Fig 2 but the q profile and the toroidal 
and poloidal fluxes inside the plasma have been conserved and the 
adiabatic constraints (7) have been verified. It is evident that a pure 
adiabatic compression would have produced a smaller plasma. Moreover the 
increase in plasma current would have been only - 11OkA against the -
360kA observed experimentally. The variation of flux as given in the 
table is in agreement with the changes in plasma current and variation of 
inductances. 

Changes in plasma parameters 
In terms of other plasma parameters a noticeable increase of the peak and 
of the volume average electron temperature has been measured by electron 
cyclotron emission and it is shown in Fig 4. It should be noticed that 
the increase of the peak and average electron temperatures is more slow 
than the compression which takes place between t = 8 and t = 8.2 seconds. 
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Some enhancement of the sawteeth activity is also present. The time 

evolution of the ion temperature, as deduced from neutron emission is 

shown in Fig 5. In Fig 6 the radial profile of the electron density is 

shown as obtained by Abel inversion of the interferometer data. There is 

a noticeable peaking of the electron density profile subsequent the radial 

compression. It should be also mentioned that ne scales approximately as 

C
2
, C being the initial major radius divided by the final one, as it is 

expected from the adiabatic scaling. The total radiated powers as 

obtained by the integration of the multichord bolometer camera, during the 

compression shows only a small variation (in this case a reduction), 

compared to the global input power. This fact would suggest that the 

resistive losses are not substantially enhanced by the radial 

compression. 

Conclusions: 

According to the adiabatic laws the temperature should scale with the 

compression ratio to the 4/3. Thus one would have expected a 10? increase 

in Te and Ti while the experimental values are respectively an increase 

by 20? and 30? shown in Table 1. This is probably due to the appreciable 

ohmic contribution as it is shown by the analysis of the magnetic data. 

It is obviously difficult to quantify in detail the balance of the power 

fluxes in a transient, however the increase of both the ion and electron 

central temperature is much faster than the resistive skin time and may 

this suggest the presence of an anomalous penetration of the plasma 

current which may contribute to the increase of the plasma temperature. 

The elctron density scales in agreement with the adiabatic scalings. It 

should be stressed that, despite the elative changes in plasma parameters 

being small, there seems to be an enhancement in the thermal content of 

the discharge which seems to originate both from the flux variation and 

from the radial compression. 
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TABLE I „ 
Before lp t BT 0 T Ψ % 
Compression 2.03 8.02 2.92 1.6 6.95 5.4 
After 2.39 8.19 2.92 1.8 7.34 5.6 
Compression 

Compression ratio C = 1.07 

Adiabatic scalingsi1) 

T - C -/3 = 1.09; η * C2 - 1.15; lp * C = 1.07 

Experimental values 

Li 
1.15 
1 .09 

n. 
= 1.20 ; = 1.30 

;1 
B T = Toroidal field in tesla 

t = time in seconds 

0 T = toroidal flux 

ψ = poloidal flux 

τ (2) = ion temperature before 
(after) the compression 

= 1 .16 

Ip = plasma curretn (MA) 
q = safety factor at plasma boundary 
b 
g = poloidal beta 
Ρ 

li = internal inductance 

Τ = electron temperature before 
e(2) (after) the compression 
η = electron density before 
en(2) 
(after) the compression 

ZIml 0 

1 2 3 
Radius H(mj 

Fig 1 

Poloidal flux contour of the plasma 
before the compression. 

ZIml 0 

2 3 
Radius R im) 

Fig 2 

Poloidal flux contour of the plasma 
after the compression. 
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Radius R (m) 

Fig 3 

Poloidal flux contour of the plasma 

as it should have been if the 

compression were purely adiabatic. 

Fig 4 

Time evolution of the peak electron 

temperature (top) and average 

electron temperature (bottom). 
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Time evolution of the peak ion 

temperature. 
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compression (curve a) and after 

compression (curve b). 
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A S Kaye, ***C Lowry, *G M McCracken 

JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, UK 

* EURUKAEA Association, Culham Laboratory, Abingdon, Oxon 0X14 3DB, UK 

** Dept of ElectroPhysics, Technical University of Denmark, Copenhagen 
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1. Introduction 

A knowledge of the properties of the plasma boundary layer and their 

changes during the application of RF power is of general interest. Measure

ments of electron temperature and density are needed to understand the 

behaviour of impurities in the edge region. Radial profiles of electron 

density determine, in addition to other parameters, the coupling resistance 

of the ICRH antennae. The energy flux is needed for designing the limiters 

which are shaped to homogenize the radially dependent heat load. A very 

important parameter for the proper design of a.limiter is the efolding 

length for the energy flux. The total flux is also needed to understand the 

confinement of particles and energy during ICRH heating and from the density 

profile the diffusion coefficient D, in the boundary may be estimated. 

2. Experimental 

The JET scrapeoff layer has been studied with 2 

probes mounted at two different poloidal and toroidal 

(i) A movable array of 4 probes (LPT in Fig. 1) 

vertical port scans the boundary plasma near 

from the wall up to a minimum distance of 60 

closed flux surface defined by the limiters. 

(ii) An additional set of two probes located in a 

of an ICRH antenna (LP1 and LP2 in Fig. 1). 

monitor the plasma at distances of 15 mm and 

from the limiter separatrix (magnetic ripple 

sets of single Langmuir 

positions. 

introduced through a 

the top of the machine 

mm from the first 

side protection tile 

These two probes 

27 mm, respectively, 

taken into account). 

360' 180' 

L L 

fl — B

5m 

ANTENNA O H . P T 
I 

L 6B L L 

D D  0 
L 

* » ■ 

L 

□ 
L 

D 

I 

ANTENNA 
/ \ 

20 2B 

LP2' 


. 

L 

 0 
) 

Fig. 1 Unfolded view of torus wall as seen from inside with 8 carbon 

limiters (L), 3 ICRH antennae (2B, 2D, 6B) and Langmuir probes (LP1, 

LP2, LPT). 
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100 

I » 3.5 MA 

Β · 2.9 τ 

/ N . Í J I » (8... 10) Χ 10 "m'
1 

r -r ( m m l 

Plosma 

Boundary 

LP1 

r  r (mm)

30 

L.P2 

Plasma 

Boundary 

Fig. 2 Ion saturation current, electron density, elect"on temperature and 

power density versus distance from plasma boundary. Deuterium 

plasma with
 3
He minority heating. JET pulses 6279...83. 
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Langmuir IV characteristics ( 100 V < V < + 10 V) were taken at typically 

0.5 second intervals during the plasma pulse, with a resolution of 50 ms for 

a single characteristic [l]· 

3. Results 

Most of the results reported here have been obtained using the 2 

antenna probes. The IV scans have been arranged to determine the boundary 

properties before, during and after each 2 to 5 s long RF'Heating pulse. 

Fig. 2 shows the ion saturation current I s a t, the electron density ne, 

the electron temperature T , the edge density n and the deposited power P ¿ 

versus radius for a typical discharge fI =3.5 ΜΑ, Βχ  2.9 T, /ngdl = 

(8..10) χ 10
1 9
 m

2
} in which up to 6 MW ICRH power was added to the 3 MW 

ohmic plasma. The density as calculated from I s a t and Te is obtained by 

assuming Τ * T. and the deposited power flux density is derived from 

γΐ Τ witt γ = 10. sat e As a general observation all the parameters increase at both probes as 
RF power is applied, with an exponential decay of the parameters toward the 
torus wall[3]. The particle flux rises rapidly, with a time constant 
between 0.25 and 3 ms. The rise time in the RF power is » 0.25 ms. Rise 
times in Η and CIII light have also been measured, and these are faster than 
the sampling rate, (< 5 ms). 

^Isa 
We find that the e-folding length for I S3 t 

increases from λ, - 6.6 mm (for Ρ = P Q = 2.8 MW) to 10.2 mm at P t o t -
8.3 MW (Fig. 2). 

The density behaves similarly: λ increases from 9 mm for the ohmic 
target plasma to 13.2 mm at Ρ = 8.3 MW. The temperature rises from an 
average of 30 eV in the ohmic aischarge to 45 eV with RF heating, as recorded 
by probe LP1. The T radial profile also flattens. The heat flux at the 
first probe rises from 1.3 χ IO6 W m - 2 for Ρ 
8.3 MW total power. 

These profiles for I a t> n
e 

Ω 2.8 MW to 3.3 χ 106 W m - 2 at 

30 

! Μ
ε 
E 

ιο-
Β»3.*Τ 

/N,dl * (6 Κ))χ10βπ· 

Τ and Ρ, are consistent with those measured e d with the top Langmuir probe 
array at similar discharge 
conditions if one takes into 
account that the field lines 
are compressed by a factor of 3 
(mid-plane compared to top) 
[1-3]. 

The observed increase of 
all the e-folding lengths is 
more pronounced for a 2 MA 
discharge than at higher plasma 
currents (as demonstrated for 
λ-,- t in Fig. 3). The curves 
appear to steepen as more RF 
power is added to the 
discharge. 

ptot ■ ρ Λ ' prf ' M W
> 

Fig. 3 e-folding length for ion saturation 

current versus total power for 3 

different target plasmas (D with 

5%
 3
He). 

4. Discussion and Conclusions 

It was found that electron 

density, temperature and hence 

deposited power all increased 

during ICRH. The relative 

increase is higher towards the 

wall - leading to a broader 
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c < 

2 U 6 8 

— Ptot = ΡΛ·ΡΓί (MW) 

F i g . 4 Fluxes to the antenna limiters (at 
r - r =13 mm) versus P_„.· s o tot 

boundary plasma during ICRH. 
(The absolute increases at the 
radii of LP1 and LP2 are 
similar.) 

All parameters decay 
exponentially towards the torus 
wall. This is deduced from 
measurements taken between 15 
mm and 60 mm from the 
separatrix. However one has to 
be cautious when extrapolating 
the measured data towards the 
plasma edge (dashed lines in 
Fig. 2). 

The belt limiters for JET 
and the side protection tiles 
for the second generation ICRH 
antennae have been designed 
assuming a power flux e—folding 
length λ β 10 mm. The 
measured values are in that 

range. Howe\rer, the 
the increases in I. 

increase in λρ with power, taken in conjunction with 
and Ρ,, imply that the total particle flow and the 

total power flux to the limiters increase strongly with RF power. The 
calculated fluxes to the antenna limiters which are at r - rQ = 13 mm are 
shown in Fig. 4. About 3% of Ρ is incident on the antenna limiters and up 
to 20% on the 8 carbon limiters. The increase of λ and P^ in the boundary 
with heating power is a matter of some concern. 

The short timescale over which the boundary parameters increase 
(0.25-3 ms) is also observed for the CIII and Η radiation. (The line 
averaged plasma density also increases during ICRH, but more slowly.) This 
implies that the plasma boundary is directly heated by the RF, the 
responsible mechanisms remain to be investigated. 

The observed increase in e-folding lengths suggests an increase of 
perpendicular transport (and/or increased heating and/or ionisation in the 
S.O.L. [3]). 

The rise in electron density with the associated flattening of the 
density profile should result in little change in antennae coupling 
resistance - which indeed has been observed. 
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EFFECT OF OFF AXIS ICRF POWER DEPOSITION IN JET 

F. Sand, **B. Beaumont, *V.P. Bhatnagar, M. Bures, S. Corti 

J. Jacquinot, P.P. Lallia, A. Tanga 
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* From LPPERM/KMS; EUREB Association, 1040 Brussels, Belgium 

1. Introduction 

First tests were made in JET to assess off axis power effects on: 

 confinement (including possible heating optimization q = 2 

stabilization) 

 sawteeth behaviour 

 profile control. 

The large dimension of the plasma cross section (2.50 m χ 4 m) 

compared to the antennae dimensions and to the perpendicular wavelength of 

the wave together with a significant focalisation provide good 

localisation of the power deposition. The parameter range provided single 

pass absorption and little reflection. 

Description of the Method 

The JET RF system can cover a 

broad band in frequency 

(2555 MHz) but in discrete 

steps requiring time consuming 

adjustments. It was therefore 

decided to alterna tively fix 

the frequency at a given value 

(33 MHz) and to slip the 

resonant layer through the 

plasma cross section by a conti

nuous change of the main 

toroidal magnetic field. The 

ramp duration is 10s and the 

magnetic value decreases either 

from 3.4 Τ to 2.1 Τ (Case A, He
3 

minority, 3 MA) or from 2.6 to 

1.4T (Case Β, Η minority, 2 MA). 

The 4s RF pulse is superimposed 

at various times (4549 or 4852 

or 5155) to cover the full 

plasma cross section (Fig. 1). 

Fig. « Evolution during (he ramping of the field of 

résonnant layer position for case A(3.4—2.1 T) 
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3· Localisation expected 

The elements playing a role in the broadening of the power deposition 
are mainly 

(a) the natural thickness of the absorption zone. 
(b) the difference in frequency at which each antenna is tuned (32.4 

to 33-5 MHz) which scatter the resonant layers over 10 cm approximately. 
(c) the vertical spread which, despite the focalisation, distribute 

the power on several successive magnetic surfaces. 
The final distribution extends therefore over a domain whose thick

ness along R is typically between 30 and 50 cm and the expected effects 
are smoothed accordingly. 

4. Experimental results 

4.1 We have already reported /1 / that the dimensions of the sawteeth are 
dramatically increased when we heat the plasma inside the q = 1 cross 
section. This effect disappears when the resonant layer is moved outside 
q = 1. 

4.2 Fig. 2 gives the ΔΤ/ΔΡ plotted versus the position of the resonance 
layer. 

ΔΤΐο/ΔΡ | 

2.6 2.8 3.0 3.2 3.4 3.6 Rr (m) 0 
Rr(m) 

Fig. 2 : Ion and Electron temperature variation versus 
the position of the resonance layer 

When plotting the total energy content of the plasma versus total 
power P T Q T = p 0h mi C

 + PRF w e ^ n c l a linear dependence which could be 
described by : WTrvr = Trj„ Pn„ + τ,(ΡΊ 

ohmic rRF 
: W T 0 T = τ Ε ο Ρ Ω ο + Ta(PT0T - Pp.)· W e h a v e reported (Fig. 3) 

for different conditions the τ-value versus the position of the resonance 
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layer. The resulting distribution exhibits a broad maximum in the central 

region (  q < 1) and decreases outwards significantly. When moving from 

condition A (3.4 + 2.1 T, He3 minority and I  3 MA) to condition B (2.6 

♦ 1.1 Τ, H minority and I = 2 MA), it is a striking result to find all 

the values merging in the same general curve. 

Fig. 3 Ζ α versus position of the résonnant layer 
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Several factors complicate the interpretation namely: 

(a) The minimum mean hydrogen content in JET is around 5% of the Deuterium 

majority. Accordingly when the He
3
 heating takes place at radius smaller 

than 2.8 m a second minority heating zone (H minority) enters the plasma 

from the LFS. Consequenly, when the magnetic field decreases an 

increasing heating efficiency on (H) competes with the decreasing heating 

efficiency on He
3
. 

(b) An adverse consequence of the RF heating is a moderate release of 

impurities increasing the radiated power which is thus more pronounced at 

the end of the RF pulse. Together with the density increase, this results 

in a decrease on xa at the later times and complicates the interpretation. 
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Fig. 4 Electron and Ion temperature profiles 

with on axis ( 1 ) and off axis ( 2) 

RF heating 

4.3 Significant effect on off axis heating on Ti profile have been 

identified (Fig. 4). On the other hand, no change in Teprofile outside 

q = 1 could be attributed to off axis heating despite the obvious mean 

increase observed in this case. This is in agreement with the socalled 

"profile consistency" observed on JET. 

4.4 No evidence of any beneficial effects can yet be reported when 

heating around q = 2 surface. One could even discern an increased 

sensitivity to disruption possibly connected to impurity release when 

heating on the HFS q = 2 surface. This should however be reconsidered 

carefully with steady state condition before definite conclusions could be 

drawn. 

Conclusion 

So far, off axis heating did not achieve any major favourable results. 

The best heating efficiency has been obtained when the resonance zone is 

located close to the magnetic axis. 

Reference: 

/1/ ICRF Studies on JET  J. Jacquinot et al. 12th Eur. Conf. 

Controlled Fusion and Plasma Physics, Budapest Sept. 1985 
on 
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THEORÏ OF EXCITATION OF ASYMMETRIC k -SPECTRUM 

BY PHASING THE JET ICRF ANTENNAE 

V.P. Bhatnagar*, M.P. Evrard*, J. Jacquinot 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK 
*From LPP-ERM/KMS; EUR-EB Association, 1040 Brussels, Belgium 

1. Introduction 

A potentially important application of a radio-frequency heating 
scheme is the generation of RF driven currents to assist in the plasma 
equilibrium of a tokamak [ï J. In large tokamaks such as JET, the ion-
cyclotron resonance heating (ICRH) power-deposition profile is narrow and 
the power can be deposited locally [2,3]· This feature opens up the 
possibility of modification and control of current profile in tokamaks by 
driving current with waves in the ion-cyclotron range of frequencies 
(ICRF) with a view to stabilizing internal instabilities of a tokamak 
plasma. ICRF current-drive efficiencies are expected to be low [4] and 
therefore, no significant experiment of current drive by ICRF in a tokamak 
has yet been attempted, though, several advantages of ICRF over other RF 
schemes are evident such as good wave penetration property at high 
densities. Moreover, in this scheme, one could adjust several parameters 
like plasma composition, concentration and k//-spectrum for optimised 
experimental conditions [5]. 

To drive current in JET by waves in the ICRF either through cyclotron 
damping on a minority species or by absorption of the mode converted wave 
power by the plasma electrons via Landau damping, excitation of an 
asymmetric k//-spectrum is required. For the 1987 heating and current 
drive experiments in JET, four pairs of ICRF antenna systems will be 
regularly positioned around the torus. Such a system of antenna 
structures around the torus can be appropriately phased to produce the 
desired assymmetric k//-spectrum. 

In this paper, we carry out a theoretical study, of the excitation of 
travelling ICRF waves in JET, based on a 3~D planar antenna-pi asma 
coupling model. The antennae are progressively phased to excite a desired 
integral number of parallel wavelengths around the torus (n » 1, 2, 3 
... etc) where n = 3 or 4 is appropriate for mode conversion current 
drive and a somewhat higher number for the minority current drive. 

Several sets of antenna combinations including that of a single pair 
alone have been analyzed and the results have been examined by looking at 
the directivity D(n ) defined as the asymmetry in k//-spectrum of the 
radiated power normalized to the total power radiated. 

2. Theoretical Model 

The analysis of excitat ion of fast magnetosonic waves by an ICRH 
antenna in a tokamak plasma is generally t reated by a full-wave solution 
in the context of a semi- inf ini te , planar cold plasma model under 
single-pass absorption conditions [6 ,7 ] . The de ta i l s of the model and the 
underlying assumptions have been published previously [6 ,7 ] . Applying the 

223 



induced emf method, analysis of the boundary value problem associated 

with this model is well known and is not repeated here, the details of 

which can be found in Ref. 6 and 7. The complex power radiated by the 

antenna and delivered to the medium can be written as Ρ » PTg + P^where 

PTE and PTM are given in terms of a Fourier Series [6]. An array of 

antennae in the toroidal direction can be included by providing the 

appropriate spectrum of currents flowing in the phased antenna array. 

Travelling waves in a given direction can be excited by progressively 

phasing the antenna array. In order to gauge the asymmetry of the 

excited k//spectrum of Re(PTg)»
 w e

 define a directivity D for a given 

toroidal mode number nQ as [8J, 

YRetfêyZ) -f Re φ (-%,?!) 

Σ Σ MH) 
(ι -m Vf Τ' 

Where 2ΙΤΓ and 2ITR are the poloidal and toroidal periodicities 

respectively, ψ is the TE radiated power spectrum and m and η represent 

the poloidal and toroidal mode numbers respectively. The above definition 

of directivity facilitates the examination of asymmetry for all toroidal 

mode numbers for a given case of progressive phasing. Note that this 

definition is related to the asymmetry of the spectrum and does not 

provide any direct information of the final current drive efficiency. 

3. Results of Radiated Power Spectrum and Directivity 

Several sets of antenna combinations including that of a single pair 

alone (as presently installed in JET) have been analyzed. The antennae 

are progressively phased to excite a desired integral number of parellel 

wavelengths around the torus (nQ = 1,2,3 ··· etc). The results of the 

3D model described in Section 2, incorporate the effects of the 

finitelength of the antenna including the effect of the feeder currents 

and current propagation Constant β [7J. In this model, the radiation 

resistance per unit length (R3) can be defined (see Ref. 7) by normalizing 

the quantity 2·Ηβ[ψ] by the integral of the square of the current 

flowing, I. = I_ Cos
2
 ßy dy. These results can then be compared with R2 

obtained from a 2D model in which the antenna (in the ydirection) is 

assumed to be infinetely long and the feeders are assumed to be located at 

infinity. However, in the comparison that is presented here, the product 

of 2D [Re(?(}))] and IQ is compared with 3D \ Rg (Ψ (g , £)). In this 

way, the effect of finite antenna length and ß is incorporated in a rough 

way in the 2D results, though the effects of the feeders are absent in 

this model. The radiated power spectrum for a pair of antenna described 

above is shown in Fig. 1(a) as a function of η for the 2D and 3

D models. 

The principal difference exists for small k// < kQ (kQ Ξ vacuum 

propagation constant) related to the effects of feeder currents. (Fig. 

1(b) shows the current spectra for the progressively phased antenna 

elements and the asymmetry is evident. The directivity defined in Section 

2 is also plotted for each n nunmber and is shown in Fig 1(c). These 

curves are antisymmetric and therefore plotted only for positive η 

numbers. 

Figure 2 shows similar plots when 4 pairs of antennae positioned 

symmetrically around the torus are energized with a progressive phase [8]. 
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The imposed n_ number together with other mode numbers are found in the 

plasma and the directivity for nQ ■ 3 is about 29ί with 3"D model and 
22.5% with the 2-D model. The further narrowing and discretization of the 
excited spectrum is evident as the number of energized antennae is 
increased. 

The results of directivity as a function of the imposed toroidal 
number by progressively phasing 8 antennae in several groupings obtained 
from the 2-D and 3-D models are shown in Fig. 3 and 4 respectively. In 
the 2-D results, the directivety is generally about 22.5Î. The 

directivity values are lower for nQ « 2 and 6 in the case of 4G2H and for 

nQ  1 and 7 in the case of 2G4H (2 groups of 4 housings each) as the 

phase difference between the corresponding antennae elements of different 

groups turns out to be an odd multiple of IT (due to the fixed regular 

positioning of these groups of antennae). For nQ = 0 and 8, the phase 

difference is an even multiple of IT, and the directivity values drop to 

zero. Similar behaviour is observed in the results of the 3D model except 

that the value for small η numbers are higher (as compared to 2D) since 

the 3D model has higher values of radiated power near k// =>= k0 due to the 

radial feeder current effects. 

4. Summary and Conclusions 

Eight travelling wave antennae are successful in imposing a desired 

toroidal mode number whereas a single pair of antenna system does not 

impose the desired nQ in the plasma. The asymmetry of the excited 

spectrum gauged by the directivity defined in Eq. 1 is found to be about 

20Í. Due to a finite number of antennae energized, it is found that the 

excited spectrum contributes significantly to other modes too. In current 

drive calculations and estimation of efficiency, this spectrum should be 

appropriately taken into account. These other modes may still be 

beneficial as they may heat the plasma instead. Moreover, the modes 

adjacent to the imposed one will also produce suprathermal electrons 

beneficial to current drive. In JET, for nQ = 4 at 33 MHz, the energy of 

the resonant electrons will be about 70 keV [2]. 

Acknowledgments: The computer codes used in the above calculations were 

initially developed in collaboration with Drs R. Koch and A.M. Messiaen. 

It is a pleasure to thank Mr J.J. Ellis for developing the plotting 

routines. 
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COMPARISON OF THEORETICAL AND EXPERIMENTAL ICRF 
ANTENNA-PLASMA COUPLING RESISTANCE IN JET 

M.P. Evrard*, V.P. Bhatnagar*, M. Bures, F. Sand 

*From LPP-ERM/KMS; EUR-EB Association, 1040 Brussels, Belgium 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK 

1. Introduction 

We present here a comparison of the predictions of different models 
for antennae coupling resistance with experimental measurements. We 
discuss the advantages and limitations of each model, and examine the 
importance of coaxial modes in JET. The influence of the current 
variation on the coupling resistance is studied and it is shown that a 
good agreement with experimental values can be found with a simple 
realistic current profile. 

The effects of plasma edge parameters on the coupling resistance have 
also been investigated. 

2. Coupling resistance measurements 

The coupling resistance is deduced from voltage measurements made 
near the generators, 80 m away from the antennae. In the absence of 
additional fixed stubs, we can link the radiated power to the measurements 
by 

1 2 1 Re Ρ = z Rc I m a x = my Rant Iant (1) 
where I_,v is the maximum current on the line and I__a. is the current at 

ilici Λ d l l G 
the antenna input. Losses in the line and in the screen have been 
estimated to contribute to the coupling resistance RQ by about 0.6 Ω at 
around 33 MHz. In the presence of fixed stubs near the antenna, relation 
(1) no longer holds. We need phase measurements to reconstruct the 
voltage pattern along the line, and to deduce the (complex) radiation 
impedance of the antenna which is at present not available. 
3. Theoretical models for antenna impedance 

Theoretical models for ICRH antenna impedance have been developed to 
a highly sophisticated level. Two models [l,2] are presently in use at 
JET, both allowing for realistic plasmas and using single pass absorption 
hypothesis in a slab geometry : the induced emf method and the variational 
method. In the variational method, we derive an equation for the current 
distribution which is solved, yielding eventually the coupling resistance. 
The induced emf method is faster and assumes a realistic current distri
bution and calculates the coupling resistance directly. The variational 
code takes into account the frame limiter in which the antenna is recessed 
but only the monopole configuration has been treated. The code based on 
the induced emf method does not consider the frame limiter but permits to 
choose between many different current distributions, including the four 
JET antenna configurations. Both models use the following expression for 
the radiated power: 
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, ζ . dk// dk 
Ζ — ll»-l - 2 ' -2ΪΓ 2ΤΤ Ψ ^ " V 2" "-ant Iant J(k//,ky)|2 (2) 

where ψ(k//,k ) depends on the boundary conditions and J(k//, k ) 
depends on the Fourier transformed components of the current distribution. 
The code based on induced emf method also takes into account the 
periodicity of the torus by replacing the integrals in (2) by sums over 
multiple of 1/^ and 1/ where R and a are the major and minor radius 
respectively. Due to the complex shape of the actual antenna conductors, 
the reactive part of the power which is very sensitive to the exact 
current distribution, specially on the lower conductors, is poorly 
described in the induced emf method where the antenna currents distribu
tion is an input parameter. To be able to go from the real part of the 
antenna impedance to the coupling resistance with the help of eqn (1), we 
require the ratio lmax(ant)/I (line). This has been experimentally 
measured to be about 1.2 in vacuum and is assumed to be unchanged in the 
presence of the plasma. 

4. Effects of (possible) coaxial modes 
2 2 2 

Coaxial modes are described by k// + k = k and they propagate 
between the plasma surface and the machine wall. These modes could have 
adverse effects on the plasma edge conditions, leading to the release of 
impurities into the plasma. In JET, the geometrical dimensions and the 
ICRF frequency range germi£ only a minor contribution within the circle 
described by k//+ k = k and the importance of coaxial modes depends on 
the sharpness of the integrand around this circle. For the JET monopole 
antenna configuration the coaxial modes contribution is largest, but the 
power spectrum as calculated withçut taking into account the frame limiter 
is not very peaked around k// + k = k (see Fig. 1) and the proportion of 
the contribution of coaxial modes to the total power is still less than 
10%. The presence of the frame limiter should change the situation, and 
in the torus these modes could be shielded. The presence or absence of 
coaxial modes in JET has not been assesed experimentally, yet. 

5. Influence of the current distribution along the antenna 

We describe the current distribution as I(y) = I Q cosYy, where Ύ is 
the current propagation constant. To assess the effect of Ύ, we have 
studied the evolution of the coupling resistance of all four antenna 
configurations for a typical plasma ((Hes)-D, Β = 3.4T, f = 33 MHz) where 
the antennae are nearly resonant. The expected Ύ for -^-resonant antennae 
of the size of those in JET is around Ύ = 1.35 m-1. Although the monopole 
and the quadrupole seem rather insensitive to changes of Ύ between Ύ = 0 
(uniform distribution), and Ύ = 2 m-1, for both dipoles a choice of Ύ 
between 0 and 0.9 m_1 would fit the experimental results better (Fig. 2). 
Choosing Ύ = 0.9 m"1 f.i. leads to Fig. 3 where a fairly good agreement 
with experimental data is found for the monopole, quadrupole and to a 
lesser extent for the dipoles. This behaviour reflects the fact that the 
dipole configurations, in which the current in the poloidal sections flow 
in mutually opposite directions, are difficult to be described by a single 
value of Ύ as we attempted in the induced emf method. 
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The variation of coupling resistance with frequency has been obtained 
by the variational method. As mentioned above, the induced emf method 
suffers from the need of redefining a new γ for each frequency, the 
variational methods is better suited. The resonance of A0t antenna in the 
monopole configuration is found to be at fres — 35 MHz whereas experi
mentally, it is around 33 MHz. 

6.· Plasma edge effects on the coupling resistance 

We have investigated the effects of the change of the density profile 
in the edge region of the plasma on the coupling resistance for the 
different antenna configurations. Variations of the plasma density at the 
limiter n(a), of the e-folding length in the S.O.L. and of the peaking 
factor of the bulk plasma density have been considered. The main depend
ance of the coupling resistance is on the plasma density at the limiter, 
for all the different antenna configurations. The A0, monopole and 
dipole, together with the A02 quadrupole show a marked dependance on the 
plasma edge density gradient through the peaking factor, the coupling 
resistance increasing with the steepest profile. But the dependance on 
the S.O.L. e-folding length is weak. The A02 dipole coupling resistance, 
in addition to show a somewhat lesser sensitivity to the plasma density at 
limiter than the others, does not seem to depend on the peaking factor. 
The sensitivity to the S.O.L. e-folding length is comparable to that of 
the other configurations. 

Conclusions 

Theoretical determinations of the coupling resistance for all four 
antenna configurations used in JET have been obtained and compared to 
experimental measurements. The coaxial modes have been found to be of 
little importaqnce in JET, and for the monopole antenna contribute less 
than 10$. Dependance of the coupling resistance on the current distri
bution has been studied. Though in practice Ύ may be slightly different 
for each antenna configuration, theoretically a value of Ύ = 0.9 m-1 gives 
a good agreement with experiment for all four antenna configurations. The 
behaviour of R with frequency for the monopole antenna has been 
verified. 

The effects of edge conditions on coupling resistance have been 
investigated for all antenna configurations. R depends mainly on the 
plasma density at the limiter, increasing by about 20? when the edge 
density doubles. 
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COMPARISON BETWEEN H AND He
3
 MINORITY ICRF HEATING 

EXPERIMENTS IN JET 
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P.P. Lallia, F. Sand 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK 
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Introduction 

In the ioncyclotron resonance heating (ICRH) experiments in JET, the 

RF energy is coupled to the plasma via the coldplasma fast magnetasonic 

waves which are generated by exciting ICRH antennae located on the low

field side of the takamak. In the minority species heating scheme, the 

minority ion (e.g. H
+
 or

 3
He in deuterium plasma) concentration η = Nj/ND 

(j ■ H
+
 or

 3
He) is required to be below a certain critical concentration 

Tin [ï ] f°
r a
 given k//, minority temperature and plasma density. For η > 

η , significant mode conversion to ionBernstein wave takes place. In the 

minority scheme, the RF power is primarily dumped into minority ions. The 

energy distribution of the minority ions is characterised by a tail and 

the distribution function is generally estimated based on the quasilinear 

theory developed by Stix [2]. RF accelerated minority ions, which are 

sufficiently well confined in JET, act as an intermediate energy reservoir 

and transfer their energy to the background electrons and ions via the 

drag between minority ions and other plasma species. 

In this paper, we analyse and compare the ICRH results obtained in 

JET with H
+
 or

 3
He minority in deuterium plasmas. Based on the experi

mental evidence, the aim is to present the merits and demerits of the 

heating with the two minority ion species and to establish which minority 

ion is better suited for plasma heating in JET. 

ICRH experiments in JET have been carried out under a wide range of 

plasma conditions with torodial field (BT) varying from 2 to 34 Tesla and 

plasma current (I ) from 2 to 4 MA. But, most of the data for Hminority 

was taken with an I of 2 MA and therefore, for comparison we have 

selected He
3
 data also at I  2 MA. In the case of Ηminority the 

frequency of operation was =» 33 MHz and BT was about 2.3 Tesla whereas in 

He
3
minority case, f  25 * 31 MHz and BT  2.6 ■*■ 3.4 Tesla. A comparison 

of the efficiency of ion and electron heating, plasma stored energy, 

asymptotic energy confinement times, change in the radiated power and 

impurity production are presented. 

Results 

Figure 1 shows a comparison of bulkion (deuterium) heating with H
+ 

and
 3
He minority species. For lower power levels such that Ρβρ/

<η
β> £ 

1.5 x 10"
13
 W«m

3
, the increase in iontemperature is practically the same 

in the two cases. However, for the values of 1.5 £ ^RF'
/<n
e
> x 1

· ^
1 3 

< 2.5 W«m
3
, the bulk ion heating in the Ηminority case seems to degrade 
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somewhat in comparison to the He
3
 case. Figure 2 shows the corresponding 

comparison of the central electron temperature. For 1.5 < Ρβρ/<ηβ> x 
10

l3
£ 2.5 Wm

3
, the loss of efficient ionheating in the case of 

Ηminority is well compensated by the improved electron heating. Note 

that the Te and T^ data points were plotted by averaging over the 

sawteeth. 

The above data of plasma heating in JET can be represented by: 

<
ÄT
eo

 + AT
io> 

 α P
RF

/<n
e> 

where a * 1.5 to 2 χ 1013
 (keV.W

1
m
3
) 

Figure 3 shows plasma stored energy when ICRH power is increased up 

to 5.5 MW. The slope of a line passing through H
+
 data and that through 

3
He data represent the asymptotic confinement times with values of τ » 

0.15 s for H
+
 and τ = 0.12 s for

 3
He. 

A comparison of the radiated power normalized by the lineaveraged 

density square (<n|>) shows that it is higher at a given power level of 

4 MW by a factor of 1.7 in the case of H
+
 minority than in the case of 

He
3
minority (see Fig. 4). Also the increase in metallic (Ni) impurity 

concentration was higher in the case of H
+
minority by a factor of about 

2.5 compared to that with the
 3
He case [3]. 

Summary and Conclusions 

1. Bulkion heating is roughly the same for H
+
 and

 3
Heminority with 

ΔΤη « 1 keV at a normalized RF power RRF
/<n

e
>
 * 1 * 10

13 w
 m

3
· At 

higher power levels,
 3
He seems to be a little better than H

+
 minority 

from the point of view of ion heating. However, the poor ionheating 

at higher power levels in H
+
 case is well compensated by a better 

electron heating. These observations are consistent with the Stix 

theory [2] in which the strong tail formed in the case of Hminority, 

relaxes on electrons whereas He
3
minority tail relaxes on bulkions 

at the RF power densities achieved presently in JET. For example for 

JET parameters, at a minority power density of 0.4 W/cm
3
, the frac

tion of power going to electrons is 0.85 and 0.2 in the case of H
+ 

and H
3
 minority respectively. However, when RF heating power will be 

increased to tens of megawatts resulting in much higher minority 

power densities, both hydrogen and helium3 minority are expected to 

transfer their energy primarily to electrons. 

2. The asymptotic energy confinement times with ICRF in JET is marginal

ly better in the case of H
+
 than in the case of

 3
He minority. 

3. Both the (Bolometric) radiated power and the metallic impurities are 

worse in the case of H
+
 than in the case for

 3
Heminority. 
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FUSION PRODUCT MEASUREMENTS ON JET 

G Sadler, Ρ Van Belle, M Hone, 0 Ν Jarvis, J Kallne, 
G Martin+ and V Merlo 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK 
•►Association EURATOM-CEA-DRFC/TS. CEN Cadarache. France 13108 

Neutrons from the D-D reaction and protons from the 3He-D reaction have 
been used for diagnostic purposes during the past year of operation. 

CODE CALCULATIONS OF FUSION PRODUCT SPECTRA (FSPEC) 
It is well known that a measurement of the Doppler broadening of the 2.45 
MeV neutrons from D-D reactions in a deuterium plasma affords a 
determination of the plasma ion temperature Tj. Several authors (refs 
1-3) have shown that the Maxwellian ion energy distribution of a plasma in 
thermodynamic equilibrium leads to a neutron energy spectrum which is 
approximately Gaussian with a FWHM proportional to / τ ^ . These analyses 
include a number of approximations, e.g. the DD reaction crosssection is 
usually assumed to be isotropic in the centre of mass (CM) system. The 
successful measurements of neutron spectra reported earlier (refs 4,5) 
have emphasised the need for a precise and reliable evaluation of the 
relationship between the neutron spectrum shape and ion temperature. 
A numerical simulation has been performed as follows.The birth energy 
spectrum of fusion products M3 from the reaction Mi + M2+ M3 + Mi, + Q 
taking place in a plasma is given by: 

dN Γ do 
■ / ■ fi(V\) f.(fla) Η.Ο.ΗΓ.ΗΠ.ΗΓ. V\  $2 dVi dV2 dV, 

dflsdEs / ■*»·' *«v»> dflsdEidndE.. 

where Ë2 =
 d

° δ(Ε3  Ei) 

dn3dE3dfl„dEi, d£23dE3 

3 3 3 

nu 
w i th Ei = /i m3V

2 + (Q+K) + cos Θ V \ / (Q+K) 
m 3 + nil, 

, Γ 2 m3 π« v
 v 

V nia + mu 

Q  Energy release in reaction, V = CM velocity, K = Kinetic energy of 
reactants in CM, ø = angle between relative velocity and velocity of 
fusion product in CM. 

The above integral can be solved by Monte Carlo sampling on a computer. / 
code accepting numeric distribution functions of the form f(v") » ί(ν,ψ) 
has been developed, where ψ is the pitch angle of the reacting particle 
with respect to the total magnetic field. CPU usage is 7.5us per sample 
on a Cray 1 (200ps on an IBM 3087). Neutron spectra from the anisotropic 
D-D reaction in a thermal plasma were calculated resulting in an almost 
perfect Gaussian shaped spectrum with a temperature dependent shift Δ 
and broadening W » FWHM/^TJ. A convenient representation for these 
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quantities, based on a series of calculations (each using 3·10
7
 samples) 

is found to be: 

W 

Δ 

keVÜ]  82.74 + 0.103 Ti  8.2 ΙΟ"" Τ? ± 0. 

keV]  2.94 + 341 Tj  0.034 Tf ± 0.4 

04 and 

for 1 < Τj [keV] < 20. 

APPLICATION TO NEUTRON MEASUREMENTS 

Neutron spectra are obtained "routinely" during high yield discharges 

(Yn ¿10
ll,
n/discharge) with a

 3
He ionization chamber viewing the plasma 

vertically from the roof laboratory. The width of the spectrum is 

extracted by fitting the experimental data points (Fig. 1) with a gaussian 

convoluted with the detector response function using the maximum 

likelihood technique for Poisson distributions /4/. Computer simulations 

show that the correction which needs to be applied to the line of sight 

data to yield the central ion temperature is small (9$) and depends only 

weakly (±1$) on profile shapes provided that the density profile is 

broader than the temperature profile. 

Fig. 1 : Examples of measured pulseheight spectra and deduced central ion 

temperatures. The broken lines show the deduced neutron energy spectra. 

The volume integrated neutron yield is measured with 3 pairs of absolutely 

calibrated fission chambers yielding a measurement of VzT\^ <σν> which can 
be used to deduce the deuteron density if <σν> is calculated using the 

temperature measured with the spectrometer. This combination of 

measurements has shown that the ratio of nVn for high yield discharges 

is noticeably low (between 0.8 and 0.3, reducing with T g). These results 

are obtained assuming the ion temperature profile is the same as the 

electron temperature profile. 

One source of concern with the above analysis is that internal 'sawtooth' 

disruptions might lead to a preferential loss of fast ions from the 

central region of the plasma. A sensitivity analysis using FSPEC shows 

that the possible loss of all particles with E>27keV yields an over

estimate of 10Í in nd for a Ti = 3keV case; a more gradual treatment, eg. 

exp(ln2xE/12), or preferential loss of particles with high Vx would lead 

to a systematic error of less than 5$. 
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14.7 MeV PROTON MEASUREMENTS 

Protons from the D +
 3
He ■* "He (3.6MeV) + ρ (l4.7MeV) reaction have been 

observed with the experimental arrangement shown below. The
 3
He ions 

originated either as reaction products (D ♦ D * n (2.45MeV) +
 3
He 

(0.82MeV) reaction) or from the bulk plasma (by
 3
He gas puffing). 

»conti.
 T
u« 

Fig 2: Detector arrangement with orbit examples at low and high current. 

By collimation only protons with V = Vj_ are accepted by the detector. The 

detector lineofsight is determined with the help of an orbit code and 

depends strongly on the plasma current, the hot central core being visible 

only for currents below around 2.8MA (Fig. 2). The performance of the 

system was checked at plasma currents around 1.5MA (mainly during the 

current decay phase of discharges) yielding a Doppler broadening of the 

14.7 MeV proton peak which was in agreement with other T* measurements. 

During Η minority ICRF heating at low fields (BT < 2.6T) and plasma 

currents (I < 2.8MA), protons originating from the central region of the 

plasma were observed. Enhanced sawtoothing could be clearly seen on the 

ECE signal (Ί ) and the neutron yield. The proton yield, as derived from 
a single channel analyser showed the same trend but with less pronounced 
sawteeth. The 2.5MeV spread (FWHM) of the energy spectra around its 
nominal values was consistent with a 0.8MeV 3He population slowing down in 
the plasma. 
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A systematic study of all discharges where data are available shows that 

the apparent
 3
He burnup fraction (= observed proton yield/ neutron yield) 

scales with Te
7
 while the expected burnup fraction is proportional to 

(nd/ne)T|
/2
, suggesting that the

 3
He slowing down is influenced by the 

RF. 

During
 3
He ICRF minority heating the central 

visible but bursts of protons coinciding in t 

collapse can be observed (Fig. 3). Spectra ( 

shift of 1.5MeV which can be converted into 

15MeV protons (about half the sawtooth period 

protons were contained before being thrown ou 

On the other hand the finite width (1020 ms) 

comparable to the decay time of the neutron s 

burning up of expelled super thermal
 3
He ions 

14.7 MeV proton »ignol (au.) 

part of the plasma is not 

ime with the sawtooth 

Fig. 4) exhibit a downwards 

a 75ms slowing down time for 

) indicating that these 

t by the internal disruption, 

of the proton bursts, being 

awteeth, rather suggests the 

2 .45 MeV neutron signal (a.u.) 

,. A ? \s
e
* \f 

f. ,·" '·. { I . · 2.8 MA 

f
 v

 B T ■ 3.4 Τ 
3
He minority healing 

electron temperature 

' i /"; (KeV) 

47.0 471 472 473 47.4 475 476 47.7 478 479 48.0 46 
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SUMMARY AND CONCLUSIONS 

A highly efficient and exact code was used to calculate DD neutron 

spectra from thermal plasmas. 

For high yields, nd/ne ratios between 0.8 and 0.3 are measured. 

Intense bursts of l4.7MeV protons are observed at the collapse time of 

giant sawtooth disruptions during
 3
He minority ICRF heating. 

The
 3
He burn up fraction observed during ICRF(H) heating shows a very 

steep dependence on T indicating a possible interaction of the RF with 

the slowing down ions. 

/1/ 

/2/ 

/3/ 
/4/ 

/5/ 

G 

H 

J 

V 

0 

Lehner and F Pohl Zeitschrift f Physik 207, 83, 1967 

Brysk, Plasma Physics, Vol 15, Ρ 611 , 1973 

Scheffel, Nuclear Inst, and Meth, Vol 224, No 3, Ρ 519, 1985 

Merlo et al, Varenna, Course and Workshop, 26 Aug3 Sept 1985 

Ν Jarvis et al, 12th EPS Conference, Budapest, Sept 1985 

238 



RSH/ms/C / 2.4.86 / RSH-SCHL 
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Introduction 
Neutralisation of the extracted beam is, of course, an 

essential part of any neutral injection system. During testing of the 
first JET injector in the Neutral Injection Test Bed, extensive measure
ments have been made of the neutralisation efficiency with both H2 and D2 
as the working gas, for extraction voltages of up to 80kV. Careful 
measurements of the neutralisation target present in the absence of the 
beam enable an accurate comparison to be made between predicted and 
measured neutralisation efficiencies. The variation in the power in the 
fractional energy ions is independently determined and shown to support 
the conclusions from the neutralisation measurements. 
Gas Target Measurements 

The JET beam source (PINI) is equipped with a close coupled 
neutraliser consisting of two equally long stages with an overall length 
of 1.8m. The cross section is racetrack shape of typical dimensions 
0.43m χ 0.18m. The gas is fed into both the plasma source (Qs) and the 
neutraliser (Qn), in the latter case via the gap between the two stages. 
The line density with the nominal neutraliser gas flow (Qn = 
18 Torr.1.sec-1) has been measured by tracking a nude high pressure 
ionisation gauge along the centreline of the neutraliser (see Fig.1). The 
gauge was calibrated for H2, in situ, against a Baratron capacitance 
manometer. For the case where Qs=0, there is no gas flow in the first 
stage neutraliser, so that the pressure is constant in this region. This 
pressure has been measured as a function of Qn; it is not linear as the 
system operates in the transition flow regime. The pressure profile due 
to Qs has not been measured, but it is assumed to be identical to that due 
to Qn along the second stage neutraliser and to extrapolate linearly back 
to the extraction grids. The pressure at the junction between the two 
neutraliser stages (Qs only, Qn=0) is consistent with this assumption. 
The gas pressure profile from combined flows of Qs and Qn is taken as a 
simple addition of the individual profiles. 

It is worth noting that Qs is normally approximately equal 
to the equivalent flow due to the extracted current, so that the net flow 
from the source to the neutraliser is usually very small, hence the gas 
target due to Qs is also small. 
Neutralisation Measurements 

The experimental set-up consisted of the PINI and neutral
iser connected to the Neutral Injector Box containing the deflection 
magnet, the beamline calorimeter, the various ion dumps and the Test Bed 
Box Scrapers. The NIB was connected to the Target Tank containing a 
simulation of the torus duct and the Test Bed Beam Dump. This set-up is 
shown schematically in Fig.2. 

Most of the measurements of neutralisation consisted of 
simply comparing the power to either the TBBD or the Target Tank plus the 
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TBBS from similar, usually sequential, shots with and without the deflec

tion magnet energised. The power to the TBBD and the Target Tank plus 

TBBS were determined by water flow calorimetry, the flow and water temper

ature rise being independently determined for the two sets of components. 

The neutralisation efficiency is calculated as: 

η = l
E
tbbd ' E

ol
 o n

 and/or η = <
E
tt

 X E
Q1

 o n 

í
E
tbbd I Eol off l

E
tt / Eol off 

where {Etbbd / EQ}on is the energy to the TBBD with the deflection magnet 

energised, normalised to the extracted energy, EQ etc. (In practice the 

extracted energy was usually the same for both shots.) The agreement 

between the measurements was generally very good. Since the determination 

of ε involves the ratio of energies, and as the water flow was held 

constant, this frequently reduced to simply the ratio of the integrals 

under the water temperature rise versus time curve, such as shown in 

Fig.3. Overall the accuracy of this measurement is high <±5%. 
The method described above could not generally be used when 

the beam was intercepted by the beamline calorimeter, since this is 

designed to accept only Í.1.4MW per beam. With the magnet energised and 

the beamline calorimeter intercepting the neutral beam, the total power 

leaving the neutraliser is deposited on the calorimeter and the components 

connected to the Central Support Column, i.e. the various ion dumps and 

the magnet liners. Thus the neutralisation efficiency is calculated as: 

η = Ecal 

Ecal + Ecsc 

where Ecal is the energy deposited on the calorimeter etc. Again water 

flow calorimetry was used to determine the deposited energy, except this 

time absolute measurements of water flow and temperature were necessary. 

The error in these measurements is estimated to be ±10$. 

Predicted Neutralisation Efficiencies 

In order to predict the neutralisation efficiency from 

known charge transfer cross sections, the extracted species mix must be 

known. Extensive species measurements for the JET PINIs have been made 

with H2 as the working gasi
1
). Measurements of the extracted species with 

D2 as the working gas have recently been made, both at Culham and during 

the course of this work (
2
), these two measurements being in good 

agreement. 

Account must, of course, be taken of reionisation losses in 

the magnet region. It is estimated that  5% of the neutral beam is 

reionised with a gas flow of 18 Torr.1.sec
1
. 

Comparison of Measured and Predicted Neutralisation 

The measured and predicted neutral power fraction versus 

the target gas density for extraction voltages of 60kV and 80kV with H2 as 

the working gas and for 80kV with D2 as the working gas are shown in 

Figs 4 to 6. Spot points are also shown at 60kV and 70kV with D2 as the 

working gas. It is obvious that there is very poor agreement between 

measurement and prediction. Reasonable agreement can only be achieved by 

multiplying the n.l scale by a factor <1. 

As the species extracted from the JET PINI is well known, 

as are the relevant cross sections, the neutralisation measurement is in 

fact a measure of the gas target, n.l, in the presence of the beam, i.e. 
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for the JET system the gas target in the presence of the beam is of the 
order of half that in the absence of the beam. 

Supporting evidence for the conclusion that the gas target 
is reduced in the presence of the beam can be obtained from the indepen
dent measurement of the power in the deflected, dumped, fractional energy 
ions. Because of the complexity of the system, accurate absolute measure
ments of this power were not possible and the experimental data shown in 
Fig.7 have been 'normalised' for the purpose of comparison. It is clear 
that the variation in the power in the deflected fractional ions strongly 
supports the conclusion that the gas target in the presence of the beam is 
indeed 'thin': The power to the fractional energy ion dumps actually 
increases with the gas flow, whereas a decrease is expected. As 
substantial re-neutralisation of these ions occurs as they traverse the 
magnet the accuracy of determining the reduction in the gas target is poor 
and no significance is attached to the discrepancy between the reduction 
factor determined from these data cf. that from the neutralisation 
measurement. 

A likely explanation for the reduction in the gas target is 
significant heating of the gas, as recently suggested by Pamela (3). This 
is supported by another experimental observation: The Baratron 
capacitance manometer attached to the neutraliser at the gap between the 
first and second stages shows an increase in the pressure when the beam is 
turned on (see Fig.10). This is precisely the opposite of expectations. 
The beam transports particles from the source, effectively reducing the 
net flow into the neutraliser, so that a reduction in the neutraliser 
pressure is expected, typically of the order of 0.5m Torr. An increase in 
the measured pressure is expected if the neutraliser gas is heated because 
the system is set up for constant gas flow and it operates in the 
transition flow regime. (As the Baratron is at room temperature, at the 
end of a piece of relatively narrow bore tube, no pressure change would 
result from a temperature increase of the gas in the neutraliser if the 
system operated entirely in the molecular flow regime due to thermal 
transpiration effects between the gauge and the neutraliser.) In order to 
explain a reduction in the gas target by a factor of two, the gas 
temperature would need to be increased to approximately 1400°C. 
Conclusion 

The obvious consequence of the low neutralisation 
efficiency is that the neutral power to JET will be lower than predicted. 
This can be ameliorated to some extent by increasing the gas flow. The 
measured gas flow to create the design gas target in the absence of the 
beam is 18 Torr.1.sec-1. This can be increased to 25 Torr.1.sec-1 without 
exceeding limits such as the power lost due to reionisation or the power 
loading to the extraction grids. Nevertheless the gas target in the 
presence of the beam will be substantially below the design figure of 
10l6cms-2. The reason for the low neutralisation is likely to be 
heating of the neutraliser gas by the beam. It is probable that the size 
of the neutraliser cf. the mean free path of the molecules is significant 
in determining the equilibrium temperature of the gas and thus should be 
taken into account in the design of the future systems. 
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INTRODUCTION 

The behaviour of impurities during ICRF heating after heavy carbonisation 

has been reported on before /1/. Further investigations have been carried 

out with modified antennae, clean limiter carbon tiles and an uncarbonised 

vessel. 

Presently three ICRF antennae are installed in JET. Their Faraday screens 

are made of nickel; one of the screens (2D antenna) is chromium plated. 

The antennae are protected by surrounding carbon tiles. The vessel 

consists of Inconel 600 (72Ï nickel, 16$ chromium, 8? iron). The 

discharges are operated either on eight poloidal carbon limiters or on the 

inner wall carbon protection tiles. 

ORIGIN AND MIGRATION OF METALS DURING ICRH 

During ICRF heating, an increase of Cr line brightness from the bulk 

plasma is observed when the 2D antenna is active; an increase of Ni 

intensity accompanies operation of the other antennae (2B or 6B). Thus it 

is evident that the antennae screens are the original sources of these 

metals. Observation of the 2D screen by visible spectroscopy proves the 

existence of chromium influx during RF manifesting itself in intense Cr I 

line radiation. In the course of operation with ICRH , screen material is 

deposited onto limiters and antennae protection tiles and subsequently 

eroded by the plasma. This is demonstrated by the behaviour of Cr I and 

Hi I lines in the respective visible spectra. As a consequence, the metal 

fluxes and concentrations in subsequent pulses increase in the ohmic part 

of the discharge before RF and higher concentrations result during RF for 

a given power. For constant RF energy, an equilibrium is established 

after a few pulses (Fig. 1 for the case of Cr). Lower RF energy or purely 

ohmic discharges lead to cleaning of the respective surfaces (Fig. 1). A 

beneficial result of the metal contamination is a reduction of oxygen 

influxes and oxygen concentrations in the plasma (gettering). 

Cr INFLUXES AND RELEASE MECHANISM 

Absolute Cr influx densities have been derived from Cr I intensities. 

They are roughly proportional to RF power and decrease during some months 

of operation. Indications are that H minority heating leads to somewhat 

higher Cr fluxes. 

Combining an analysis of Cr densities in the plasma and total influx 

(using the antenna area) results in a Cr replacement time τ„ of = 20 ms. 

This value agrees with simulations of the plasma edge conditions, if the 

Cr atom energy is some eV (ie sputtering, not evaporation). No 

significant shift (<0.1 Â) of Cr I lines in the visible spectrum could be 
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detected, which means that the energy of the atoms i s < 50 eV. Visible He 
I I l ine prof i les yield an edge ion temperature of = 80 eV which i s not 
affected by the RF pulse. Concluding from these observations, the re lease 
mechanism of Cr i s probably neut ra l atom or ion sput te r ing , but the 
de ta i l s are not c lear . 

PARAMETER DEPENDENCE OF METAL DENSITIES 
An estimate of the increase in Ni and Cr density during RF i s provided 
by taking the incremental increase in Ni XXV and Cr XXII l ine 
i n t e n s i t i e s , corrected for the change in electron density, ñ"e, by 
dividing the l ine in tens i ty by ñ e . The behaviour of nickel as a 
function of RF power coupled to the plasma for a var ie ty of conditions 
i s shown in Fig. 2. Open symbols denote Ηminority heating whereas 
f i l l ed symbols indicate 3Heminority heat ing. In the 3Hecase i t i s 
seen tha t , for a given electron densi ty, higher plasma current leads t o 
a somewhat larger increase in nickel density (3/4 MA, 3 x 10 l9m~3). 
Lower ñ e leads to a higher nickel density, even at a lower plasma 
current (2 MA, 2 χ 10 l 9m~3). This behaviour i s also evident in the 
Ηminority data (2 MA, 1.5/2 χ 10 I9m~3). Ηminority heating leads to 
higher metal densi t ies than 3He heating, but the comparison in Fig. 2 
overemphasises t h i s fact because of lower ñ e in some Η cases. For 
several pulses the nickel concentration following from a deta i led 
analysis i s also shown in Fig. 2. 
A study of the Cr density behaviour shows a steeper dependence on RF 
power than nickel does which i s possibly due t o the previous 
carbonisations of the nickel screens. 
A heavy carbonisation (48 h r s , 17Í CH].) in 1985 led to a reduction of 
the OH metal concentrations of about a factor 100 and a very small 
increase during RF. Recovery to the usual behaviour was observed af te r 
about 200 plasma pulses , indicat ing an erosion of carbon layers on both 
antennae and l i m i t e r s . The r e su l t s measured towards the end of t h i s 
campaign (reported in / l / ) f i t in to the present data set (pulse 5486 in 
Fig. 2) obtained many months af ter the carbonisation. 

IMPURITY CONCENTRATIONS AND RADIATED POWER 
In sp i t e of a substant ia l increase of metal l i ne radiat ion during RF, 
the metal contribution to Zeff and P raci i s r e l a t i ve ly small (Table 1 and 
Fig. 3) . Impurity concentrations ana contributions t o radiated power are 
derived from VUV l ine i n t ens i t i e s using an impurity t ransport code / 2 / . 
About 20Í of the radiated power during RF i s due t o metals. The local 
radiation in the plasma centre amounts to = 10 mW/cm3, as supported by 
bolometer and soft Xray r e s u l t s / 3 / · 

SUMMARY 

The Faraday screens of the RF antennae have been ident i f ied as the 
original sources of metal impurit ies during ICRH in JET. Migration of 
metal impurites from the antennae screens to the l imi te rs and protection 
t i l e s has been observed, leading to a buildup of metal concentrations in 
ohmic plasmas and aggravating the increase during RF. I t has been 
observed that the l imi te rs and protection t i l e s are cleaned by operation 
without RF within a few pulses. 
Carbonisation leads to a temporary reduction of metals before and during 
RF heating. 
In a l l cases, radiated power and Ze^£ of the plasma are dominated by 
contributions from l igh t impurities (C,0), and metals only contribute 
= 20* to P r a d . 
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Fig. 3 
Calculated contributions 
from carbon, oxygen, chlo
rine and metals (nickel + 
chromium) to the t o t a l 
radiated power. 
The calculat ion has been 
made for one time point 
before RF and two time 
points during RF. The 
r e su l t i s compared with 
the t o t a l radiated power 
as measured by bolometry. 

6 7 8 9 
Time (s) 

10 11 12 13 

C: 
0: 
CU: 
Ni: 
Cr: 

7 c a l c . 
¿eff · 

rrbrems 
¿ e f f 

#6805 
(3He)D, 3.4 Τ, 2.0 MA, F^ 1.66 MW 

Before RF (t=5.5 s) 

4.05ο of η ρ 

1.0 
0.04 
0.03 
0.02 

3.2 

4.0 

During RF 

4.7 
1.3 
0.06 
0.04 
0.02 

3.6 

3.5 

ne(0) 1.93X1019 πΓ3 2.79x1019 m 3 

Table 1 Analysis of the impurity content of JET pulse 6805 before and 
during RF heat ing. Ζ f f i s calculated from the impurity 
mixture for comparison with Z e f f from v i s ib le bremsstrahlung. 
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1. Introduction 

It has been observed in JET and other tokamaks that the limiters become 

contaminated by material from the walls (1) (2) and in JET they are the 

main source of impurities in the plasma, although for current plasma 

discharges in JET the metals do not contribute significantly to the energy 

balance in the plasma centre. The analysis of the metal concentration on 

the limiter of JET gives indication on the erosion and redeposition 

processes for all impurities. These analyses have been carried out after 

the various periods of operation in 1983, 1984 and 1985 and have been 

described in detail elsewhere (3). The general features common to each 

period of operation are that the concentrations of metals·have minima (-

3x10
20
atoms m

- 2
) near the centre and maxima (some 10

2l
atoms m~

2
) near the 

edges. However the detailed distributions differ significantly for the 

three operating periods. In the present paper we discuss the possible 

mechanisms of contamination and some of the possible explanations for the 

observed spatial distributions. 

2. Limiter Contamination and Cleaning Processes 

The possible processes by which metals from the wall may be transferred to 

the limiter are: (a) Glow discharge cleaning (GDC), (b) Pulse discharge 

cleaning (PDC). (c) Disruptions or runaway electron interactions with the 

wall, leading to wall evaporation, (d) Arcing at the wall, (e) Charge 

exchange neutral sputtering of the wall. The contamination of the 

limiters by metals is clearly the integral effect of some or all of these 

processes. We have experimental evidence that all of these processes have 

occurred during the period of interest on JET. 

Processes (a),(b) and (c) are expected to give a fairly uniform deposition 

flux onto the surface of the limiter. Process (c) may also result in 

discrete metal splashes and droplets on the limiter. Processes (d) and 

(e) would result in a deposition flux on the limiter peaked at the outside 

edge where material entering the scrape-off layer from the wall will be 

first ionized and swept along field lines onto the limiter. 

However, the spatial distributions are modified by subsequent exposure of 

the limiter to tokamak discharges. Because of the limiter geometry in JET 

atoms sputtered from the limiter surface have a high probability of being 

ionized and entering the plasma. When these impurity ions subsequently 

diffuse out of the plasma they will be redeposited primarily on the 

limiter. 

Direct experimental observations of impurity erosion from the limiter have 

been made spectroscopically. Early in the 1985 operating period one of 

the limiters was accidently contaminated by iron when a stainless steel 

probe was destroyed by a disruption. During the subsequent series of 

discharges the iron influx from this limiter was initially very high, but 

progressively fell to a negligable value after about 1 week. Similar 

results have been seen more recently when nickel and chromium deposited in 

discharges with r.f. heating have been removed in subsequent discharges 

without r.f. 
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3) Modelling of Erosion and Deposition Processes 
In this section we examine in more detail the distribution of Ni on the 
limiter tiles from the 1983, 1984 and 1985 experimental period. Ni is 
chosen because it is the major wall (inconel 600) constituent. We first 
discuss empirical fits to the measured distributions and then propose a 
simple model which may explain some of the observed erosion and deposition 
phenomena. 
Fig. 1 shows the Ni concentration per unit area of the limiter for the 
three limiter tiles of interest plotted as a function of the radial 
distance into the scrape-off layer X = r-a and divided by cos α to take 
into account the geometry of the limiter surface relative to the toroidal 
magnetic field lines. Where α is the angle between the surface normal and 
the toroidal magnetic field. We assume that the impurity distribution on 
the limiter is due to erosion and deposition and that this is composed of 
three terms; 
(i) a uniform layer of metals C which represents the accumulated 
deposition due to glow and pulse discharge cleaning and to disruptions; 
(ii) an erosion fluence C exp (-χ/λ ) cos α which represents the removal 
of metals from the limiter during toRamak discharges (iii) a redeposition 
fluence Cd exp (-x/Ad) cos οι which represents the redeposition of metals from the plasma. Thus the resulting concentration on the limiter surface 
is 

C(x) = CQ - Ce exp (-x/Ae) cos α + Cd exp (~x/Xd) cos ot. [1] 
For simplication we will assume that λ = Xd and thus the difference C -Cd represents the net erosion. The date for the 1983 limiter is best fitted (figure 2) by CQ = 2 1022 

atoms m-2 and C - Cd = 2.08 1022 atoms m-2, ie. there is an initial 
uniform deposition consistent with the extensive glow clearing during this 
period of JET operations and a net erosion during subsequent tokamak 
discharges. It contrast the 1984 limiters is best fitted with a very 
small uniform deposit, Co = 0, and with net redeposition in tokamak 
discharges, Cd~ Ce = 1.07 1022 atoms m~2. The difference between the 1983 
and 1984 cases is not fully understood. There may have been a lower 
ratio of glow cleaning per tokamak discharge in 1984, particularly towards 
the end of the operating period resulting in the initial contamination 
being completely redeposited. It may also be significant that during this 
period of operation the limiter surface temperature was raised to around 
1500°C compared to < 700°C during earlier operation. A detailed surface 
analysis (4) suggests that diffusion of Ni into the bulk of the limiter to 
a depth of several μίτι took place due to the higher surface temperature. 
This would allow Ni to accumulate in the limiter at a depth where it would 
be protected against erosion but subsequently measured by the PIXE 
analysis technique which measures to a depth of several pm. Using the 
alternative technique of Rutherford backscattering with which a surface 
layer of about 10nm can be analysed, the concentrations on the actual 
surface have been found to have a distribution similar to that found on 
the 1983 limiter. 

The 1985 data (figure 1) has a distribution similar to that for 1983 near 
to the centre, but increases sharply at χ - 20nm and is much higher on the 
outer part of the limiter. The step coincides with the radius of the 
leading edge of the carbon shield surrounding the RF antenna which had 
been installed at the start of 1985. It seems resonable that the carbon 
shields which also act as limiters affect the scrape off layer and reduce 
the net erosion on the outer part of the limiter. 
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To examine these processes further we have developed a more detailed model 
of erosion and redposition in the scrape-off layer of a tokamak 
discharge. 

The model is presented in more detail elsewhere (5) and we only give here 
a brief summary. We assume that the Ni distribution on the limiter is 
eroded by sputtering due to deuterone, light impurities (carbon) and self 
sputtering during plasma discharges. We also assume that the eroded flux 
of Ni enters the confined plasma and is then redeposited on the limiter by 
diffusion perpendicular to the magnetic flux surfaces. We assume further 
that the sputtering coefficients are energy dependent and therefore 
decrease with increasing radial distance from the leading edge of the 
limiter. By using measured data for the relative particle fluxes, the 
relative coverage of the limiter surface with metal (described by the 
factor f in figure 3) the scrape-off layer decay lengths and the plasma 
temperature at the limiter we get the erosion and deposition rates as 
indicated in fig. 3· 

One result is that the limiter is split into an erosion and deposition 
zone the formation of which depends on the plasma boundary parameters. In 
our example this deposition zones is at χ > 15mm for kT=100eV. 

Another result is that erosion rates on the limiter surface are about 
1020atoms/m2.s at χ = 10mm. Thus an initial thin film surface coverage of 
102latoms/m2 would be eroded off in 10s. This is consistent with 
spectroscopic observation of the rate of which a limiter appears to clean 
up following contamination. 

Erosion of droplets, however, which have been detected with diameter of up 
to 100 urn on the limiter will take much longer to erode. They may 
represent a more persistent source of Ni. 

In view of this model we suggest that the surface concentration on the 
limiter does not reach steady state, as long as processes are present 
which contaminate the limiter in its erosion zone. This may occur in 
processes as mentioned under (a) - (c) in section (2). 

4) Conclusions 

A more detailed analysis of the metal distribution found on the JET 
limiters from three different operational periods indicates that the final 
distribution is largely affected by erosion and deposition processes 
caused by the plasma. Contamination of the limiter surface is probably 
due to tokamak operational processes as GDC and PDC as well as transfer of 
metal from the walls to the limiter in disruptive discharges. For a 
complete description the results suggest that the limiter surface 
conditions (temperature) and the positioning of the limiter in the torus 
relative to other structures (r.f. antenna) have to be taken into account. 
A theoretical model describing the 1983 limiter erosion and deposition 
processes gives results which are qualitatively in agreement with 
experimental observations during discharges. 
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INVESTIGATION OF ELECTRON TEMPERATURE 
PROFILE BEHAVIOUR IN JET 

D V B a r t l e t t , H Binds lev , M B r u s a t i , D J Campbell, J G Cordey, 
A E Cos t l ey , S E K i s s e l , N Lopes-Cardozo*, B van Mi l i igen* , Ρ E S t o t t 

JET J o i n t Undertaking, Abingdon Oxon 0X14 3EA, UK 
* FOM I n s t i t u t e for Plasmaphysics , Ri jnhuizen, Netherlands 

1. INTRODUCTION 

The c h a r a c t e r i s t i c s of the e l e c t r o n temperature p r o f i l e in JET have been 
examined for a wide v a r i e t y of plasma c o n d i t i o n s . Both ohmical ly heated 
plasmas (2.1 < BT < 3-5 Tes l a , 1 < n e < 4 χ 10 1 9 m~3, 1 < T e o < 5 keV, 1 < 
I_,< 5 MA) and those with s t r ong a d d i t i o n a l hea t ing (RF and Neut ra l Beam 
powers up to about 5 MW) have been s t u d i e d . 

The temperature data have been ob ta ined from e l e c t r o n cyc lo t ron emission 
measurements. The s p a t i a l and temporal r e s o l u t i o n of the d i a g n o s t i c systems 
employed permit a d e t a i l e d s tudy of the p r o f i l e behaviour to be made. 

In t h i s paper , both g loba l information (volume averaged q u a n t i t i e s ) and 
loca l information (eg. tempera ture g r a d i e n t s ) a r e examined to see i f they 
show any s c a l i n g with other plasma parameters , and whether t h i s can be 
r e l a t e d to any of the t h e o r i e s of p r o f i l e cons i s t ency [ 1 , 2 , 3 ] · 

2. THE ELECTRON TEMPERATURE DIAGNOSTICS 

All the temperature data presented here have been ob ta ined from measurements 
of the second harmonic ( e x t r a o r d i n a r y mode) of the e l e c t r o n cyc lo t ron 
emission (ECE). The obse rva t ion d i r e c t i o n i s along a major r a d i u s on, or 
c lose t o , the plasma mid-p lane . These measurements provide r e l i a b l e 
tempera ture informat ion for a l l plasma cond i t i ons of i n t e r e s t here ac ros s a 
major r a d i u s range from j u s t i n s ide the plasma c e n t r e t o almost the plasma 
edge ( i e . R = 2.8 to - 4.0m). The measuring ins t ruments and techniques used 
in the JET ECE d i a g n o s t i c system have been descr ibed in d e t a i l e lsewhere 
[ 4 ] . Two ins t ruments are used in the p resen t s tudy: 

1) All the temperature profi les are produced by an absolutely cal ibrated 
Michelson interferometer which measures the whole ECE spectrum about 300 
times during each JET discharge. The spa t ia l resolut ion of the profi le 
both para l le l and perpendicular to the l ine of sight i s about 0.15 m, 
and the time taken for each measurement is 15 ms. An important 
cha rac te r i s t i c of th is instrument for the current invest igat ions is that 
the temperatures deduced are absolutely cal ibrated to within ±10?, and 
the re la t ive systematic error within any prof i le i s about ±5%. Despite 
th is accuracy, the uncer ta in t ies in the spectra l response of th is 
instrument are a l imit ing factor in the present ana lys is . 

2) A 12-channel grating polychromator gives the time dependence of the 
temperature at fixed posit ions in the plasma. I t s spa t i a l resolut ion, 
about 0.06 m along the l ine of s ight , and i t s response time, about 5 \is, 
are well suited to the present task. 
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3· GLOBAL TEMPERATURE BEHAVIOUR 

Figure 1 shows the ratio of the peak temperature to the volume average as a 

function of qedRe for a large number of discharges with ohmic, ICRH and 

neutral beam heating. These data were taken at the end of the current flat 

top when the plasma was in a steady state and sawteeth were present. 

Although the peak electron temperature depends on a number of plasma 

parameters, the shape of the profile appears to be strongly linked to the 

safety factor at the edge of the plasma, Qe(jKe· Also shown in figure 1 is 

the time development for a typical 4 MA (qedr,e = 3) pulse. It is only when 

the plasma has reached a steady state with tne current fully penetrated 

(about 3 seconds into the flat top) that the correlation of Teo/Tav with 

qed_e is observed. The inductance shows similar correlation with TeQ/Tav. 

The scatter in the Teo/Tav plot is not due to sawteeth since the data is 

averaged over a time longer than the sawtooth period. It is probably related 

to the net input power profile (input power minus radiated power), the 

temperature profile being much narrower when the total radiated power is 90Ï 

of the input power. Plasmas of this type are shown by the crosses on figure 

1. There is also an apparent tendency for the profile to be narrower during 

ICRH where the heating profile is very peaked (*), and broader during neutral 

beam heating which has a less peaked deposition profile (Δ). 

The radius at which q = 1 (which we equate approximately to the sawtooth 

inversion radius measured by the 12 channel grating polychromator) is also 

closely correlated with qedc,e as shown in figure 2. This, of course, is not 

surprising since the current density profile is determined by the temperature 

profile once the electric fields have fully penetrated the discharge. The 

confinement inside q = 1 is largely determined by sawtooth activity and the 

region of prime interest for confinement lies between q = 1 and q d . The 

parameter TeQ/Tav may be a fairly coarse measure of the profile shape in this 

confinement region and in particular scatter in the experimental data could 

mask significant differences in profile shape. We have therefore looked in 

more detail at the actual shape of the profiles. 

4. LOCAL TEMPERATURE BEHAVIOUR 

Figure 3a compares three temperature profiles measured in the steady state of 

ohmic plasmas with difference values of qedKe·
 D u e t o t n e

 different ohmic 

power inputs and densities the peak temperatures for these three discharges 

vary considerably. The gradients (VTe = dTe/dR) of these three profiles are 

shown in figure 3b: again there are large differences. In part c) of the 

figure, the ratio VTe/Te is plotted. These curves show a trend with qedRe: 

across a wide region outside q = 1 , the slope decreases with increasing 

qed . To examine this behaviour, it is convenient to fit a straight line to 

these curves (outside q = 1), which implies a Gaussian fit to the profiles. 

Figure 4 shows the slope of the fitted line as a function of qedfTe for a 

number

of ohmic discharges. Although the quality of the fit becomes poor at 

high qedKe (when the profile becomes more triangular) there is a correlation 

w i t h
 %dge· 

With additional heating the picture becomes more complicated. The localised 

deposition of ICRH power inside the q = 1 surface produces greatly enhanced 

sawteeth, but little change in the electron temperature outside q = 1. 

Figure 5 shows an example of a plasma with 5 MW of ICRH (plus 2 MW of ohmic 

heating) and qedc:e
 =
 ·̂ Even in this case, where the additional heating 

gives a slight increase in both the temperature and its gradient outside q = 

1, the 7T0/T ratio remains constant. 
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With neutral injection, the temperature can increase across the whole 

profile. When the injected power is comparable to the ohmic input power, the 

VTg/Tg shows a change of shape, as shown in figure 6. Since a number of 

plasma parameters are being changed simultaneously (eg. density), it is not 

clear which is responsible for this effect. 

5. CONCLUSIONS 

The analyses made so far on the JET data permit some tentative conclusions to 

be made. A range of temperatures and temperature gradients are obtained for 

different plasma conditions. The profile shape, represented by Teo/T or 

the slope of VTe/Te, also shows considerable variation but appears to be 

correlated with qedge. A Gaussian fit to the profile shape outside q = 1 

works well only at low and moderate values of qedge· The changes in profile 

shape with additional heating are small, and more detailed analysis is 

required to determine their cause. Further work on these points is in 

progress. 
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DIRECT MEASUREMENT OF THE ELECTRON DIFFUSION 

COEFFICIENT ON JET USING A MICROWAVE RELECTOMETER 

A Hubbard* D Ward* and Τ E Stringer 

JET Joint Undertaking, Abingdon, 0X14 3EA, UK 

*0n attachment from Imperial College, London, UK 

ABSTRACT 

A fixed frequency reflectometer on JET is used to make localized 

measurements of density changes. During sawtooth oscillations, the 

effects of the central density collapse are clearly seen outside the 

mixing radius. The timing of these density pulses is compared with model 

predictions to derive the particle diffusion coefficient, D... Values of 

D = 0.5  0.8 m
2
/s are derived, in good agreement with those obtained by 

other means. 

EXPERIMENT 

Measurements of electron density changes are made using a microwave 

reflectometer which launches waves at a fixed frequency FQin the ordinary 

mode (E//B) /./. Total reflection occurs where FQ equals the local plasma 

frequency. This corresponds to a critical density η F
2
/80.6 (MKS 

units). A simple interferometer detects movements in this layer 

throughout the plasma pulse. Gunn oscillators with frequencies of 20, 

34.5, 49 and 60GHz have been used on different pulses to probe density 

layers at 5.10
19
, 1.5 x 10

19
, 3 x 10

19
 and 4.5 x 10' respectively. 

In recent JET experiments the central density nQ was typically 3  5 x 

10' m , so that a 35GHz beam reflects well outside the sawtooth mixing 

radius, 

The reflectometer uses a single antenna to launch and receive waves along 

the horizontal midplane (Figure 1). A long, oversized (WG10) 

transmission line directs radiation to a tunable crystal detector, which 

measures the interference signal. Signal/noise ratios of up to 200 are 

obtained. Using a lowpass filter to reduce the effect of MHD 

fluctuations with f > 500Hz, the delayed effect of the sawtooth collapse 

is clearly observed. 
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MODEL OF DENSITY PULSE PROPAGATION 

A 1dimensional numerical model is used to simulate the density profile of 

a sawtoothing plasma. First, an equilibrium is allowed to evolve assuming 

full recycling with a realistic neutral penetration depth, a uniform 

diffusion coefficient D_ and an anomalous pinch term V = D r/a
2
. This 

gives a profile in good agreement with JET measurements. Tne sawtooth 

activity is now included by a periodic instantaneous flattening of the 

density profile in the central region out to the mixing radius Rm. This 

central perturbation then evolves on a diffusive time scale. The effect 

on the density at different radii is shown in Figure 2. For the region of 

interest, we find the time of arrival of the maximum density change (Tp) 

scales linearly with the distance from Rm· 

In previous similar work on the propagation of the sawtooth temperature 

perturbation /2,3,4/, the time for the pulse to reach the edge, T_(a), was 

short compared to the sawtooth period tst, and consequently each pulse 

behaved independently. For density perturbations, however, the two times 

are comparable (both 100ms on JET). This leads to a sensitive dependence 

of Τ on Tst, which is summarized in Figure 3. Similar curves have been 

plotted for the time at which the pulse is first seen (Ti in Figure 2), 

which has a different scaling with radius. 

The influence of the assumed pinch velocity on our results has been tested 

by using two different values: V = 2D r/a
2
 and Vp = 0.2Dpr/a

2
. The 

predicted delay times for these cases vary by less than five percent while 

the equilibrium density profiles are of course very different. This shows 

that the derived DD is not sensitive to variations in the pinch term. 
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DATA ANALYSIS AND RESULTS 

Tp derive the diffusion coefficient we use density pulse times measured by 

the reflectometer during a series of similar sawteeth. Information from 

other diagnostics is also required. Data used for the ohmically heated 

JET discharge 7010 (I = 3MA, BT = 2.9T) are summarized below. 

Parameter 

a 
b/a 
Rc(1.5 x 10

l9
m
3
) 

R
m 
T> 

T
P 

T
st 

Value 

1.07m 

1 .45 

4.04m 

3.75m 

8ms 
51ms 

93ms 

Diagnostic 

Magnetics 

Multichannel FIR interferometer 

ECE grating polychromater, Soft Xrays 

Reflectometer and 2mm transmission 

Interferometer 

Tp is compared to the model prediction as discussed above. For this case 

D = 0.8lm
2
/s. Using this value, we also fit the first arrival time Ti to 

within 1ms. Figure 4 shows the good agreement between the measured and 

predicted pulse shape. This gives confidence in the model as well as the 

values of Rm and Rc. For pulse 6276, which has higher density due to RF 

heating, we find D = .62 during heating and .48 afterwards. So far we 

have analysed insufficient data to determine whether there are systematic 

changes with RF heating or plasma parameters. Varying Rm, RQ and the 

delay times within experimental tolerances, we estimate an uncertainty of 

± 30Í. This could be improved significantly by using 2 or more 

frequencies simultaneously, reducing the sensitivity to R . Such an 

experiment is planned in the near future. 
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'ig. 1 Comparison of ooserved and predicted movements of Rc (Pulse 701Q, 

D  0.31 m
1
 /s). 
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CONCLUSIONS 

A simple fixed frequency reflectometer is able to make localised 
measurements of density perturbations in the outer regions of the 
discharge due to the sawtooth collapse. The shape and amplitude of 
the observed pulses agree with predictions of a numerical model. This 
gives a new and more direct technique of measuring particle diffusion. 

Detailed analysis of an ohmically heated JET discharge (pulse 7010) 
gives a value of D = (0.81 ± 0.25)m2s~l. On other discharges D 
falls in the range 0.5 to 0.8m2s-1. No scaling with plasma parameters 
has yet been attempted. 

The cumulative effect of the sawtooth density perturbations is found 
to be important. With only one measurement point, the value of D is 
sensitive to experimental errors, in particular to error in the radius 
of the critical density, Rc. Thus we have at present an estimated 
uncertainty of ± 30$ on D . This error would be reduced by having a 
larger number of data points (more reflectometer frequencies). A 
multichannel reflectometer is planned on JET. 

The results obtained are in good agreement with the mean values for D 
derived from density profile changes during RF heating /5,6/. 
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FIGURE CAPTIONS 

Fig. 1 Schematic of JET Reflectometer. 

Fig. 2 Predicted movements of density layers at different radial 
positions across a sawtoothing plasma. (rQ = RQ- R 0). 

Fig. 3 Dependence of N = (R - Rm)/T on sawtooth period. 

Fig. 4 Comparison of observed and predicted movements of Rc (Pulse 7010, 
D = 0.81 m2/s). 
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FIRST SPECTROSCOPIC CHARGE EXCHANGE MEASUREMENTS 
DURING NEUTRAL INJECTION ON JET 

M G V von Hellermann, W W Engelhardt, L D Horton 
Ρ G Carolan*, M J Forrest*, N J Peacock* 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK 
* EURATOM-UKAEA Association, Culham Laboratory, Culham, Oxon 0X14 3DB.UK 

INTRODUCTION During the first phase of neutral beam heating on JET advan
tage has been taken of using the heating beams to develop an active beam 
diagnostic system based on charge - exchange - recombination - spectros
copy (CXRS). The diagnostic is based on the charge exchange interaction 
of fast injected neutrals as H° and D° with thermal fully stripped atoms 
such as H+, D+, He 2 +, C 6 + and 0 8 +. The first two represent the bulk of a 
a JET plasma and the other the dominant light impurities. The charge 
exchange reaction is: 

H°beam+ Z' * H+beam + zZ_1'* <"·*> z H° or D° are the injected high ener gv neutrals, Ζ the thermal (fully) 
ionized impurity of charge ζ and Zz · (n,£) the impurity atom excited 
in quantum state (n,£). 
The resulting recombination radiation can be analysed by suitable instru
mentation. The most intense recombination lines are emitted from Δη=1 
transitions and lie in the VUV or soft X-ray regions of the spectrum. At 
high beam energies (E Keam > 25keV/a.m.u. ) there is appreciable recombi
nation into high quantum states which emit in the visible region. The 
visible CXR'lines have a particular appeal as diagnostic indicators in an 
active thermonuclear experiment such as JET since the collected light can 
be transferred via radiation hardened fibre guides into a remote diag
nostic hall. CXRS enables diagnostic access to nuclei which are distri
buted widely throughout the bulk of the plasma, but which otherwise are 
not directly detectable in JET. In contrast to conventional line emis
sion spectroscopy the geometric intersection of a line of sight and the 
neutral beam path determines a well defined active volume and hence gives 
a local measurement. The observed excited CXR flux is given by: 

d*(A,L) 1 L/2 , n,£ f U ) ƒ ds-{nz(s) Σ nH(s,E) (σν)οχ (E)} 
ά\ ·4π -L/2 " E 

Where : nu(s,E) is the neutral particle density at fractional energy E 
and location s, nz(s) the local (impurity) density, ovn'*(E) the effec
tive charge exchange excitation rate at beam energy E and quantum numbers 
η and £, taking into account cascading and £ - mixing processess ( cf. 
FONCK. [1]). Finally L the length of emitting intersection volume along 
line of sight s and f(λ) is the spectral profile 

■ - ( ( λ - λ 0 ) / λ η )
2 

fU) = — L e
 D 

/ττλ0 
The Doppler width and Doppler shift allow a determination of the tempera

ture and the bulk plasma velocity. The local fractional neutral beam 

particle density nHo(R,E,t) can be derived by the recently developed 

PENCIL CODE (cf. WATKINS et al [2]). In addition to that code it is 

feasible to obtain the same information by measuring the electron impact 

excited and Doppler shifted Balmei—alpha spectra emitted by the fast in

jected neutrals (cf. PEACOCK et al [3]) The atomic physics data of the 
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involved excitation rates rely mostly on theoretical (cf. SUMMERS et al 
[4]) and partly on experimental data like those recently obtained from a 
CRX-experiment on ASDEX in pure helium discharges (PEACOCK et al [3]). 

EXPERIMENTAL 
The layout of the viewing chords and that of the heating neutral beams is 
described by Fig.l. At present two viewing chords are employed. A verti
cal line of sight in Octant 8 intersecting the neutral beams in the plasma 
centre (R=3.1m) and a second viewing line, which passes from a horizontal 
port in the adjacent Octant 1 to an intersection volume with the neutral 
beams at approximately half the minor radius (R=2.3 m). This viewing line 
enables measurement of toroidal plasma rotation. A multichord optical 
head, (8 fibres) which will allow a complete radial scan, will be installed 
during the next shut down of JET. The instrumental equip- ment is an opti
cal head (F/1.6) followed by a 150m, PCS 1000, fibre link with an attenua
tion of 20 db/km at 500nm. The spectrometer is a 1m Czerny-Turner with a 
2l60g/mm grating. The 1024 element intensified detector array has a quan
tum efficiency of 8 photons/count at 500nm. The total sensitivity of the 
system was absolutely calibrated yielding a photon flux/count rate of 107 

cm-2 sr_I at the same wavelength. 
RESULTS 
The CXRS results obtained during the first NBI campaign have clearly demon
strated the potential for measurement of local ion temperature, toroidal 
plasma rotation and impurity concentration. The ion temperature derived 
from the Doppler broadened CX-line profiles of oxygen, carbon and helium 
agree reasonably with values determined by independent ion temperature 
diagnostics on JET. There seems to be a slight increase of derived ion 
temperature with increasing Z. This needs however, further systematic in
vestigation. As an illustration of the CX characteristic features the time 
dependence of the oxygen 10 + 9 (6068A) spectrum before and during NBI is 
shown in Fig.2. Analysis of fitted line profiles and background level 
gives the ion temperature, line intensity and continuum intensity (Fig.3). 
A preliminary analysis of the calibrated photon fluxes making use of elec
tron source rate data determined by the PENCIL code [2], excitation rates 
taking into account complete £-mixing for the 10 + 9 transition [1], re
sults in relative oxygen concentrations in the order of 2 $ of the electron 
density. The concentration of oxygen relative to ng appears to decrease 
during a NB pulse whereas the absolute level tends to increase slightly. 
This very preliminary analysis is based on the assumption that only the 
full energy component contributes to the CXR signal and that halo effects 
and excitation by meta stables from thermal atoms can be ignored. 
Comparison of JET pulses with comparable NB and plasma parameters, the 
spectrometer being tuned to the spectra of 08+ and C6+ respectively, indi
cates a value nc/n0of 3 to 5 decreasing with increasing electron density 
during injection to =2. These values are in rough agreement with results 
obtained by the usual transport analysis (cf. BEHRINGER [5]). Further 
analyses are in progress which involve detailed modelling of the atomic 
physics and local neutral particle densities [2,4]. The tangential 
viewing line was used to measure temperature and toroidal plasma rotation 
at approximately half the minor radius (R = 2.3m). Typical values are in 
the order of a few times 106 cm/sec and the ratio of ion temperature Ti(R = 
2.3m)/Ti (R = 3.0m)=0.6 . 
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THE IMPACT OF FIRST JET RESULTS 
ON THE DEVELOPMENT OF FUSION 

The JET Team* 

(Presented by P.H. Rebut) 
JET Joint Undertaking, Nr. Abingdon, Oxon, OXI4 3EA. U.K. 

ABSTRACT 
In the mid 1970's, when the objectives and parameters 
of JET were defined, certain problems were identified, 
for which solutions were needed, before a fusion reac
tor could be envisaged. These were associated with 
plasma-wall interactions, the need for additional plas
ma heating, and the eventual activation of the experimen
tal device. 

After three years of operation, JET has proved to be 
the world's best performing device in thermonuclear fu
sion research, but has also shown that plasma behaviour 
is even more complex than anticipated. The latest JET 
results show the many advances made over its operational 
period. In particular, the especially good confinement 
and high temperatures achieved with ohmic heating alone 
have exceeded expectations. However, certain limitations 
in plasma parameters have been encountered including 
density limits due to disruption phenomena; peak ion and 
temperature limitations due to sawtooth oscillations; im
purity power losses; and confinement degradation and 
restricted temperatures with additional heating (in con
trast with those reached with ohmic heating alone). The 
impact of this plasma behaviour on the JET programme 
and the necessary developments to approach closer to 
reactor conditions are described. In conclusion, the im
plications for a future reactor are considered. 

1. INTRODUCTION 
The Joint European Torus (JET) is the largest single 
project of the coordinated fusion research programme 
of the European Atomic Energy Community (EURA
TOM). Its main objective is to obtain and study plasma 
in conditions and with dimensions approaching those 
needed for a fusion reactor (ie n = 2xl020m"3; Τ > lOkeV, 
and τ = l-2s), and is the first device to be designed to 
study α-particle production, confinement and subse
quent plasma heating in D-T plasmas. 

The main parameters of JET, the details of its con
struction, its essential features and results from the ini
tial ohmic heating phase have been described previously 
[1,2]. This paper concentrates on experiments and ad
vances during the last 18 months (the first additional 
heating phase) using ion-cyclotron resonance frequen
cy (ICRF) and neutral beam (NB) heating. 

2. TECHNICAL ACHIEVEMENTS 

2.1 Machine Status 
Machine conditions were progressively improved dur
ing the early phase and all machine systems have now 
met the stringent design specifications. The toroidal mag-
*See Appendix 1 

netic field {Βτ) now operates routinely at its maximum 
design value of 3.45T. The plasma current (± <3%) , 
horizontal plasma position (± < 10mm), plasma elon
gation e( ± 5%) and shape are all controlled by feedback 
circuits acting on poloidal field coils. Following consider
able work on these systems, stable control has been ob
tained with elongations in the range 1.2-1.7. However, 
the plasma vertical position is naturally unstable due to 
both the quadrupole poloidal field necessary for the elon
gated plasma and the de-stabilising effect of the iron mag
netic circuit. Loss of vertical position feedback control 
at higher elongations can lead to large vertical forces on 
the vessel. Consequently, until the vessel has been fur
ther strengthened, the plasma current, Ip, has been res
tricted within the operating range given by 
/2(e-1.2)<5.0(MA)2. Final strengthening of the vessel 
will be implemented at the 1986 shutdown and should 
allow operation to the highest plasma current, at the full 
elongation of e = 1.7. 

The plasma current has been increased to 5.1 MA (for 
a period of 3 s within a 20s pulse), exceeding the design 
value of 4.8MA. However, the elongation was limited 
to 1.4 in order not to risk machine damage from a verti
cal instability. In addition, plasma currents have been 
achieved routinely at 4 MA with flat-tops of 6s duration. 
At present, the full inductive current drive (34 Vs) can
not be used as the nominal premagnetisation current cre
ates stray fields, which inhibit reliable plasma 
breakdown. Changes are planned to increase the induc
tive drive capacity to enable longer duration current flat
tops and to permit the possibility of cautiously raising 
the plasma current towards a value of 7 MA. 

The vacuum vessel is usually operated with wall tem
peratures at 250-300°C and with a base pressure of 
10~7mbar H and 10"9mbar residual impurities. The ves
sel is conditioned by glow discharge cleaning (GDC) in 
hydrogen and/or deuterium. Gas introduction is made 
from four injection modules, each permitting fast puff
ing for pre-filling, and controlled addition of gas dur
ing the pulse. JET usually operates with carbonised walls 
since this type of conditioning reduces considerably the 
level of metallic impurities and oxygen, leading to 
reduced Ζ values. Carbonisation of the torus interior is 
achieved by glow discharge cleaning in a mixture of 
hydrogen or deuterium and hyrogenic methane (CH4). 

In most recent experiments, eight carbon plasma 
limiters have been located symmetrically on the outer 
equitorial plane inside the vessel. Since the relatively fre
quent radial disruptions mostly terminated on the inner 
walls, these have been covered by carbon tiles to a height 
of ± 1 m around the mid-plane. This tiling can also be 
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used as a limiter defining the magnetic surface adjacent 
to the vessel inner walls: this configuration has been used 
for minor radius and major radius scaling experiments. 
These protections cover - 4 5 m 2 , in total, correspond
ing to — 20% of the vacuum vessel surface, and protects 
areas of the inner wall, the frames of three RF anten
nae, eight octant joints, the outer wall around Octant 
No.5 (neutral beam shine-through protection), and the 
eight limiters. 

In early 1987, it is planned to cover the 32 bellows as
semblies and protect one further horizontal port ready 
for introduction of the second neutral injector box. In 
addition, the existing limiters will be replaced with two 
toroidal 'belt' limiters (surface area - 15m2), and the ex
isting RF antennae will be replaced with eight water-
cooled versions. These components will be covered first 
in graphite for early 1987 operation. The total graphite 
surface area seen by the plasma will be ~128m2 , 
amounting to ~5.6 tonnes in the vessel. In late 1987, 
these protections will be replaced by beryllium plates to 
observe the effects with this material covering. 

2.2 RF Heating System 
Since early 1985, three RF antennae have been installed. 
Power is transferred to the plasma by selecting a radia
tion frequency (25-55MHz) equal to the cyclotron 
resonance of a minority ion species (H or He3). The pow
er deposition in the plasma is local (half-width - 30cm) 
and can be varied across the plasma by changing either 
the toroidal field or the frequency. Each antenna is fed 
by a tandem amplifier delivering up to 3 MW in matched 
conditions. The three units have been regularly operat
ed up to 7.2MW for 2s pulses. Experiments with 8s pulse 
duration have also been performed delivering - 4 0 M J 
to the plasma. 

When completed, the JET RF system will have eight 
generator-antenna units delivering 32MW for 20s pulses 
at the generator output. Each amplifier unit will be up
graded to 4MW, using a more powerful tetrode in the 
final amplification stage. New antennae have been 
designed for insertion inside the toroidal belt limiter. Ac
tive cooling of the side protections and of the screen ele
ments will permit operation at full additional heating 
power (~40MW). The new antennae are presently be
ing tested and should be installed during the 1987 shut
down. Ugrading to 4MW units should be completed in 
1988. 

2.3 Neutral Beam Heating System 
A long pulse ( - 10s) neutral beam injector with eight 
beam sources and one integrated beam line system has 
been operated on JET, since early 1986. H beams have 
been injected into D plasmas with particle energies (in 
the full energy fraction) of > 65keV. The neutral power 
fractions at this energy were 69°7o, 23% and 8% in the 
full, half and third energy components, respectively, giv
ing a total beam power of > 5.5MW injected into the 
torus. D beam heating experiments were also performed 

into D plasmas, with a particle energy of 75keV, inject
ed power fractions of 76%, 17%and7% and total power 
and energy into the torus of 9M W and 35MJ, respective
ly. The pulse lengths employed were 3-7s. 

Under all operating conditions, the fast ion deposi
tion profiles were peaked on axis. With 5.5MW H-
beams, the particle source rate into the plasma was 
7x 1020s~'. Stable plasma operation.at high densities was. 
achieved. Impurity production was not a problem and 
radiation from the centre was low, in all cases. Metal im
purity concentrations dropped substantially during beam 
pulses, and the effective charge, Z.fj, decreased by 
- 2 0 % . 

3. SCIENTIFIC RESULTS 

3.1 Gross Parameters 
After reaching full performance specifications in the 
Ohmic Heating configuration, the additional heating 
programme has been continually optimized, during the 
last eighteen months. Optimization of ohmic heating dis
charges was carried out below 4 MA with limited elon
gation, to avoid the vertical instability and to reduce the 
number of radial disruptions. During the current plateau, 
peak ion and electron temperatures of 3 keV and 4 keV 
were achieved with a peak density — 4.2xl019m~3 and an 
energy confinement time of 0.8s. 

In early 1985, RF heating was First applied to the plas
ma. Subsequently, three antenna have been installed and 
~ 7M W of power coupled to the plasma, at which, the 
peak electron and ion temperatures have reached 5.5keV, 
with peak ion densities of - 3.5xl019m~3. However, the 
confinement time has dropped to r = 0.3s, during RF 
heating, at the higher power inputs. 

In early 1986, the first neutral beam injector was oper
ated on the machine and up to 5.5 MW of neutral hydro
gen (H°) beams and in excess of 9MW of neutral 
deuterium (D°) beams have been injected, producing ion 
temperatures up to 6.5keV at densities of 3xl019m-3. At 
lower peak densities ( - 1.5xl019m~3), ion temperatures 
> lOkeV have been observed. However, again there was 
a degradation in confinement time with additional heat
ing. Recently, combined RF and neutral beam powers 
upto 14.5MW has been coupled to the plasma. Ion and 
electron, temperatures of ~7.5keV at densities of 
3xl019rrT3 were obtained. Neutron yields up to 
2.5x 1015s~' were obtained with D injection, mainly from 
beam - plasma D - D reactions. The best ratio of fusion 
power to input power obtained was QDD = 3.5 x 10"4, 
which is equivalent to QDT-0.2 and would have cor
responded to a fusion power in excess of 1-2MW. 

The best figure of merit (fusion product) 
<ήρτεΤί> = 10xl019m"3s.keV has been achieved in 
ohmic heating cases at 5 MA (compared with the value 
5x 102lm-3s.keV required in a reactor). The value is 
similar for ohmic heating only, RF, NB and combined 
heating cases at comparable plasma currents, due to the 
degradation in τ E with additional heating offsetting gains 
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in other parameters. 

3.2 Limitations on Plasma Parameters 
Successful discharges without either gross instabilities 

or excessive development of a nonthermal distribution 
of electrons are limited to certai n ranges of plasma den
sity and plasma current. In turn, this limits the temper
atures {Te and Ti) reached and the energy confinement 
time, Te, attained. There are certain physical processes 
(predicted theoretically and observed experimentally), 
which limit the maximum parameters achieved in Toka
maks, as follows: 
(i) Current and Density Limits: Tokamak disruptions 

are observed in which plasma confinement is sud
denly destroyed, followed by a complete loss of plas
ma current. These pose a major threat, as they limit 
the range of current and density operation, and their 
occurrence leads to large mechanical stresses and 
intense heat loads on the plasma vessel. 
The operating diagram for JET plotted as normal
ized current { = 2TRIP/ABT= 1/q, where A is the 
crosssectional plasma area) versus normalized den
sity (= ñR/Βτ) is shown in fig.l. The operating 
region on JET is bounded on the high sides of both 
{nR/Βτ) and (1/q) by disruptive instabilities and, in 
ohmically heated plasmas, the density limit is 
nc (m~3) = 1.2x1o20 B¡{T)/qR{m). This limit depends 
on plasma purity and on power input. In neutral 
beam heated plasmas, this limit is substantially in
creased, as shown in fig.l, to 
/To(m3) = 2xl0205i<7y(7Ä(/72). In addition, prelimi
nary experiments with a diagnostic pellet injector 
have also increased the density limit. It is planned 
to further increase the density limit in JET by 
decreasing impurity levels, by high power additional 
heating and by the use of a high speed pellet in
jection. 

At a given plasma density, if the current is ramped 
down, reducing 1/q, or when the additional heat
ing is turned off at constant current, a disruption 
is inevitable, unless the density can be reduced by 
special pumping panels as the power is reduced, so 
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that the discharge parameters remain on the right 
side of the limiting line in fig.l. At present the 
powerful pumping of the inner wall carbon tiles 
greatly assisls this operation, 

(ii) Sawtooth Instabilities: Sawtooth oscillations are 
seen in the centre of JET, from soft Xrays, neu
tron emission, electron and ion temperatures, and 
electron density particularly with RF additional 
heating (as shown in fig.2). These internal disrup
tions limit the peak ion and electron temperatures, 
and restrict the highest global energy confinement 
times. The electron temperature shows sawteeth in 

Te(o) 
(keV) 

Pulse No. 9603 

PN B ,= 25MW 

9 io 11 

Time (s) 

12 

Fig.l: Normalized current [ =(2irRI^4B) = l/q] versus 
normalized density [ = nR/B]; 

Fig.2: Sawtooth oscillations of the central electron 
temperature, showing the effects of NB and RF additional 
heating; 

all regimes, with enhanced values of amplitude and 
period in additional heating situations. The depo
sition of additional power has the effect mainly of 
increasing the Te amplitude of the sawteeth inside 
the inversion radius (q ~ l) leaving the profile out
side this radius largely unaffected. Fig.3 shows the 
electron temperature at the q = l surface is almost 
independent of the total power input per particle. 
However, inside the q = l surface, the peak temper
ature Te can be raised significantly by the use of ad
ditional heating. 

A theoretical model has been developed to explain 
these plasma phenomena [ 3 ]. In this model, three 
types of magnetic field topology can coexist across 
the plasma: (i) a central region with nested toroidal 
magnetic surfaces (q< l, q[ =0); (¡i) a transition 
region of magnetic islands centred on rational q 
values, and (iii) an outer region where the field lines 
show chaotic (ergodic) behaviour. In tokamaks, q 
increases from a value close to l at the centre to 
 35 at the boundary. In the outer region (higher 
q values) the magnetic islands begin to overlay radi
ally. Here energetic electrons can connect high and 
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low temperature regions by flowing along the mag
netic field lines. The resulting electron heat trans
port is substantially larger than classical collisional 
radial diffusion and decreases the radial electron 
temperature gradient which can be achieved for a 
given input power, and consequently reduces the ef
ficiency of any heating process. 

This theory leads to a 'critical electron tempera
ture gradient' directly linked to the degree of the 
magnetic field Une chaos. Any additional power en
larges the volume of the chaotic zone, which limits 
the increase of the electron temperature gradient. 
A saturation phenomenon exists, when the 
resonance condition between the pitch of a pertur
bation and the pitch of the field line is destroyed by 
the chaocity itself. Then, the temperature gradient 
can increase again at the expense of a highly degrad
ed thermal insulation. This phenomenon is predict
ed to be dominant when the radial q gradient (q [) 
is significant. 

When q [ is small, only large islands are predict
ed to exist around rational q values and chaotic 
regions do not appear. This should occur inside the 
q~ l surface (the inversion radius). The almost 
linear increase of the electron temperature in the 
central region during the growth of a sawtooth in
dicates a mean adiabatic heating and a much bet
ter confinement of energy than in the outer regions. 
The sudden and fast relaxation is probably caused 
by the rigid body-like motion of the central part of 
the discharge through the region developing around 
the q= 1 surface, as described by Wesson [4]. 

Among possible remedies being considered is cur

rent profile control using a contribution of Lower 
Hybrid Resonance and NB heating to maintain a 
flat current profile configuration (q ~ 1, q [ = 0) in 
the central region, which is stable to the relevant 
MHD instabilities, or which will prolong the saw
tooth period significantly. 

(iii) Impurities: Impurities present problems, as they 
cause; a reduction in effective plasma ions availa-. 
ble for productive fusion interactions; power loss
es by radiation; and a reduction of the density limit 
at which major disruptions occur. Experiments with 
increased carbon tile protection plates on the in
board walls of the vessel, combined with carboni
sation of the vessel, have shown decreased metal 
impurities and lower Ze// values. This showed im
proved plasma performance with only low-Z 
material facing the plasma (including the limiters 
and most of the vessel walls). Only two materials 
are practicable with high temperature plasmas: car
bon and beryllium. 

Recently, eight graphite limiters have been used 
in JET. However, to cope with the additional wall 
loading which increased additional heating power, 
two toroidal belt limiters (to be covered by graphite 
and later with beryllium tiles) will be installed in ear
ly 1987 to replace the existing limiters. 

(iv) Confinement Degradation: With additional heat
ing, the confinement time, r/jtheso, degrades with 
increased power, as shown in fig.4, and has been 
confirmed in a number of experiments, including 
JET. It is seen that this degradation is independent 
of type of heating, whether RF, NB or combined. 
This degradation is also demonstrated in fig.5, 
which shows the evolution of the plasma energy con
tent Wk versus the total power P, into the plasma 
for both, RF and NB heating cases (Wk/Pt = TE). 
The rate of the increase in Wk with P¡ (= Δ Wk/AP,) 
seems to reach a limit at high powers of 
0.2  0.3 MJ/MW( = s), suggesting a limiting global 
confinement time, TE, of 0.20.3 s at these currents, 
independent of type of additional heating, which 
is consistent with fig.4. 
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Fig.4: The energy confinement time as a function of 
additional heating power (at Ip=3 MA, 4 MA and 5 MA, 
and£r=3.4T); 
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Since the plasma energy Wk is a function of n¡, 

Te and Τ, the degradation in confinement time 

(TE = Wk/P,) can be seen as an inability of the energy 

Wk, to rise linearly with power input, P,. This in 

turn is consistent with the observation that the elec

tron temperature, Te, outside the inversion radius 

(q = 1 surface) does not increase with power input 

and the central temperature (T (0)) increase is less 

than linear (see fig.3). 

However, a better confinement regime with ad

ditionally heated plasmas has been observed (the so

called Ηmode) in some Tokamaks with magnetic 

limiters or divertors, which manifests itself with a 

pedestal in electron temperature, Te, to raise the 

whole temperature profile. In the Ηmode, TE can 

be typically 23 times better. JET experiments have 

demonstrated a magnetic separatrix mode of oper

ation and have studied technical questions related 

to stability and vessel heat loadings. The configu

ration was maintained stable for several seconds and 

interaction with the limiters curtailed. Improved 

confinement was seen although true Ηmode oper

ation was not achieved. It is believed JET can oper

ate for several seconds at 4 MA currents without 

major modifications. 

Confinement with additional heating has been 

studied on JET with RF heating up to 7MW, neu

tral beam injection up to 9 MW, and combined heat

ing for a total additional heating power up to 14MW 

(Padd/Poh  8), corresponding to an increase in pow

er per particle of χ 4 with respect to the ohmic heat

ing cases. Confinement time degradation has been 

observed which is independent of the heating 

scheme. In fig.4, the plasma confinement time is 

shown as a function of the total input power. A 

weak dependence of the confinement degradation 

is found on the plasma density (or Ze//), while the 

decay rate appears to scale favourably with plasma 

current. Work is underway to improve the induc

tive drive capacity to increase the plasma current 

towards 7 MA, which should also provide decreased 

degradation (or improved plasma confinement). 

4. THE JET STRATEGY 

The proposed strategy for JET can be summarised as 

'Optimization of the fusion product < ñ¡f ¡TE > . TE 

should be kept near to present values and ή and f¡ in

creased so that DT operation would provide αparticle, 

production large enough to analyse its effects on the plas

ma. In illustration of what should be an optimisation of 

< η-,τεΤί >, fig.6 shows the radial dependence of η, T, 
and q measured in JET during a discharge at 
3.4MA/1.7T, simulating a future 7MA/3.4T pulse at 
low q. 

JET with its additional equipment aims to build up 
a high density and high temperature plasma in the dis
charge centre, where α-particle power could be observed. 
Fig.7 shows the profile types which could be achieved 
using the proposed systems on JET. Time windows where 
NBI and LHCD are switched off will be implemented 
to allow high speed pellets to penetrate the q - 1 volume. 
Such a plasma would have an energy content of 20 M J 
and would produce 10MW of α-power. If r - 0 . 3 - 0 . 4 s , 

3 -
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χ tu 
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Pulse No 7772 
lp = 3-5 MA 
Β γ = 1-7T 

0 0.5 
f / Q Cne6 2l»/3 

Fig.6: Density (η), electron temperature {Te) and safety 
factor {q) profiles in a low q pulse {Ip=3.5 ΜΑ; Βτ= 1.7Τ); 
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QoTshould reach 12. The role of proposed JET addi
tions to achieve such a discharge is as follows 
(i) Sawteeth oscillations should be absent or have peri

ods of several confinement times as a consequence 
of a flat q profile (q = 1, q [ = 0) over a large plas
ma section by working with a low q boundary and 
by driving part of the current (  1  2MA) in the 
outer plasma (the shear region) by Lower Hybrid 
Current Drive (LHCD) and with counter NBI near 
the centre to flatten the profile; 

(ii) Radiation cooling between the q = 2 surface and the 
plasma boundary would be minimised to allow 
operation below the major disruption limit. Low Ζ 
material (C or Be) would be used to take advantage 
of its low ionization potential; 

(iii) Since the temperature at q = 1 is higher when the 
density is lower, this would be kept low using edge 
pumping. The aim is to achieve temperatures 
~ 7 keV and densities  25x 10i9m~3 at the transi
tion with the central region. Further advantages of 
low densities in the outer region are the prevention 
of disruptions and higher efficiency for LHCD; 
The DT density on axis is increased up to 

(iv) 
1 2xl020m~3 by high velocity pellet injection; 

(v) High central temperature (  1 2  15keV) would be 

achieved by the combination of 'on axis' ICRF heat
ing, NBI at 160keV and current profile control. 

This scheme will be attempted in two configurations: 
(a) with a magnetic separatrix at 4MA and (b) with 
material limiters at current values up to 7 MA (a value 
where the a  particles can be confined inside the cen
tral volume (q~ 1)). 

However, in this strategy, it is assumed that: (i) higher 
central temperatures can be achieved at low q; (ii) the 
scheme is based mainly on experimental observation 
without a full understanding of sawteeth mechanisms; 
and (iii) there is no β limitation in the central region of 
the plasma. 

5. JET DEVELOPMENTS AND THE 
JET PROGRAMME 

In order to meet the JET strategy, enhancements of the 
electromagnetic system are underway with two main 
goals: (i) to increase the flux swing capability of the ohmic 
heating system, beyond the 34V.s design value to provide 
7 MA plasma current with a ~ 10s flattop time; (ii) to 
produce single and double null magnetic limiter 
discharges up to —4 MA plasma current. Both should 
permit improved confinement in JET. 

To improve the central density well above present 
values, multipellet injection will be incorporated, using 
a staged approach. A single pellet injector able to launch 
pellets of 2.6 to 4.6mm diameter at speeds of 1.21.5km/s 
has been installed. During the 1986/87 shutdown, a 
multipellet injector will be installed capable of 2.6,4 and 
6mm diameter (same length) pellets at speeds of 1.5km/s 
with repetition rates of 10, 8 or 6s"1 (for respective 
diameters). A development programme is underway to 
increase pellet speeds towards 10km/s. A single shot pellet 
injector with speeds 25km/s is planned for installation 
during 1988, whereas a multipellet injector with speeds 
510km/s should be fitted during the 1989 shutdown. 

An increased central density should be obtained 
without increasing the edge density. Therefore, a particle 
exhaust system is required to control the edge density 
during pulses with additional heating and pellet injection. 
Moreover, controlled pulse termination should be 
achieved by reducing the density to ohmic levels at the 
end of additional heating. A development programme 
has started, both of a pump limiter system and of 
pumping panels. Two steps are planned for the pump 
limiter. Firstly, a prototype will be installed in the 1988 
shutdown: with a limiter blade movable radially by 
 2030mm at a power loading  10MW/m2 for l2s. At 
a density of 1020m3, the decay time should be ~4s. 
Secondly, the actively cooled pump limiter should 
withstand  30MW/m2 for 10s, with installation during 
the 1989 shutdown. 

Pumping panels are being investigated as a 
consequence of the large pumping effect of the carbon 
walls observed on JET. Present estimates suggest 50m2 

radiation cooled pumping panels would be required. 
Installation is foreseen during the 1988 shutdown. 
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Control of current density profile should remove the 
strong correlation between the current density and the 
electron temperature caused by Ohmic heating (J oc Τ3/2). 
A flat current profile should avoid sawteeth and produce 
higher central electron temperatures. ICRH as a 
technique for current drive will be tested in JET after the 
1986/87 shutdown using phase locked operation of the 
planned eight Ai RF antennae. 10MW LHCD power at 
3.7GHz should drive 1-2 MA current in the outer plasma 
region. Broadening of the current profile in JET would 
be achieved by using, the two already available NB 
injectors (-0.5MA capability) in counter injection to 
reduce the current density in the central region. 

The proposed JET programme of operations and 
shutdowns for introduction of new equipment and 
modifications is shown in fig.8. The addition of the new 
developments appear in Phases III and IV as follows. 

5.1 Phase IIA (mid 1988 - Early 1990) 
For this phase, the following will be installed: (i) prototype 
single shot high speed pellet injector; (ii) conversion of 
one NB injector to 160keV; (iii) prototype uncooled pump 
limiter or pumping panels; (iv) water-cooled dump 
plates for X-point operation; (v) sawteeth control 
system; (vi) disruption control system (internal saddle 
coils controlled by feedback). 

The main aims will be to consolidate machine opeation 
with full additional heating power and to explore 
X-point operation for improving confinement. 

5.2 Phase HIB (Early 1990 - Late 1991) 
For this phase, the following will be operational: (i) 
multiple pellet injector system ( - 5-10km/s injection); (ii) 

final LHCD profile control system; (iii)cooled pump 
limiters; (iv) both NB injectors at 160keV; (v) all remote 
handling systems required for the active phase. (The 
commissioning of the tritium plant will also start during 
this phase). 

The main aim will be to reach maximum performance 
with deuterium plasmas before proceeding to the final 
phase, requiring introduction of tritium. 

5.3 Phase IV (Late 1991 - End 1992) 
The aim is to study α-particle production and heating. 
A level of α-particle power must be reached sufficient to 
analyse its effects on the plasma, and to answer the 
question whether α-particle heating degrades energy 
confinement similar to the other additional heating 
methods. Although, a positive answer is expected, it has 
direct consequences on the size of the next experimental 
device (Next Step). 

The starting date for D-T operations is linked to the 
performance reached in Phase III: the performance in 
deuterium should have been optimised and the first three 
objectives of JET must have been achieved; and there 
should be a high degree of confidence in obtaining a 
measurable α-particle heating power relative to the other 
inputs (ie, QDT> 0.5); 

6. IMPLICATIONS FOR A REACTOR 
Tokamak research is progressing speedily, especially in 
the new generation of larger Tokamaks where the size and 
the associated longer characteristic times allow a better 
identification of the mechanisms prevailing in the plasma. 
Without doubt, the results obtained on JET and the 
understanding of the plasma behaviour are likely to play 
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an increasing role in the definition of a future reactor. 

The magnetic field of the larger tokamaks is already 

operated in the range of 25T, which is appropriate to a 

reactor. Whilst not yet simultaneously achieved, the values 

of maximum density and temperature presently observed 

are not far from those required, and the confinement time 

obtained with ohmic heating alone is already significant. 

The extrapolation required now mainly concerns the size 

of the future device. Fig.3 shows that additional heating 

hardly increases the temperature in the large confinement 

volume outside the q=1 surface (q > 1), and only achieves 

some heating in the smaller volume inside this surface. 

This suggests that a reactor must rely upon either a tight 

control of current profile and large power additional 

heating to provide sufficient stabilization of sawteeth 

oscillations, intense heating inside the q = 1 surface and 

improved energy confinement (as proposed for JET), or 

it must depend upon a size increase to obtain the required 

ignition temperature. 

Large increases of the electron temperature have been 

observed with increased plasma size, in agreement with 

the qualitative prediction based on magnetic topology, 

which suggests that it is possible to conceive a DT burner 

Tokamak without external additional heating. The 

resulting simplification of the overall system could well 

compensate for the larger size. Scaling suggests that a 

major radius of  x2.5 that of JET, a plasma volume of 

~ 2000m3 and a magnetic field slightly higher than JET, 

a 15keV plasma and a confinement time of 1525s could 

be reached without ohmic heating at a density only 0.30.5 

that in JET but still satisfying the ignition criterion. Then, 

the thermonuclear power output of the DT burner should 

be increased by injecting fuel pellets: the thermal 

insulation should degrade as the additional heating 

provided by the αparticles increases, keeping the 

temperature approximately constant and the burn control 

would be performed entirely through density control. 

This stresses the importance of mastering the disruptive 

density limit. 

7. CONCLUSIONS 

(i) Both ICRF and neutral beam (NB) additional 

heating methods are effective in JET at injecting and 

localizing power deposition in the plasma ( > 70% power 

accounted for in the plasma). 

(ii) Both methods demonstrate increased plasma 

energy, W, with increasing power input, P, but the rate 

of increase of energy with power input (dW/dP) 

(~0.10.3s) is much smaller than the confinement time, 

TE (confinement time degradation with additional 

heating). 

(iii) It is only in the central region (inside the inversion 

radius), between sawtooth collapses that the heating is 

effective in increasing the electron temperature of the 

plasma (cf giant and monster sawteeth). 

(iv) Outside the region, electron heating is poor. The 

electrons seem to be the main energy loss channel, which 

appears related to confinement properties and not to the 

heating process. (In particular, this could be related to 

the shear properties of the tokamak and the presence of 

chaotic (ergodic) lines of force). 

(v) αparticle heating is expected to behave in a similar 

fashion to other heating methods. 

(vi) Therefore, a reactor must either (i) work at 

moderate currents with sophisticated control of the 

central region; or (ii) work at high currents without the 

need for control of the central region. 

(vii) In the latter case, a temperature of ~ 7keV at the 

inversion radius is needed (at which thermonuclear 

reactions can start in the centre). This could be achieved 

without additional heating and leads to a reactor of large 

size and current (dimensions  2.5 χ JET, V — 2χ1019πΓ3, 

TE ~ 1520s, and Τ ~ 15 keV at the start. Additional heating 

would be from thermonuclear αparticles and would 

allow the density to be increased into the 1020m~3 range, 

at the cost of a degraded TE Further work is needed to 

clarify final requirements. 
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TECHNICAL ASPECTS OF THE NEW JET DEVELOPMENT PLAN 

M. HUGUET 
JET Joint Undertaking, Abingdon, Oxon, 0X11 3EA, U.K. 

ABSTRACT 

Recent results from JET and other large tokamaks point to the need for JET to introduce 
new modes of operation and additional equipment to enhance performance, and as a 
result gain the full benefit of deuterium-tritium (D-T) operation. The principal new 
additions to the JET development plan concern: operation up to plasma currents of 7MA, 
magnetic limiter operation, disruption control, density control and current profile control. 

The new additions to the JET programme entail only minor changes to the basic design of 
the machine itself. The ohmic heating coil stack will be reconstructed with 10 sub-coils 
instead of 8 sub-coils. This modification is important for magnetic limiter operation and 
is also desirable to achieve long flat-tops at plasma currents of 7 MA. For the magnetic 
limiter mode of operation, dump plates are foreseen inside the vessel in the vicinity of the 
X-points. The vacuum vessel supports will be reinforced to cope with the transient loads 
resulting from vertical instabilities. 

Disruption control requires new saddle coils inside the vacuum vessel. Density control 
includes the use of pump limiters, the study of transient wall pumping, and deep fuelling by 
means of pellet injectors. Current profile control will probably involve a combination of 
lower hybrid frequency and neutral beam current drive techniques. 

At the same time, the machine and all systems will be prepared for D-T operation. The 
various steps of the new JET programme are planned for implementation during major shutdowns 
scheduled until 1991. D-T operation is now planned to start by the end of 1991. 

1 . INTRODUCTION 
After 3 years of operation, the JET experimental results are most encouraging. The 

best, but not simultaneous, plasma parameters achieved are T. (peak ion temperature) = 10 keV 
1 9 - 3 1 

n. (peak ion density) = 6 χ 10 m , τ„ (global energy confinement time) = 0.8s, while the 
1 . 1 9 - 3 

best simultaneous combination gives a fusion product Τ. χ η. χ τ„ = 10 χ 10 keV.m .s.. 
15-1 i 1 E 

D.D neutron production rates up to 5 χ 10 s have been measured. These results are not 
yet those required for D-T operation. A meaningful D-T phase on JET with significant 

20 -3 alpha particle heating would require a fusion production of about 5 to 10 χ 10 keV.m .s. 
In order to bridge the gap, a new development programme has been proposed. This programme 
includes the extension of the current capability in the limiter mode of operation 
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from 5 to 7 MA, a magnetic limiter (also called X-point) mode of operation with plasma 
currents up to 4 MA, disruption control, density control and plasma current profile control. 
The physics motivation of this programme is explained by Rebut [ï]. 

This new development programme represents a considerable extension of the original plan 
and is justified and made credible by the fact that from the technical point of view, the 
JET operation has been entirely successful. The plasma current has reached 5.1 MA for 3s., 
exceeding the design value of 4.8 MA. Additional heating systems have performed most 
satisfactorily and up to 14 MW of additional heating (NB + RF) power has been injected. 

This paper summarizes the technical aspects of the new JET development plan, with an 
emphasis on the modifications and additions to the tokamak itself. 

2. STUDY OF THE NEW EXTENDED OPERATING CONDITIONS 
The new JET development plan includes modes of operation which call for a considerable 

extension of the original JET design parameters. In particular, it is proposed to operate 
up to 7 MA in the limiter mode, as compared to the design value of 4.8 MA. This will 
severely increase the thermo-mechanical stress on the coils, the structural components, the 
vacuum vessel and first wall. The magnetic limiter, or X point mode of operation was not 
considered in the original JET programme. This will introduce a new range of operation 
scenarios together with their associated thermo-mechanical problems. 

Clearly, such a major step into new operating territory calls for a detailed and 
refined reassessment of the machine itself, of some power supplies and of the integrated 
behaviour of systems, from the electrical, mechanical and thermal point of view. This 
investigation called the "7 MA and X-point study", has been initiated and Table I shows some 
of the major items to be included. The outcome of the study will be known during the first 
half of 1987 and will provide a more accurate definition of the actual and safe boundaries 
of the new operating space. The figures quoted in this paper, as regards the expected level 
of performance, are supported by preliminary work and at this stage appear to be realistic 
targets. However, some changes may occur as a result of on-going work. 

TABLE I 
Major items of the 7 MA and X point study 

Plasma and Pulse Parameters 
Field Configuration and Magnetic Forces 
Safe Limits 
Machine Instrumentation 
Mechanical Analysis 
Thermal Effects on First Wall 
Global Assessment on Machine Behaviour 
Power Supplies Electrical, Mechanical, Thermal and Control Scenarious Analysis 

3. CHANGES TO THE JET MAGNETS IN VIEW OF 7 MA AND X-POINT OPERATIONS 

3.1 The toroidal field magnet 
The performance of the toroidal field (TF) magnet will be reviewed with the aim of 
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increasing both the flat-top duration and field strength. The flat-top duration can be 
easily increased by chilling the cooling water. A 6 MW chiller plant connected on the site 
water side of the heat exchanger will cool the water down to 7°C before a pulse and will 
allow an extension of the flat-top duration from 12.5 to 19 s at full field. The pulse 
repetition rate will be of one pulse every 20 minutes. The chillers will be operational by 
the end of 1987. 

It is planned to carry out a refined thermo-mechanical analysis of the TF coils with a 
view to assess their potential for operation at fields above the design value of 3-45 T. 
Tests may have to be carried out to characterize better the fatigue strength of copper 
brazed joints and epoxy-glass insulation. The results of such calculations and tests must 
however be examined cautiously since the behaviour of the actual coils could be impaired by 
undetected internal defects. For this reason, operation up to 4 T, if possible, will not be 
attempted before the final phase of the JET operation. 

3.2 The primary winding of the poloidal field system 
It has not been possible so far to use the full design value (34 V.s.) of the flux 

swing available from the primary winding. This is because plasma breakdown conditions are 
impaired by stray magnetic fields which develop when the centre pieces of the magnetic 
circuit saturate. Computed field mapping has shown that these stray fields can be 
dramatically reduced by increasing the length of the primary winding coil stack. For this 
reason, the primary winding will be removed from the machine during the planned 1987 
shutdown, and will be rebuilt with 10 sub-coils instead of 8, by making use of existing 
3pare sub-coils. The mechanical work involved is extensive since the upper limbs of the 
magnetic circuit must be dismantled, together with the services and diagnostics attached to 
them. The TF magnet is unaffected by this operation, the coils have only to be slightly 
retracted to permit the removal and reinsertion of the primary winding. Since the primary 
winding takes up the centripetal forces acting in the TF coils, it is also the structural 
reference for the whole machine and must be rebuilt to tight tolerances regarding 
cylindricity and verticality, and co-axiality with the mechanical structure. 

3.3 The ohmic heating system 
In its present configuration, the 8 sub-coils of the primary winding are all 

electrically connected_ in series as shown in fig. 1. It is planned to modulate the current 
flowing in the six centre sub-coils, with respect to the current flowing in the four top and 
bottom sub-coils. This requires an additional power supply and busbars as shown in fig. 1. 
This scheme is extremely versatile and opens up a wide range of new operational space. The 
following is a summary of the scenarious made possible with this new scheme. Details are 
given by Bertolini [2]. 

a) Stray field compensation: Stray field compensation may be further improved by a 
slight reduction of the current flowing in the 6 centre sub-coils. An 
optimization of breakdown conditions may save useful flux during the initiation of 
the discharge. 

b) Increase of the flux swing: The current flowing in the 6 centre sub-coils could 
— 1 

be raised beyond the design value of 40 kA, taking advantage of restraining 
external pressure of the TF coils. At 60 kA, the outward pressure due to the 
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coils own field would balance the 
inward pressure. A current of 60 
kA, if possible, would give a 
total flux swing of 40 Wb, thus 
allowing a 10 s flat top at 7 MA 
in the limiter mode of 
operation. 

A study is underway to 
evaluate the thermo-mechanical 
behaviour of the winding and its 
interaction with the mechanical 
structure and TF coils, under 
these new operating conditions, 

c) X-point operation: A non uniform 
distribution of the current in 
the primary winding (for instance 
40 kA in the 6 centre sub-coils 
and zero current in the upper and 
lower sub-coils) causes a large 
stray radial flux in the top and 
bottom areas of the plasma and 

promotes the formation of X-points inside the vacuum vessel. Calculations show 
that a double null configuration can be obtained up to 4 MA with X-points between 
10 and 25 cm inside the vessel. This is a considerable improvement with respect to 
the present configuration which allows only a plasma current of 2.5 MA and a X 
point to wall distance of about 5 cm. Single null configurations can also be 
obtained by unbalancing the current in the top and bottom coils of the shaping 
circuit. In this case plasma currents up 4.5 MA and X-point to wall distances of 
20 cm seem achievable. 

2 Sub-coils 

6 Sub-coils 

2 Sub-coils 

Fig. 1. Present and planned 
configuration of the 
ohmic heating circuit 

4. MECHANICAL PROBLEMS 

4.1 Twisting moments 
The new modes of operation result in higher values and new distributions of the 

azimuthal forces acting on the TF coils. These forces are resisted by the mechanical 
structure. The behaviour of the structure will be checked by means of a comprehensive 
finite element model including the TF coils located inside the structure. It is 
expected that the structure is globally strong and stiff enough for the new modes of 
operation, but certain highly loaded areas have to be checked carefully. 

The most critical areas, where the high level of stress is likely to set a limit 
to the machine performance, are the upper and lower portions of the D-shaped TF coils 
which are supported by the so-called- collar teeth. There is no scope for any 
improvement of the design because of the lack of space in this area and the 
inaccessibility of the collar teeth. The critical stress is a shear stress in the TF 
coils insulation, which results from a combination of pure shear, torsion and bending. 
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A maximum allowable load of 45 tonnes on each tooth, gives a shear stress of 16 MPa and 

corresponds to the following operational limits. 

a) In the limiter mode at 7 MA, the elongation b/a must be less than 1.5. 

b) In the X-point mode, the current must not exceed 4 - 4.5 MA. 

Full scale fatigue tests, using the prototype TF coil are planned to assess better 

this critical point. 

4.2 Vertical supports for the vacuum vessel 

The original flexible supports of the vacuum vessel were not designed to cope with 

the unexpectedly large vertical forces resulting from vertical instabilities [3]. By 

the end of 1984, the vessel was fitted with simple mechanical reinforcements able to 

resist vertical forces up to 350 tonnes. Under these conditions, the operational space 

is restricted in plasma current I and elongation (-) according to the following 

Ρ
 a 

relationship: 

Ip
2
(| - 1.2) < 5 MA

2 

New vessel supports have now been designed and will be installed during the 1987 

shut-down (fig. 2). These supports are designed to resist vertical forces up to I600 

tonnes. This specification exceeds the expected level since such a force would develop 

in the event of a vertical instability at a current of 7 MA and an elongation of 1.7 

(limit value is 1.5). The new supports involve some modifications of the vessel 

itself, in particular the flanges at the vertical ports are used as anchoring points 

and have to be replaced by rigid forged pieces. Diagnostics attached to these ports 

must be modified to be made compatible with the new design. 

During vertical instabilities, the 

poloidal field coils are also subjected 

to vertical forces. Preliminary 

calculations show that these forces are 

within tolerable limits except in the 

case of the large outer coils P-4. The 

supports of these coils -will be 

strengthened during the 1987 shut-down. 
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Fig. 2. Additional supports of the vacuum vessel 
(only one octant shown on the picture) 

NEW FIRST WALL COMPONENTS 

5.1 Present status of wall 
protection and limiters 
The areas covered by graphite 

tiles include the inboard wall over 
a height of 2 m, 8 belts in the 
poloidal direction at the octant 
joints, and a zone at the outboard 
wall (Octant 5) acting as a 

protection against· neutral beam shine-through. The total area covered is 40 m or 20Î 
of the inner surface of the vessel. 

2 
JET presently uses 8 discrete graphite limiters (area 3m ) placed at the outboard 
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wall in the equatorial plane. The 3 RF antennae are also protected by graphite (area 
2 6m ) and absorb some of the power conducted to the wall. Due to the fact that part of 

the power is radiated, it has been possible to cope with up to 16 MW of total power 
with the present limiter arrangement. 

5.2 Planned development in 1987 
Early in 1987, the bellows protection plates presently made of inconel will be 

replaced by graphite tiles. This will add 32 graphite belts to the existing 8. 
Neutral beam shine-through protection will also be added at Octant 1, in readiness for 
the start of operation of the second neutral beam system. The total area covered with 

2 graphite will be 100 m or 50Ï of the inner surface. 
The 8 discrete limiters will be replaced by the belt limiter which consists of 2 

belts in the toroidal direction with a total area facing the plasma of approximately 
15m [4]. This limiter will be able to absorb 40 MW during a 10 s pulse and is 
therefore adequate for operation at 7 MA and full additional heating power, including 
the expected alpha particle heating during the D-T phase. The existing RF antennae 
will be replaced by 8 new antennae with their associated side protections. 

The JET aim is to use a low-Z and unique material for the wall protection and 
limiter. The two candidate materials are graphite and beryllium and JET will be ready 
to install either of these materials by the end of 1986. The expected advantages and 
drawbacks of these materials have already been discussed [5]. 

If graphite is used, the belt limiter will utilize solid graphite tiles. The 
vessel walls and antennae screens which are not covered with graphite tiles will be 
carbonized so as to offer a 100Ï graphite-carbon wall to the plasma. 

If beryllium is used, the belt limiter will utilize solid beryllium tiles. The 
rest of the first wall, including metal parts and graphite tiles, will be coated with a 
thin layer of beryllium by means of four internal beryllium evaporators [6]. 

5.3 Dump plates for X point operation 
The vessel requires additional protection, or dump plates, to absorb the power 

conducted and radiated to the wall in the vicinity of the X-points. In 1987 and early 
1988, this function will be performed by the existing and planned (see above) graphite 
protection. This will impose some restrictions on power and pulse duration since the 
energy which can be safely absorbed in these tiles during a pulse is about 8OMJ. In 
addition, the pulse repetition rate will be limited by the radiative cool-down time 
(1 hour) of the tiles. 

In 1988, the top and bottom parts of the vessel will be completely covered with 
tiles (graphite or beryllium) mounted on a water cooled support structure. These dump 
plates will be able to receive a power of 40 MW for 10 s in the double null 
configuration, and will sustain a pulse repetition rate of one pulse every 10 minutes 
(fig. 3). A full description is given by Sonnenberg [6j. 

6. CONTROL OF DISRUPTIONS 
The motivation for attempting to control disruptions on JET is to increase the overall 

performance by extending the limits for stable operation to lower values of the safety 
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factor q and higher plasma densities. Moreover, even if significant extension of the 
operating range is not achieved, the possibility of disruption free termination of 
discharges would be most desirable. It would allow operation of the machine without 
restriction at maximum current, high densities, and maximum heating power. Since switching 
off the heating power could be performed safely and quickly, this would also extend the 
useful flat-top duration. 

Disruptions are characterized by unambiguous precursor magnetic activity some hundreds 
of milliseconds before the disruption, and thus feedback control seems to be feasible in 
principle. Since the magnetic activity appears essentially to be an m = 2, n = 1 mode, the 
scheme for stabilizing this is to provide a magnetic perturbation modulated by feedback 
control to counter the m = 2 mode perturbation. 

The magnetic perturbation would be provided by a set of internal saddle coils. The 
optimum locations for these coils are the top (4 coils) and bottom (4 coils) parts of the 
vessel (fig. 3)· These coils would carry a current of 5-10 kA and with 3 turns would create 

-4 a magnetic perturbation of the order of 5-10 χ 10 T. The radiation cooled conductor would 
consi-st of copper and inconel bars welded together for low resistivity and strength, and 
would be insulated and supported by alumina pads. Care must be taken in the design to 
provide strong supports able to sustain the large electromagnetic forces and vibrations due 
to the AC supply, and at the same time allow differential expansion between the coils and 
the vessel walls. A problem in the design, is that image eddy currents flowing in the 
vessel walls reduce dramatically the efficiency of the coils, and therefore a distance of 
approximately 15 cm is required between the coils and walls. The plasma aperture for 
limiter (- = 1.6) or X-point configurations is however not significantly affected by the 
coils. 

Graphite tiles will of course be 
required to protect the coils. The 
profile of the existing and planned 
wall protection tiles will have to be 
modified so that it blends smoothly 
with the coil protection. This work is 
planned in 1988 when the coils are 
installed. 

Provisional estimates of the power 
requirements for these coils are 6 MW. 
The error signal for the feedback loop 
would be derived from the existing 
magnetic diagnostics. 

7. DENSITY CONTROL 
Density control aims at Increasing 

the central density by deep pellet (and 
neutral beams) fuelling, and keeping 
the edge density low by pumping. The 
detailed plans are given in [6]. 

Fig. 3. Internal saddle coils for disruption 
control (only 2 octants are shown on 
the picture). Dump plates for 
X-point operation are also shown. 
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7.1 Pellet Injection 
A single shot injector able to launch pellets of 2.6, 3.6, 4.6 mm diameter at 

speeds of 1.5 km/s has been operational on JET since June 1986. By the middle of 1987, 
a multi pellet injector supplied by the Oak Ridge National Laboratory, U.S.A. will be 
able to fire 2.6, 4 and 6 mm diameter pellets at a repetition rate of respectively 5, 
3, 2 Hz and speeds in the range of 1.5 km/s. 

A development programme has been undertaken to increase the pellet speeds towards 
5 and even 10 km/s to achieve deeper penetration inside the JET plasmas. In principle, 
these high velocities can be achieved by pneumatic guns if hot propellent gas is used. 
Heating of the propellant gas by adiabatic compression and electric arc is being 
investigated. A prototype single shot, high speed (5 km/s) injector should be 
available by mid-1988. 

7.2 Pumping 
Particle exhaust on JET has been achieved so far by a very effective wall pumping 

21 -1 
effect (up to 3 x 10 particles.s ), although not understood. Simulation experiments 
have been undertaken in an attempt to understand the phenomenon and assess its 
potential for the future JET operation. In particular, saturation effects at high wall 
fluxes have to be evaluated. These experiments are being conducted for both graphite 
and beryllium. 

JET is also planning to develop pump limiters in case wall pumping should prove 
insufficient. A prototype radiation cooled pump limiter, using carbon fibre reinforced 
graphite for the high heat flux components, could be installed in the machine by the 
end of 1988. Actively cooled pump limiters will take longer to develop and their 
possible use in JET cannot be envisaged before 1990. 

8. CURRENT PROFILE CONTROL 
The aim of current control is to achieve a flatter current profile. Such a current 

profile could keep the safety factor q above 1 everywhere in the plasma, thus avoiding 
sawteeth and achieving higher electron temperatures. Current profile control can also 

3/2 reduce the correlation between the current density and electron temperature (J <χ Τ ) and 
this may lead to improved confinement. 

The JET proposal is to use lower hybrid current drive. A 10 MW system at 3-7 GHz would 
be able to drive 1-2 MA in the outer regions of the plasma. The broadening of the current 
profile may be further enhanced by counter neutral beam current drive in the central region 
of the plasma. Details are given by Jacquinot [7]. 

9. MODIFICATIONS IN VIEW OF THE D-T PHASE 
In addition to the development work in the areas of tritium and remote handling [8], 

some modifications will be necessary to make the machine and associated systems ready for 
tritium operation. However, these modifications are expected to be few, because, since the 
conceptual phase of JET, the requirements of the D-T phase have been the guiding factor in 
the definition process and detailed design of the machine and all jsociated facilities [9]. 
Nevertheless, it is planned to undertake in the near future, a major critical review of all 
systems, modes of operation and failure modes to check their compatibility with the use 
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of tritium. Necessary changes will be implemented during the 1988, 1990, and 1991 
shut-downs. A few examples of modifications which have already been identified are listed 
below: 
- Tritium permeation through the vessel walls may be driven by pressure or by particles 

fluxes. In order to eliminate the contribution from particle fluxes, it has been decided 
that the wall areas not covered with graphite would be clad with inconel plates. 
- The small turbo-molecular pumps, used in large numbers for diagnostics vacuum systems 

will be replaced by static, fully sealed, regenerable getter pumps. 
- The gas baking loop circulates a hot gas in the interspace between the two walls of the 

vacuum vessel. Helium will be used rather than nitrogen as a heat transport gas since 
helium is not activated by neutrons and can be decontaminated from tritium. The helium 
blower will be fully encapsulated to contain tritium emissions originating from the shaft 
seal. 

io. TIME PLAN 
Table II shows the new development programme which is 2l/4 years longer than the original 

JET plan. It must be pointed out that this plan should be considered as provisional since 
the necessary steps to seek approval from the JET supervisory bodies have been.started 
recently. Four major shut-downs are planned before the start of the D-T phase, to 'implement 
the additions to the programme and make systems ready for tritium. 

TABLE II 
The new JET development plan 
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1 1 CONCLUSIONS 
The major objective of the JET experiment is to use deuterium-tritium (D-T) fuel to 

study the confinement and heating effect of alpha particles produced by fusion reactions. 
The new JET development plan aims at an enhancement of the plasma physics performance so 
that a meaningful D-T phase with significant alpha particle heating can be achieved. 

Although ambitious, the new development plan is technically justified by the results 
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obtained so far. The sound technical performance of the machine and the good overall 

reliability of the various subsystems provide great confidence that the operational 

parameters can be stretched above the rated design values. New modes of operation can also 

be easily incorporated because of the inherent flexibility and versatility of the JET design 

which allows new equipment to be added without affecting the basic structure of the machine 

and the organization of subsystems. 

Therefore, the new development plan appears modest, in view of the existing investment, 

but a most valuable extension of the original programme, with the aim of making full use of 

the potential performance of the machine. It must be stressed that the JET objective of a 

sustained DT operation phase of at least one year, is unique on the world scene of tokamak 

research, and will provide an essential and irreplaceable data base for NET. 
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ABSTRACT 
A series of enhancements of the JET apparatus is in the 
process of being implemented to increase the fusion 
parameter n¡oTiTE to values required for meaningful 
D  T operation. 

Modifications to the electromagnetic system (mag
nets, power supplies and plasma control) are major fea
tures of the new JET development plans, for operation 
with magnetic limiter up to 4MA and with material 
limiter up to 7MA. Operation at these levels, well above 
design values, requires compensation of stray fields at 
breakdown, control of plasma current derivative dur
ing the early phase of the discharge, larger currents in 
the primary windings of the transformer (coil 1 ) and ar
rangements for establishing magnetic limiter configu
rations. To this end coil 1 willbemadea 10 subcoil stack 
(now 8), a fast rise voltage shaping circuit and a DC pow
er supply will be added to the present JET poloidal sys
tem, and the radial field control will be modified to cater 
for the magnetic limiter configuration with both.one and 
two Xpoints. 

If the electromagnetic, thermal and mechanical as
sessment of the machine and power supplies, now un
derway, shows that the indicated extensions of the JET 
engineering operating space are possible, flat top cur
rents of duration 10s and magnitude 4 and 7M A will be 
achieved in magnetic and material limiter configura
tions, respectively. 

1. INTRODUCTION 
The experimental results obtained in JET during the first 
three years of operation have allowed the range of fu
sion relevant tokamak parameters to be greatly extended 
[ 1 ] . However a number of physics questions, such as 
plasma fuelling and exhaust, pulse termination, limi
tations on density and beta and degradation of the ener
gy confinement time are still outstanding. As a 
consequence, the currently used key fusion parameters, 
central ion density, central ion temperature and global 
energy confinement time, cannot be raised to the re
quired levels simultaneously, for meaningful studies of 
alpha particle confinement and heating in D  Τ [ 2, 3 ] . 

A comprehensive package of JET enhancements has 
been proposed, to overcome these difficulties and in
crease the performance of JET by extending the machine 
operating space: new equipment is being designed and 
some is under construction already and will be installed 
during the next major shutdown in early 1987 [4]. 

Although each one of these enhancements may posi
tively effect more than one plasma parameter, the global 
energy confinement time is expected to be increased 
most effectively in two ways: operation of plasma cur

rent up to 7MA for several seconds with material limiter 
and up to 4MA with magnetic limiter with one or two 
nulls of the poloidal field inside the vessel. Both these 
scenarios are outside the original JET 'extended' per
formance (4.8MA with material limiter and magnetic 
limiter configuration not foreseen) and therefore their 
implementation represents a major undertaking. The 
achievement of this new operating space essentially re
lies on major modifications to the tokamak electromag
netic system, which will provide for the magnetic limiter 
configuration and for a substantial increase of the usa
ble transformer magnetic flux swing. 

At this stage the new plasma current values given 
above, have only to be considered as a reasonable tar
get, suggested by preliminary work already undertaken 
[4,5 ], since the operating scenarios eventually allowed 
will be the outcome of another major undertaking, the 
electromagnetic, thermal and mechanical assessment of 
the tokamak and of the power supplies ('7MA' study). 

2. PRESENT CONFIGURATION 
In the present configuration of the tokamak system 
[6,7], the primary winding of the transformer consists 
of 8 coil 1 subcoils (568 turns) and of 48 coil 3 turns 
(P3M) all connented in series, supplied with a DC cur
rent, which can be varied between + 40 kA and  40 kA 
during a pulse. The operation of JET has shown that 
this configuration suffers from some important limi
tations. 

The currently used level of premagnetization current 
is 25kA, because a larger current produces excessive 
stray fields at breakdown in a large part of the vacuum 
vessel volume: this leads to a considerable loss of driv
ing magnetic flux ( 5 .5 Wb). The computed stray field 
mapping for 40kA of premagnetization current is 
represented in fig 1. It has been shown that satisfacto
ry plasma formation is possible only when the ratio be
tween the stray field Bs and the toroidal field Br is 
BS/BT< 10~3 [8]. In the present machine configura
tion this condition, at full premagnetization current 
(40kA), is satisfied only in a limited volume of the ves
sel (fig 2, diagram (a)). 

The buildup of the plasma current should avoid too 
large a current derivative, which may lead to hollow cur
rent profiles, MHD instabilities and possible disruptions 
in the early part of the current flat top. On the other hand 
a high gas breakdown voltage would be desirable 
(ErBr/Bs > 103V/m, E r electric field induced in the 
plasma ring), for good ionization and to reduce the 
length of the plasma high resistivity phase (cold coulomb 
collision phase) [8, 9]. However the present poloidal 
circuit [6], a simplified schematic of which is shown in 
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Fig. I Stray field patterns with present configuration of the 
poloidal system (8 coil 1 subcoils) at 40kA of premagnetiza
tion current. 

fig 3, allows the breakdown voltage to decay only ac

cording to the ohmic heating circuit time constant (300 

ms in present configuration), thus leading to too high 

a voltage after breakdown and too high a current deriva

tive, during the plasma current fast rise phase. There 

is an additional reason to limit the breakdown voltage: 

the present voltage capability (+ 2.8kV,  2kVopen 

circuit) of the vertical field amplifiers (PVFA), which 

control the radial position of the plasma by supplying 

.01 

.02 

.03 

.05 

.06 
Rin 

8 PI SUBCOILS 
40kA 

10 PI SUBCOILS 
40kA 

10PI SUBCOILS 
40kA P U . 5 U L 
38kAP1.,2,3UL 

R¡n Inner Vessel Radius 

Rout Outer Vessel Radius 

1.5 

Rout 

2.0 2.5 3.0 3.5 4.0 4.5 

Fig.2 Vertical component of the stray field across the vacu
um vessel, for 8 coil 1 subcoils (a), for 10 coil 1 subcoils 
without (b) and with (c) active modulation of premagneti
zation current. 
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Fig.3 Simplified schematic of the poloidal circuit, showing present and new configurations 
with additions for the control of the plasma current derivative (a), for stray field compensa
tion, for increasing flux swing and for establishing a magnetic limiter configuration (b). 

284 



coil 4 (see fig 7). In fact the necessary single turn vol
tage to maintain radial equilibrium during the early 
phase of the discharge is 

VP4 . VP1 . v 
ÑP4 = k Ñ P T - h V " P 

(with k = 2.2, h = 1, geometric factors, VP 1, VP4, NP 1, 
NP4, voltages and turns ol' coils I (PI) and 4(IM) respec
tively, VRP resistive voltage drop in the plasma ring). 
In order to limit the early plasma radial displacement 
to less then 30cm, NP4 is now reduced to 78 turn (out 
of a total available of 122),and VP1 to 12kV(25kAof 
premagnetization current).Therefore the loop voltage 
has to be limited at breakdown (~25V): this leads to 
a long cold coulomb collision phase, a delayed start of 
the plasma current and to a poor use of the initial 1 to 
2Wb of magnetic flux variation (fig 4) [9|. 

20-

-0.5 

0.1 0.2 0.3 0.4 0.5 
— VP1:P1 COIL VOLTAGE 

VP4: P4 COIL VOLTAGE 
IP : PLASMA CURRENT 

Fig. 4 Coil 1 and coil 4 voltages during fast rise of the plas
ma current with the present poloidal system configuration. 
(6.8 Wb of flux swing used). 

The total magnetic flux currently used for most JET 
discharges is 28.5 Wb and it is not sufficient for long 
plasma current flat tops at 4.8MA (design value). A four 
second flat top at 5MA (fig 5) has been achieved by a 
sophisticated start up scenario, which has allowed a 
premagnetization current of 30kA to be used. If a 10s 
flat top is required for a current of 7MA, improvements 
limited to the early phase of the discharge are not suffi
cient and a substantial increase in the flux swing has to 

Fig.5 A material limiter 5MA plasma pulse (pulse 8865) with 
a 4s flat top achievable with the present poloidal system con
figuration. 

be provided to take care of the late phase of the plasma 
rise and of the current flat top. 

Magnetic limiter configurations with two X-points 
are currently established in JET up to plasma current 
of 2 to 2.5MA (fig 6): they are obtained by'passive' me
ans, i.e. taking advantage of the saturation of the up
per and lower regions of the central column of the 
magnetic circuit (see fig 7) which starts at coil 1 current 
above 25kA, during flat top: the leakage flux has a radial 
component that creates X points in the poloidal field 
inside the vacuum vessel at currents up to 2 to 2.5 MA 
[10]. 

3. ENHANCEMENTS AND IMPROVEMENTS 
The flexibility of the JET design and construction has 
made it relatively easy to make modifications and im
provements to the electromagnetic system which address 
all the above issues. 

3.1 Stray field compensation 
The coil 1 stack (PI) has been designed to allow 10 sub
coils to be installed, while only 8 subcoils and 2 'dum
mies' are used in the present assembly, the remaining 

Fig. 6 A magnetic limiter 2MA plasma pulse (pulse 5564), 
obtained with the present poloidal system configuration. 
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2 subcoils having been kept as spares. A 10 subcoil stack 

(fig 7) would bring only a marginal increase (  0.6 Wb) 

in the flux capability of the transformer, due to poor 

coupling with the plasma of the added end subcoils and 

increased reluctance of the magnetic circuit; but it con

siderably reduces the stray field at breakdown. In other 

words the vacuum vessel region, where the ratio of the 

vertical component of the stray field to the toroidal field 

satisfies the relation B s / B r ^ 10~3 (i.e. BT= 3.45T, 

Bs 5 0.0035T) at 40kA of premagnetization current, 

would be greatly increased (fig 2, diagram (b)). 

With the present PI stack the computed stray field 

at the inboard side of the vacuum vessel of 0.052T is 

close to the measured value; this may suggest that cal

culated value of 0.008T with a PI stack of 10 subcoils 

may also be close to the real value (the computations 

are for 40kA of premagnetization current). 

The necessary work on the machine to implement the 

new configuration is scheduled for the November '86 

— April '87 shutdown. This work is not simple at all: 

it is necessary to remove cooling water and vacuum 

rings, jumper cables, in vessel inspection system (IVIS) 

and many diagnostics at the top of the machine. Con

cerning the machine itself, the following components 

have to be removed: central iron pillars, upper limbs, 

upper coils 2 (P2), upper centre piece, upper dummy 

coil, upper ring, PI stack and lower dummy coil. The 

Ρ1 coil has then to be reassembled with 10 subcoils and 

the dismantling sequence reversed (fig 7) [4, 5 ] . 

The stray field can be further reduced if the PI coil 
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π 
COIL 2 DD 

Cr 
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0
CO,L3

 & & 
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R = 2.96m , a=1.25m , k = % = 1.68 

lp = 4.8MA BTO=3.45T Vp=150m
3 

Fig. 7 Cross sectional view of the JET tokamak, showing the 
future configuration with 10 coil 1 subcoils. 

connections are modified from 2 busbars to 4, so as to 

allow the central 6 coils ( P l  l , P l  2 , P l  3 , upper 

U and lower L) to be supplied with a somewhat lower 

current than the four end coils (2 upper and 2 lower, i.e. 

Ρ1  4, PI  5 UL) as shown in fig.8(a). With a current 

difference of 2kA (5%), stray field satisfies the condi

tion B.s/Br< 103 in practically the full volume of the 

vessel (fig 2, diagram (c)), with a loss of flux of only 

0.6Wb. 

(a) 

(b) 

010 kA <3 
-t Γ ' 

f. 
j^ I 

010 kA ¿ 

20kA § 
't Γ 

f' 
w 

20kA ¿ 4 

L * 
40kA <â 

t K 

40 kA 

4030kA 

40 kA 

40kA 

60 kA 

40 kA 

020kA 

~~L A 

ρ 4060 kA 

4 0 k A
' * ) | 0  2 0 kA 

(c) 

Fig. 8 The four busbar connections to the magnetizing wind
ing (PI + P3M) for active compensation of stray field (a), 
for increasing flux swing (b) and for magnetic limiter con
figuration (c). 

The 4 busbar Ρ1 connections will also be implement

ed during the next shutdown, while the circuit for 

'active' stray field compensation (which supplies these 

new busbars) is being designed in detail: its current capa

bility will allow a reduction of the PI  1,2,3 UL cur

rent up to a value to be chosen between 5 and lOkA as 

compared with the current in PI  4 , 5  U L (and 

P3M  UL), to make allowance for further stray field 

compensation and for any discrepancy between com

puted and experimental stray field values. 

3.2 Plasma Current Derivative 

Low stray field ( < 0.0O35T) and a relatively high loop 

voltage ( > 30V) at breakdown have to be followed by 

a suitable control of the plasma current derivative dur

ing the early phase of the discharge in order to obtain 

a good plasma formation and to avoid MHD instabili

ties [8 ] . 

The high breakdown voltage and the limitation in the 
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plasma current derivative can be obtained by a suitable 

shaping of the PI coil and correspondingly of the P4 

coil voltages (fig 9). These voltage patterns can be 

produced by reducing the value of the resistance in 

parallel to PI : this is achieved by modifying the poloi

dal circuit as shown in fig 3. By inserting the resistors 

(R8) in the circuit, by means of the thyristors (T) and 

producing the appropriate triggering sequence, the 

desired PI voltage (and therefore loop voltage) shap

ing can be achieved. The booster amplifier, designed for 

high voltage (~ 9.2kV), low current (  6kA) and short 

operating time ( < 0.5s) allows P4 to be supplied with 

the voltage (up to  12.0kV including existing PVFA) 

required to maintain plasma radial equilibrium from the 

early plasma current formation. The value of each new 

Re resistor is 0.9Ω and, to avoid expensive and complex 

thyristor switch off, the resistors are kept in the circuit 

during the complete pulse, with a maximum energy dis

sipation of 135MJ each. This is possible, again, thanks 

to the JET built in flexibility, in this instance the installed 

reserve of stored energy in the poloidal flywheel gener

ator [11, 12]. 

The advantage of the new configuration ( 10 Ρ1 sub

coils, active stray field compensation and fast rise vol

tage shaping) in the early phase of current build  up, 

ran be appreciated by comparing fig 4 with fig 9: with 
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- IP : PLASMA CURRENT 

0.5(s) 

Fig. 9 Coil 1 and coil 4 voltages during fast rise of the plas
ma current with the new poloidal system configuration. 
(6.8 Wb of f lux swing used). 

6.8 Wb of flux swing it will be possible to obtain a larg
er plasma current ( - 1.4 M A as compared with - 1.05 
MA). 

3.3 Total Magnetic Flux 
With the provisions described in 3.1 and 3.2, the total 
flux available, from the magnetizing coils (P1 and P3M) 
may be brought from the present 28.5 Wb to the origi
nal design value of 34 Wb. However higher values are 
required for reasonably long flat top times at 7MA of 
plasma current. 

There is a particular feature in the design of the 
machine, which may allow increasing the ampere turns 
of Ρ1 coil, by increasing the current in the centre 6 coils 
(PI - 1,2,3 - U L ) above the design value of 40kA. In 
fact the six central subcoils are maintained under com
pression by the inward forces of the toroidal coils (fig 
7): preliminary evaluations indicate that a current of 
60kA (50 % larger than the design value) may be passed 
through Ρ1 - 1,2,3 - UL while 40kA is still maintained 
through PI - 4,5 - UL (and through P3M - UL), mak
ing use of the 4 busbar system that now supplies coil Ρ1 
(fig 8(b)) [5 ] . 

A total flux swing of.40.6 Wb may thus be achieved, 
i.e. an increase of 20% above the design value of 34 Wb 
and 40% above the present value of 28.5 Wb (fig 10). 
Assuming a plasma loop voltage of 0.5V during flat top, 

20-

15-

tO-

S i 

■S

îo

15

20

Atè(Wb) 

Λ" 
/ χ 

40
 S 

"~"l1.5Wb 

\ 4 4 48 

28.5 Wb 

(a) 

Ms) 

52 56 60 

17Wb 

"~~~~~^»ι 

(a) 8 P1 subcoils 
Premagnetisation 25kA 
End of flat top 40kA 

20

15^ 

10

5 

 5 

10 

15· 

20

25

Δφιννω 

40 

^ 1 7 6 Wb 

\ 4 48 

40.6Wb 

52 56 

23Wb 

 (b) 

Ils) 

60 

(b) 10 P1 subcoils 
Premagnetisation 

End of flat top 

P1
P1
P1
P1

4,5 40 kA 
1,2,3 38kA 
4,5 40kA 
1,2,3 60kA 

Fig. 10 Comparison between the currently available flux 
swing (28.5 Wb) and the one available with the new poloidal 
system (40.6 Wb). 
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a current of 7MA can be sustained for 1 Os with this new 

value of the flux swing, (fig 11). 

3.4 Magnetic Limiter Configuration 

In order to use the ' X  p o i n t ' configuration for en

hanced JET performance, the configuration has to be 

set up for currents well in excess of the values achieved 

so far (2  2.5 MA). The PI four busbar system (fig 

8(c)) allows Ρ1  1,2,3  UL to be supplied with a cur

rent of 40kA (or above), while PI  4,5  UL (and 

P3M  UL) are supplied with a lower current (down to 

zero but not reversed), during flat top: in this way the 

leakage flux is higher than that achievable by 'passive' 

means (see section 2). The computed poloidal field 

shows that a configuration with 2 X points at 4MA is 

achievable with a distribution of current 0  40  OkA 

in PI (fig 12). The leakage flux could be further in

creased, thus allowing larger X point plasma currents, 

by reversing the current in Ρ1  4,5  UL. However this 

will not be permitted as the consequence would be that 

the PI stack would not all be in axial compression any 

more and a force tending to lift the upper limbs of the 

iron circuit would develop. Moreover, the shaping field 

crossing the toroidal coils near the 'X  points' would 

cause excessive shear stress in these coils. 

4. NEW POLOIDAL SYSTEM 

The new poloidal system is the result of combined and 

significant modifications in the machine assembly and 

in the poloidal power supplies. 

The primary winding of the tokamak transformer 

IP1 (kA) IP(MA) 

eokA 

PFGC 
+ 

OH 
Circuit 

I3 

y i3_ i 

* 
PFX j= 

1 ~Í3~~ 0 

Fig.U Computed plasma current of7MA with lOsflattop, 
achievable with 40.6Wb of f lux swing. 

Fig. 12 Computed magnetic limiter configuration, obtained 
with the new poloidal system (2 Xpoints, 4MAfor 10s, coil 
currents of OkA in PI4,5 + P3M and of 40kA in PI 
1,2,3). 

(coil 1 ) is now made by 10 subcoils (fig 7), 71 turns each, 

connected in series (R = 40 mil, L = 250 mH), supplied 

through the 4 busbar system (fig 8); the 6 inner subcoils 

can be supplied with currents up to 60 kA, while the out

er 4 can be supplied with currents up to 40 kA. 

The poloidal power supply systems have been modi

fied with a number of additions as shown in fig 3: the 

circuit now includes the new features for active control 

of the stray field and of the plasma current derivative 

during rise, for increasing the flux swing capability and 

for establishing the X  point configuration at plasma 

current well above the previous limits. 

The operational sequence of the new poloidal system 

will then be as follows (fig 13) [6] : 

• The transformer windings (710 turns of PI + 4 + 

8 of P3M) will be premagnetized at 40kA by the poloi

dal flywheel generator converter leading to vertical com

ponents of the stray field according to diagram (b) of 

fig 2. If experiments indicate that this is too high, the 

thyristor power supply unit PFX will pass through 

Ρ1  1,2,3  UL (426 turns) a current of few kA in the 

opposite direction so that the current in the magnetiz

ing windings will be40kA in P3M + PI  4 , 5 and less 

than 40kA in PI  1,2,3, leading to a vertical compo

nent of the stray field as in diagram (c) of fig 2, or even 

less by adjusting the current difference. 

• The Sla, Sib circuit breakers of the ohmic heating 

circuit will be opened in the usual way [ 6 ] , thus produc

ing the required high loop voltage for breakdown ( — 

24kV primary, 34V secondary, fig 9). The few kA cur

rent, that was previously circulating in PFX (i.e. the 

'difference' between Ρ1  4,5 and Ρ1  1,2,3 currents) 

will now be circulated in the resistors Rxa, Rxb designed 
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to drain the required current. The combined effect of 
the filter Rex  Cx, the inductances Lxa, Lxb, and the 
blocking diodes BDxa, BDxb, protects the low voltage 
(— 3 kV) thyristor power supply PFX. 

• The plasma current starts growing and the phase 
('fast rise') where its derivative has to be controlled, 
starts. This is obtained by appropriately shaping the Ρ1 
voltage (i.e. the plasma loop voltage), by triggering (fol
lowing the example of fig 9) the thyristor resistor banks 
connected in parallel to the magnetizing windings, in 
twosteps, TI,2,3, and4, 100ms, andT5 and6, 300ms, 
after breakdown respectively, thus leading to the fol
lowing plasma current derivatives: — 7MA/s after 
breakdown, 2.2ΜΑΛ after 100ms, 1.4MA/s after 
300ms and finally 1.2 MA/s toward the end of fast rise 
phase. 

The plasma is kept in equilibrium throughout, by 
suitable matching of the P4 voltage using the high vol
tage booster amplifier connected in series with PVFA: 
at the end of this phase, with the current in P4 of few 
kA ( < 6kA) the booster thyristors go to inversion, and 
the current supplied by PVFA goes through the bypass 
diode stack BD. 

This circuit allows a great flexibility in optimizing the 
plasma current build up, permitting the balance between 
high plasma current derivative and plasma free of MHD 
instabilities to be found experimentally. 
• The plasma current now continues to grow at moder
ate derivative, (slow rise phase,  0.5 Η lMA/s):when 
the voltage across the magnetizing winding is equal to 
the generator voltage, the reversing make switches S4a, 
S4b are closed and the generator can magnetize the coils 
in the opposite direction. When the plasma current 
reaches the desired value, this is maintained ('flat top') 

by controlling of the generator voltage [6]. 
• At this time (several seconds after breakdown, figs 
3, 13), the circuit offers two choices: 

(a) increase the 'reverse' flux up to 23 Wb (total flux 
swing 40.6Wb, see fig 10), by passing through the six 
central subcoils, up to 20kA more than in the outer 
subcoils, by using the PFX supply in mode (b) of fig 
8; this operating scenario will allow a current of 7MA 
to be maintained for 10s (assuming 0.5V of loop vol
tage during flat top, see fig 11); 
(b) maintain a difference in current up to 40 kA be
tween the 6 central and the 4 outer PI subcoils (and 
P3M): in this way a radial leakage flux is produced 
which, according to a computed scenario (see fig 12) 
should allow a magnetic limiter configuration to be 
established at 4MA for several seconds. 

5. RELATED PROJECTS 
While the hard core of the JET electromagnetic system 
development has been summarised in section 4, there 
are other projects to be also implemented if the new elec
tromagnetic system is to work correctly: they are only 
briefly mentioned here. 

Theplasma vertical stabilization control [6], has to 
be revised and to be made both more effective and more 
reliable, because the extreme plasma performance now 
envisaged for JET may increase the risk of vertical in
stabilities and the risk of damaging disruptions (as the 
JET elongated plasma is intrinsically vertically unsta
ble), if appropriate measures to improve the related con
trol system are not taken. While the stabilization of 
vertical plasma position is satisfactory up to an elon
gation factor k = 1.9 with material limiter configura
tion, the magnetic limiter configuration requires 
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Operation close to the stabilization limit of the feedback 
system. A number of improvements are being consi
dered at present. 

Interference suppression may be obtained by simul
taneous measurement at two opposite octants of the 
vacuum vessel. 

The vertical stabilization system uses a change over 
switch from current feedback (used during premagneti
zation to maintain the radial field winding current to 
zero) to flux feedback to be started as soon as the plas
ma current begins to build up. For experiments with sin
gle X-point this system would become saturated and the 
stabilization would fail. It has been proven by plasma 
tests that where current and flux feedback are allowed 
to act simultaneously the stabilization is more effective: 
on fast time scale the flux feedback would prevail, as 
necessary for stabilization, and at slow time scale cur
rent feedback reduces the average current to zero. 

Reliability will be substantially increased by im
plementing a complete dual plasma vertical position 
control system, each one with its own magnetic signals, 
control logic and power supply; the two power supplies 
are obtained by independent control of the existing four 
units of the radial field amplifiers (PRFA) in two mod
ules of two units each (Fig. 14). 

At present the ohmic heating circuit (OHC), the ver
tical field amplifiers (PVFA) and the shaping amplifi
ers (PSFA) have one busbar in common [6]. Full 
galvanic separation will now be implemented for the 
four poloidal circuits [5,9], since this will lead to low
er voltages on the vertical and shaping field coils, less 
coupling between circuits, symmetrical coil voltages and 
easier debugging and testing. 

The full toroidal'fieldcan be maintained, at present, 
for only 12,5s when, with the present cooling system, 
the maximum allowed coil copper temperature ( — 
80°C) is reached. Both long pulses at moderate toroi
dal field (typically \p = 2MA, B r= 2T for 60s) and high 
performance scenarios (Br= 3.45T) require an increase 
in the I2t capability of the toroidal coils. Chillers will 
therefore be installed in the cooling circuit, to allow an 
increase of the 3.45T toroidal magnetic field flat top 
length from 12,5 to 19 seconds [4, 5]. 

With the full additional heating system becoming 
available and with the planned new enhancements, the 
demand of active and reactive power on the CEGB 400 
k V grid will increase as will the active power steps. Since 
in the CEGB supply contract, there must be limits on 
both reactive power swing and active power steps, a 
suitable scheme for a combined active and reactive pow
er compensation scheme has been designed [13] and 
will be implemented to the extent required by the 
JET-CEGB negotiations, presently underway. 

But the key issue on which the whole JET new de
velopment programme depends, is the answer to the fol
lowing question: can the machine be operated well above 
the engineering design parameters? A qualified quan
titative answer will come from the so-called '7 MA ' 

gain. 
timing 

^_gain, 
timing 

radial field windings 
Ίοηττ 

Fig.14 Schematic of the new dual control system for vertical 
stabilisation to achieve high reliability. 

study, now underway. This project involves many skills, 
since a comprehensive assessment of the machine capa
bility as built has to be made, possibly leading to sug
gest further improvements and to a hopefully accurate 
definition of the JET.new operating space [4, 5]. 

There are, in addition, a number of less complex, but 
still important modifications to be undertaken. Signifi
cant examples are the increase in the current capability 
up to 40 kA of the PVFA, PSFA thyristor bridges and 
above 3 kA of the PRFA thyristor bridges and the 
modification from analog to digital of the plasma po
sition and current control (PPCC). 

6. CONCLUSIONS 
The implementation of the enhancements described for 
the JET electromagnetic system requires rearrangement 
of existing equipment and production of new hardware. 
This will involve a considerable investment in manpower 
and financial resources. 

However the planning must be consistent with the 
JET development programme and therefore the de
velopment of the JET electromagnetic system has to 
conform to the procurement schedule of Table I. 

In conclusion the modifications and additions to be 
implemented in the electromagnetic system will allow 
a considerable extension of the JET engineering oper
ating space, well beyond the one originally foreseen, and 
it is hoped that this will allow extension of the physics 
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TABLE I 
PLANNING FOR THE IMPLEMENTATION OF THE NEW 

JET ELECTROMAGNETIC SYSTEM AND RELATED PROJECTS. 

1987 · 10 PI subcoils 
• separation of poloidal loads 
• thyristor switched resistors 
• thyristor power supply for PI current 

modulation 
• magnets additional cooling 
• improvement in PPCC 
• '7MA' study 

1988 · booster amplifiers 
• passive components for PI current 

modulation 
• increased current capability of PVFA, PSFA, 

PRFA power supplies 
• further improvements 

1989 · active power step compensation 
• reactive power swing compensation 

operating space as well, so that the main aim of JET, 
to show alpha particle confinement and heating, can be 
met. 

In essence this means to be able to compare fusion 
relevant performance, with full additional heating and 
with the other facilities considered [4,14, 15],of7MA 
material limiter plasmas and 4MA magnetic limiter 
plasmas. 

The actual values of the technically permitted currents 
and pulse lengths will be defined by the '7MA study', 
now underway, the ultimate aim of which is to clearly 
define the JET new performance operating space. 
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WALL CONCEPTS AND DENSITY CONTROL FOR JET 

K. SONNENBERG, K.J. DIETZ, P. KUPSCHUS 
JET Joint Undertaking 

Abingdon, Oxon, 0X11 3EA, UK 

SUMMARY 

Only low-Z materials will be used for first wall components of JET. This is parti
cularly important with regard to radiation losses in the outer region of the plasma which 
can lead to instabilities limiting the plasma density. To avoid implications from redis
tribution of wall material by erosion and redeposition, the first wall is intended to 
consist of one material only. Two alternative concepts are being developed. The first 
employs graphite tiles for limiter and wall protection, with the rest of the wall being 
carbonised, the second uses beryllium limiters and a thin beryllium layer on the graphite 
protection and the rest of the wall. 

Density control will be achieved by Pellet Injection to increase the central density 
and by pumping at the plasma edge to control the recycling. 

For the pumping two possibilities are studied. It has been frequently shown that the 
JET wall acts as an efficient pump. The effect is not understood and if it turns out to 
be insufficient for full performance conditions in JET pump limiter modules will be 
installed in the shadow of the main limiter. As a first step an inertia cooled prototype 
limiter will be built to find the optimal design parameters for the JET boundary 
conditions. The final pump limiter will be actively cooled to allow a continuous operation 
during a JET discharge. 

For pellet injection JET will start with a single pellet injector followed by a 
multiple pellet injector with 3 barrels for different pellet sizes repetitive at a rate of 
5 pellets per second both injectors with pellet velocities up to 1.5 km/s. In parallel JET 
has started a program for developing a high speed injector. 

1. FIRST WALL CONCEPT 

1.1 Introduction 
The basic ideas of the JET wall concept have been discussed several times in the past 

[1, 2, 3]· In this paper only a brief summary shall be given concentrating on the 
technical aspects of the present status and of future enhancements of the first wall. At 
JET the main objectives are to use low-Z materials for wall components and to build the 
wall out of a uniform material. In several tokamaks improved performance has been observed 
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when a low-Z wall was employed: e.g. TEXTOR achieved its highest density values with the 
metal limiter and walls carbonized [4]; JET experienced problems in achieving high 
densities when the graphite limiters were heavily contaminated by metals from the inboard 
wall protection tiles. The situation improved when the metal protection tiles were 
exchanged by graphite tiles and a further improvement was achieved when wall, limiter and 
the metal screen of the RF antenna were carbonized. Recent experiments studying pellet 
injection in ASDEX [26] showed that even in divertor machines a low-Z wall can be 
essential. 

Theoretically it is predicted [2,7] that disruptions due to high density limits would 
be strongly suppressed if radiation losses in the outer plasma zone can be reduced by 
employing a low-Z wall. Only low-Z impurities can be tolerated in higher concentrations 
without generating a thermal collapse of the plasma due to radiation losses. It should be 
noted, however that the experience in JET [5] shows that even impurities with low-Z such as 
carbon and oxygen still influence the density limits of the plasma. For this reason JET is 
prepared to use Beryllium as a low-Z wall material as an alternative to graphite. 

In practically all tokamaks it has been observed that due to a series of erosion 
mechanisms wall material is redistributed over the first wall, resulting in limiters being 
contaminated [6] by wall material and vice versa. For this reason JET decided to employ a 
uniform material for all wall components. One can distinguish between erosion mechanisms 
which may damage the bulk of a wall component, e.g. melting or fracture by runaway 
electrons, disruptions or neutral beam shine-through and those which only lead to surface 
erosion due to sputtering. Since the wall components which are further back from the 
plasma such as the vacuum wall are only attacked by the sputtering processes it is 
sufficient to coat them only with a thin layer of a low-Z material whereas all other 
components (limiter, protection limiter for antennae, and wall protection tiles) will be 
built from solid low-Z material. 

1.2 Present status of the first wall 
Limiter: Presently JET is equipped with 8 graphite limiters (area = 3 m2) (see 

Fig. 1). The limiters are inertia cooled during the pulse and cooled down by radiation 
only between pulses within » 30 min. The limiters are designed to take a maximum total 
power of = 7.5 MW for 10s. Due to the fact that 30-40Î of the power is radiated and that 
the antennae are equipped with graphite protection limiter (total area » 6 m2) which are 
also very close to the plasma and share the load, the maximum heating power can be » 16 MW. 
Under these conditions the limiters reach surface temperatures of more than 2000°C. 

Inboard and outboard^ wall protection: In the beginning of JET the inboard wall was 
protected by inconel tiles which suffered, however, from heavy damage by run away electrons 
during disruptions. Because of the larger transparency of carbon for high energy electrons 
the inconel tiles were exchanged with graphite tiles, which have survived about 1.5 years 
of JET operation without any major damage [8]. 

Part of the inboard protection tiles also act as a wall protection against NB shine-
through. Under normal conditions the estimated power density from the NB shine-through is 
less than. 500 W/cm2 which the tiles can sustain for about 10s. An unattenuated beam 
however would generate about 2 kW/cm2. As shown by tests and calculation such power 
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density builds up thermal stresses within 1 s sufficient to fracture the tiles. Tests 
performed on carbon, carbon fibre composite material (CCFC) showed that this material can 
sustain heat loads > 3 kW/cm2 for more than 10 s [9]. For this reason JET will substitute 
the graphite tiles in the area of the NB shine-through with CCFC tiles. 

The third function of the inboard wall protection is that it is used particularly 
during the pulse termination as a bumper limiter for the plasma, because it has been 
observed that pushing the plasma against the inner wall generates a strong wall pumping 
effect, which will be discussed later in this paper. 

Since the NB shine-through also affects parts of the outboard wall some areas around 
the horizontal port on Octant 5 have been covered with graphite tiles ( = 3 m 2). 

Fig. 1 : Present status of the first wall 

Separatrix dump plates: Apart from the normal limiter mode JET can also be operated 
in a separatrix (or X-point) mode [10]. For this operation the vacuum vessel requires 
additional protection on top and bottom of the vessel. Presently only 8 graphite 
protection rings (one at each octant joint) are available for this purpose. This allows 
X-point operation with a very limited power level since the total surface is less than 
0.5 m2 and the tiles are only cooled by radiation. Because the final wall protection will 
not be available before 1988 (see future enhancements), as a first measure, JET will 
increase the surface of the 8 protection rings by a factor two and will shape the tiles so 
that the heat load is distributed more homogeneously. This will allow X-point operation 
with a power level shown in Fig. 5 (See curve A). 

Carbonisation in JET: At the present state = 45 m2 of the First Wall are already 
covered with graphite. The remaining wall consists of inconel and although much further 
away from the plasma still acts through the above mentioned erosion mechanism as a metal 
source. More important, however, are the Nickel screens (one screen is coated with 
chromium) of the RF antennae which are much closer to the plasma and it also seems that an 
increased erosion of the Ni and Cr screens occurs due to an increased particle flux during 
RF heating [11]. To prevent metal erosion from the wall and the antenna screen and to 
cover up existing metal contamination on the limiter JET uses carbonisation of wall and 
limiter [12]. Although this creates some difficulties in conditioning the machine (density 
control) and the carbon layer has to be renewed after about 2 days of operation, it does 
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improve the performance of JET (lower radiation and Ζ . . , and somewhat higher density 
limits). 

It should be noted, that even with this uniform low-Z wall the density limit is still 
determined by radiation in the outer plasma zone, approaching 100% of the power input at 
the density limit. Radiation from central plasma is negligible. The edge radiation is 
mainly caused by carbon and oxygen impurities. The high concentration of carbon and oxygen 
if unchanged, would also create a problem for the dilution of the fuel (n - 70$ η ) 
reducing the α-particle production. 

1.3 Future Enhancements 

(i) Alternatively to the first wall consisting of graphite components with the rest of 
the wall carbonised JET is preparing the possibility to exchange the graphite with 
Beryllium and to coat the rest of the wall with a thin layer of Beryllium 
(see Table I). In contrast to carbon no line radiation is expected for Beryllium 
inside the limiter radius and in addition the oxygen level will be reduced sub
stantially due to gettering by the Beryllium. This has been confirmed in the two 
tokamak experiments [13,14] performed until now with Beryllium limiters. 
Improvements can be also expected with regard to the dilution of the plasma if the 
Beryllium concentration is not much higher than the carbon concentration presently 
observed in JET (2.5Ϊ). Beryllium concentrations observed in the ISX-B experiment 
were only higher when large areas of the Beryllium limiter were melted during tests 
with heat loads exceeding the design limit. When initially heat loads within the 
design limit were used a Beryllium concentration of only » 1J was observed. 

Due to lower edge radiation for Be a higher edge temperature must be expected which 
will help to increase somewhat the central temperature. Higher edge temperatures are 
also typical for Η-mode conditions. 

One of the main arguments against Be was that it would have insufficient thermal 
resistance. Though graphite and particularly carbon fibre reinforced graphite is 
certainly superior in this respect, thermal fatigue test [15] under JET relevant 
conditions and the limiter experiment in ISX-B [13] proved that Be due to its high 
ductility at higher temperatures has excellent thermo-mechanical properties. The 
major drawback of Be is its toxicity imposing strict safety precautions, which are, 
however, well known from the Beryllium industry. 

(ii) Belt limiter: For full performance of JET a new limiter will be required. It will 
consist of two toroidal belts with a total surface of » 15m 2 capable of taking about 
40 MW for a 10s plasma pulse (equivalent to the total power including the expected 
α-particle heating). The principle of the limiter cooling is shown in figure 2 (for 
details see [16]). During a discharge the limiter surface is cooled by heat 
conduction into the limiter tiles and the heat is extracted mainly between pulses by 
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Limiter and Antenna 
protection 

Separatrix dump plates 

Wall protection 

Inconel wall 

Antenna screens 

TABLE I 
BERYLLIUM WALL 

Beryllium tiles 

Beryllium tiles 

Graphite (some carbon 
fibre reinforced) tile 
coated with Beryllium 

Beryllium coated 

Beryllium coated (later 
solid Be) 

GRAPHITE WALL 

Graphite tiles 

Graphite tiles 

Graphite (some carbon fibre 
reinforced) tiles 

Carbonised 

Carbonised 

radiation from the large side surfaces of the tiles to water cooled nickel fins. The 
surface of both the limiter tile and the fin 
are coated to provide a high emmissivity for 
an improved radiation. This cooling method 
allows a very simple design; i.e. a simple 
mechanical attachment of the tiles to the 
fins. This is important for an easy 
exchange of the limiter material, when 
changing from a graphite to a Beryllium 
first wall (see Table I). 

BERYLLIUM OR 
GRAPHITE TILES 

NICKEL FINS 

PLASMA 

Fig. 2: Cooling of the belt limiter 
(iii) Beryllium evaporator: For a "Beryllium" first wall (see Table I) only the tiles of 

the limiter, the antennae and the separatrix wall protection will be changed to 
Beryllium. The rest will only be covered with a thin Be layer (» 10 um). For this 
purpose four evaporators (Fig. 3) are being prepared. The coating shall prevent the 
erosion and redistribution of high-Z impurities from the vacuum wall and the nickel 
screen of the antennae. Since the Beryllium coating will form an oxide layer on its 
surface rather quickly the evaporator will be employed periodically to deposit a 

fresh layer (a few A's) of Beryllium onto 
the wall to eliminate the oxygen by 

ZzA gettering. The four evaporators are 
normally in a retracted position in the 
equatorial plane and can be moved into 
the torus by about 300 mm for evapora
tion. During evaporation the Beryllium 
head are radiation heated from the inside 
by electrically heated graphite coils. 

VACUUM W A L L ^ ~ 

-BERYLLIUM HEAD -HEATER 

F i g . 

SUPPORT TUBE -

RADIATION SHEILD 

Beryllium evaporator head 
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(lv) Separatrix dump plates: To allow X-point operation with higher power than possible 
with the current wall protection JET will increase the surface of the protection 
successively. The number of graphite protection rings will be increased to 40 (in 
1987) allowing power loads as shown in curve Β in figure 5. The final protection 
(1988) will cover the top and bottom section of the wall completely and will be 
mounted on a water cooled support structure (see curve C in Fig.5). Similar to the 
belt limiter the protection tiles will be kept cool during the discharge by thermal 
inertia. The heat will be extracted between pulses, however, by heat transfer 
through pressure contacts to the water cooled base structure as indicated in figure 4. 
As for the limiter, the design will allow an easy change from graphite to Beryllium 
tiles (see Table I). 

BERYLLIUM OR 
GRAPHITE TILES XX) 

γ/.-· .'-·' 

: , r ir , · / ; , · , ·- r·' 

WATERCOOLED 
INCONEL STRUCTURE 

Fig. 4 Schematic diagram of Separatrix dump plates. 

SINGLE NULL DOUBLE NULL 
Ρ (MW) 

40 

3 0 -

20 

10 

6 10 10 

t ( ι ) 

Fig. 5 Total power as a 
function of the pulse 
length to reach a surface 
temperature of the dump 
plates of 900°C for Be and 
2200° for graphite. 
Curve A: status in 
September 1986 
Curve B: 40 graphite rings 
Curve C: complete coverage 
with protection tiles. 

The hatched areas are limited by curves representing different powers dissipated by 
radiation (upper limit 50$, lower limit 0$ radiation). 

2. PARTICLE CONTROL 
The particle control in JET will be achieved through: 
1. particle exhaust by adequate pumping and 
2. particle fuelling by pellet and neutral beam injection. Only pellet injection 

shall be discussed here. 
2.1 Particle exhaust 

Introduction: An adequate pumping is necessary to avoid disruptions after switch off 
of the auxiliary heating by reducing the density below the safe limit for ohmic discharges. 
There is also hope that by pumping one can tailor the density profile during NB and pellet 
injection and improve thereby the plasma performance. Although it has been shown that the 
particle confinement time can be improved by pellet injection due to the still longer pulse 
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time of JET a substantial pumping will be required during pellet injection to keep the edge 
density sufficiently low while the central density is high. JET follows two concepts for 
pumping. 

(i) Wall pumping 
The first concept is used already routinely. When the plasma is moved towards the 
inboard graphite protection tiles a strong wall pumping effect is observed. The 
particle removal rate due to this effect is sufficient to reduce the plasma density 
obtained with the present level of auxiliary heating to values below the ohmic limit 
so that the discharge indeed can be terminated without a disruption. A typical 
example is shown in Figure 6. From this and other discharges particle removal rates 
of up to 3.1021 particles per second can be estimated corresponding to pumping rates 
of about 50 mbar 1/s. The pumping rate sometimes decreases to values of » 10 mbar 1/s 

after a few seconds during pump down. No 
deterioration or satuturation of the 
pumping rate has been observed, however 
from shot to shot. 

Qualitatively the effect behaves 
somewhat like the transient pumping effect 
many times observed for hydrogen on metal 
surfaces [e.g. 17], however it has not 
been seen yet for graphite. It is 
unlikely that the metal wall above and 
below the inboard graphite protection 
tiles causes the effect, since the wall 
pumping is also observed for carbonised 

walls. Hydrogen trapping in a surface layer of the graphite has been found by several 
groups [e.g. 18], but the effect quickly saturates in contrast to the observation in 
JET. One group using a tritium plasma source to simulate the hydrogen flux did, 
however, find deeper penetration of the hydrogen at medium temperatures (above 300°C) 
probably due to a diffusion along the open porosity of the graphite [19]. Further 
measurements particularly with graphite used at JET and a plasma sequence simulating 
the JET plasma are required to find out whether this observation can explain the wall 
pumping in JET. The measurements will be extended also to address the question 
whether a similar wall pumping can be expected when JET is operated with a Beryllium 
wall. For this purpose hydrogen recycling measurements will be performed in the Nat. 
Lab. Sandia, Livermore, for graphite, for Beryllium coated graphite and for solid 
Beryllium. The simulation experiments in Sandia will also study another mechanism 
based on the sputtering of carbon from the graphite tiles and on a subsequent 
codeposition of carbon and hydrogen. Also the redeposition of hydro-carbon fragments 
resulting from chemical sputtering .appear important. It should be noted that the 
existence of a temperature dependent chemical sputtering has recently been demon
strated for JET relevant fluxes as well as the existence of a redeposition regime 
for hydro-carbons [33]· 

t(s) 
Fig. Wall pumping effect in JET 
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ii. Pump Limiter 

The second concept for particle exhaust in JET will employ pump limiter which proved 

in other tokamaks of being capable to remove 5  10Ï [20] of the total particle out

flux from the plasma core. JET has started a programme to develop pump limiters as a 

backup solution if the observed wall pumping turns out to be insufficient. The pump 

limiter modules will be positioned somewhat behind the main belt limiter thereby 

protected against runaway electron damage. Since the plasma edge parameters under 

these conditions are not yet known JET will follow a two step strategy. A prototype 

of simple design and only inertiacooled (operational only for 12s per discharge) 

shall be used to measure the pumping efficiency possible under the JET boundary 

conditions (i.e. belt limiter being the main limiter). In a second step an actively 

cooled pump limiter shall be installed which can be operated continuously during a JET 

pulse. 

The prototype pump limiter will be built out of carbon fibre reinforced graphite 

because this material  as tests at JET [9] have shown  has the highest thermal 

resistance. With a leading edge only cooled by inertia we expect that heat loads of 

about 2 kW/cm
2
 can be sustained but only for 1 or 2 sees. This means that the limiter 

must be designed with a movable blade to retract the leading edge after less than 2 

seconds by a few efolding lengths. For removing the particles from the pump limiter 

JET will concentrate on developing conventional pumping through two main horizontal 

ports using, e.g. cryopumps in the JET pumping chambers. If this turns out to be 

insufficient pumping panels (ZrAl getter or Titanium sublimation getter) inside the 

pump limiter as used in other pump limiter experiments [20] will be studied. We have 

estimated the pumping efficiency as a function of the scrapeoff length using a simple 

1dimensional edge model. The result is shown in figure 7. 

We have started more detailed calculations using a 2dimensional plasma transport 

model to provide better plasma edge parameter as input data for a 3"dimensional Monte 

Carlo Code[20] calculating the neutral gas transport inside the pump limiter module. 

10 

1 

ACTIVELY COOLED 

PUMP LIMITER 

PROTOTYPE 

Fig. 7 Pumping efficiency, E as a function of 

the scrape off length λ . The following assumptions 

have been made: 

* density, flux and temperature decay exponentially 

with the same efolding length for density and 

temperature 

* a high electron temperature at the plasma edge 

Τ , = 300 eV (low radiation in case of Beryllium) 
el 

λρ (cm) 

* total particle efflux from the plasma core of 

7.5.10
22
 part/s 

* length of the leading edge (2 m for prototype and 

8 m for actively cooled limiter) 

* thickness of leading edge (1 cm for prototype and 1.5 cm for actively cooled 

limiter) 

* 50Í of all particles entering the limiter throat will be pumped. 
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The calculations will be performed for two different designs of the prototype limiter. 
In one case the pump limiter will be positioned between the two belt limiters close to 
a pumping chamber providing a short pumping duct but having the disadvantage of a 
small-scrape off length due to a short connection length between the two belts of the 
limiter. Alternatively the pump limiter can be positioned above or below the belts of 
the limiter where a much larger scrape off length can be expected but it would require 
a rather long pumping duct to the pumping chamber. Also parts of the belt limiter 
would have to be removed to provide space for this duct. 

For the actively cooled pump limiter a leading edge is envisaged which can sustain 
a stationary heat load of 3 kW/cm2 and will be plated by either Graphite or Beryllium 
to be compatible with the low-Z concept of JET. The pumping efficiency which can be 
expected for an actively cooled pump limiter is shown in Figure 7. 

Since the prototype pump limiter will not be installed before 1987 and in order to 
have as soon as possible sound input data for the design of the actively cooled 
limiter JET is planning to install simple plasma scrape-off probes to measure the 
plasma edge parameter after installing the belt limiter. It has been shown [22] that 
simply by measuring the pressure built up in a tube behind a scrape off blade the 
particle flux in the scrape off layer can be estimated (see Fig. 8). 

Δ ρ ( m bar 

Δρ-ILTA 
SCRAPE OFF l ' 
BLADE A N D - S 
DEFLECTOR 1, 

2x10 

1 xlO 

-VACUUM VESSEL 

40 42 44 46 48 50 t ( s ) 

Fig. 8: Schematic diagram of the plasma scrape-off probe and a typical pressure signal 
(A total flux into the throat of the probe of about 1021 part/s can be estimated). 

2.2 Particle fuelling 
Introduction: It has been shown by several groups [23, 24, 25, 26] that pellet 

fuelling far beyond the recycling zone can result for ohmic discharges 
- in an increase (recently as much as a factor five [25]) of the central plasma density 
with the edge density essentially being unchanged 
- in a remarkable improvement of the plasma confinement data. The effect on plasmas heated 
by a large amount of neutral beam power is less clear. 

The hope of diluting impurities in the plasma core by pellet injection as earlier claimed 
by PDX and ALCATOR did not receive supporting evidence from recent experiments; however 
differences are notable, e.g., between ASDEX and ALCATOR on the one hand, finding density 
limits due to high-Z radiation (Fe and Mo, resp.) in the plasma centre and TFTR on the 
other hand where only low-Z radiation and Bremsstrahlung are dominant. It is not yet clear 
whether these differences are connected with the fact that the pellets in TFTR penetrated 
deeper into the plasma. There are, however, indications from TFTR that the plasma 
performance improves with the penetration depth of the pellet. 
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There is theoretical and experimental evidence [27;28] that the pellet penetration 
depth is strongly affected by the electron temperature, where as the influence of high 
energy ion from NB injection on the penetration is less clear [26]. Estimating the pellet 
penetration for JET relevant conditions with the neutral shielding model [27] it appears 
that pellet injection beyond q=1 would require much higher pellet velocities (> 5000 m/s) 
than available with present injectors (1500 m/s). JET is therefore following a two-way 
strategy ie to study from 1986 onwards the plasma behaviour with technical available low 
speed (- 1500 m/s) pellet injection and to develop high speed injectors in parallel. 

(i) Low speed Injectors 
For initial studies JET presently uses a single pellet injector. The unit 
allows to fire one pellet (choices are 2.6; 3-6; or 4.6 mm diameter) per discharge 
with a maximum injection speed of about 1500 m/s. From the middle of 1987 a 

multipellet injector will be 

CRYOPUMP 

SHUT OFF 
VALVE 

FLOW 
RESTRAINER 

VACUUM VESSEL 

ORNL PELLET 
LAUNCHER 

PELLET 
PREPARATION 

Fig. 9: Schematic diagram of multipellet injectors 

available. As shown in 
Fig. 9 it -consists of a triple 
barrel launcher supplied by Oak 
Ridge National Laboratory, and 
a JET vacuum interface composed 
of a differential pumping 
system employing a cryopump and 
a vacuum vessel as used for the 
neutral beam injectors of JET 
and connecting it to the Torus 
via three flow restrainer tubes 
and shut-off valve. 

The ORNL-injector can fire 2.6, 4 and 6 mm diameter pellets, with a maximum 
repetition rate of 5 per second. The repetition rate required depends strongly on the 
particle confinement time achieved with pellet injection but taking into account the 
limited capability for particle removal* and for heating the particles** it i3 certain 
that the repetition rate of the ORNL injector is sufficient. The ORNL injector uses 
pneumatic guns with up to 120 bar pressure of the propellant gas resulting in maximum 

pellet speeds of about 1500 m/s. The pellet is punched out of a solid deuterium 
ribbon prepared by an extrusion technique. 

The cryopump provides a pumping speed of about 107 1/s which allows to fire pellets 
at the rate mentioned above using up to 3 bari of propellant gas for each pellet. 
Under these conditions propellant gas would enter the torus through the three 
restrainer tubes at a rate of less than 0.01 mbar 1/s. The capacity of the cryopump 
(« 4000 bari) is sufficient for one day of operation before regeneration. 

* compare particle removal rate of 3~8.1021 part/s with 3·1021 particles in a 4 mm 
diameter pellet. 

** 7 MJ required to heat 3·1021 particles to 5 keV. 
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(ii) For the development of high -speed injector JET will concentrate on pneumatic guns, 

other concepts such as a rail gun development for hydrogen pellets appear unlikely to 

be completed within the time frame of JET. The presently used pneumatic guns do not 

allow high pellet velocities because only low temperature propellant gas is employed. 

It has been shown theoretically [29] that much higher velocities could be achieved 

with hot propellant gas since clearly a high pressure for accelerating the pellet can 

only be maintained at the pellet as long as the sound velocity of the gas is not much 

lower than the speed of the pellet. Two stage light gas guns (See Fig. 10) in which 

the hydrogen propellant gas is heated by adiabatic compression in the first stage to 

temperatures of > 5000 K, accelerated projectiles close to 10 km/s' [29]. These 

experiments have been performed, however, with very high pressures (IO
1
* bar) and 

projectiles which were much stronger than hydrogen pellets. Nevertheless numerical 

calculations at JET showed that with driving pressures at the pellet as low as 100-200 

bar (still higher than currently used in pellet injectors) hydrogen pellets should 

reach similar velocities employing hot propellant gas. Because of the limited 

strength of the hydrogen pellet it is important to tailor the pressure in the first 

stage of the gun so that the pressure 

behind the pellet always maintains the 

maximum value given by the strength of 

the pellet ("constant base pressure 

gun"). For an efficient pellet 

acceleration it is also advantageous 

that the pellet starts moving only 

when the pressure has reached its 

maximum value (break-away pressure ■ 

-PRESSURE 
RESERVOIR 

0.5 bar — ISO bar 
300K-3000K 

FAST-
VALVE 

COMPRESSION AND 
HEATING OF 
PROPELLANT GAS 

^ STAGE I ^l* STAGE_D_ 

Fig. 10: Schematic diagram of a two stage gun 

maximum acceleration pressure). The maximum possible pressure depends on the quality 

of the hydrogen ice. It is therefore important to find optimal condition for preparing 

the hydrogen ice. JET has started a development programme for addressing these 

problems in collaboration with other laboratories. 

Heating of propellant gas: JET has started the design of a two stage gun with the 

propellant gas heated by adiabatic compression. To keep the design as simple as 

possible but sufficient to prove that velocities of about 5000 m/s can be achieved a 

dispensable piston will be used. In a second step JET will develop a repetitive two 

stage gun for pellet acceleration. 

As an alternative heating method for the propellant gas the National Laboratory 

Riso is studying an electric arc heater for JET [30]. With a preliminary set-up 

pellets (3.2 mm diameter) have been accelerated close to 1800 m/s. Higher velocities 

should be achieved with optimized arc parameters, i.e. faster current, voltage rise, a 

higher arc power and a sufficient burning time. Recently the desired pressure-time 

behaviour has been achieved for the first 200 us, a higher arc power will be available 

soon, as a new power-supply and a high pressure arc chamber will be in operation. 

"Constant base pressure gun": As an intermediate step for developing a two stage gun 
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with the propellant gas heated by adiabatic compression JET has placed a contract with 
the Ernst Mach Institute in Freiburg to study a constant base pressure gun. This 
gun uses adiabatic compression to tailor the pressure in the second stage so that the 
pressure at the pellet remains about constant. To limit the technical problems the 
compression ratio are small enough to keep the gas temperature low (» 700°C). 
Nevertheless theoretical calculations show that velocities close to 3000 m/s can be 
expected. The system will be used to accelerate plastic pellets with similar density 
and strength as hydrogen ice. In order to simulate the influence of the break-away 
pressure of the pellet on the maximum speed either bursting discs or a fast valve unit 
can be built into the system between the gas compression stage and the pellet. Rather 
promising results have been achieved during first tests (pellet velocities of 
2600 m/s) already. 
Pellet preparation: JET has placed a contract with CEN Grenoble to improve the 
technique of pellet preparation. At CENG instead of using an extrusion-punching 
technique [31] the pellet is produced by cryo condensation of the pellet directly in 
the barrel [32]. For this purpose a short zone (freezing cell) of the barrel is 
cooled down below freezing temperatures of hydrogen. By selecting the temperature 
of the freezing cell and the pressure of the hydrogen gas according to the vapor 
pressure curve of hydrogen, good quality pellets of 6 mm diameter'and the right length 
have been produced. For testing the ice quality - by accelerating the pellets 
with a high gas pressure pulse - CENG developed a fast valve capable of generating an 
initial pellet acceleration of about 4.106 m s-2. Pellets of 6 mm diameter withstood 
these acceleration forces without fracturing proving that the ice quality is at 
least as good as that from extruded ice. For pellet velocities of » 5000 m/s still 
somewhat higher accelerations (> 107 m s-2) are required. Whether the ice can 
withstand these forces can only be tested when propellant gas'with higher pressures 
and probably higher temperatures will be available. 

It has been shown that pellet condensed into the barrel feature rather high break 
away pressures (» 40 bars) which is important for an efficient pellet acceleration. 

Since pellet production by cryocondensation generates less excess material than 
extrusion techniques it is better suited for being used in the tritium phase. 
Excessive tritium would create problems with cryopumps and the tritium regeneration 
plant. 
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ABSTRACT 
Studies for controlling the plasma current with the existing JET equipments (Neutral 

Beam Injection, Ion Cyclotron Resonance Frequency) are summarized together with conceptual 
studies of new systems: Lower Hybrid Current Drive, Electron Cyclotron Resonance. A more 
detailed analysis of the LHCD system, which is the most promising, is given outlining the 
critical technological issues. 

1. INTRODUCTION 
The profile of the plasma current in a tokamak is a key parameter in determining the 

confinement of the plasma. The radial location of the rational q surfaces together with 
the value of the plasma current gradients at these surfaces are essential parameters for 
the equilibrium and for the stability of the discharge. Generally, the plasma current is 
created in tokamaks by ohmic induction. The current density is proportional to the induced 
DC electric field through the Spitzer resistivity which is a direct function of the 
electron temperature. The plasma current profile is then determined by the profile of T . 
One important consequence of such a tight link between plasma current and electron tempe
rature is that internal relaxations of the temperature and of the density occur when the 
electron temperature profile is such that the safety factor is below unity within a 
significative volume of the plasma column. This effect becomes dramatic when a large 
amount of additional power is coupled to the plasma. In JET, the amplitude of the sawteeth 
during ICRH and NBI is increased by a large factor. For P„„ « 5.5 MW, T increases up to 

lit e 
5.6 keV and drops by 1.8 keV during the relaxation [1]. 

It is also observed in JET [2], as well as in other several large machines, that the 
radial profile of T is a weak function of the additional heating power and of its 
localisation and that the peaking of Te and the radial location of the q = 1 surface are 
mainly determined by the safety factor at the plasma edge. This profile consistency can be 
interpreted as due to the topology of the magnetic field lines when ordered structures such 
as magnetic islands coexist with ergodic domains [2]. Other theoretical models on profile 
consistency such as the tearing mode based model of [3] and the minimal energy principles 
of [4] also involve the tight correlation between electron temperature and current density 
profile through resistivity. 
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Good plasma confinement can then be possibly obtained by controlling the current 
profile so that the location of the q = 1 surface as well as the local shear are modified. 
This requires current and temperature profiles not to be coupled through the resistivity. 
This can be obtained by driving the current with non inductive methods. As well, 
slide-away regimes, where part of the current is carried by decoupled fast eLectrons, have 
a broader current profile. 

Discharges where a significant part of the plasma current is produced via non 
inductive current drive are presently obtained via Lower Hybrid Current Drive (LHCD) and 
Neutral Beam Injection (NBI). The beneficial effects of non inductive current drive are 
already observed in LHCD experiments where the OH plasma current was completely or 
partially replaced by HF induced current (see for instance [5]). Internal relaxations are 
supressed in a large range of plasma parameters (n up to 1.3 1020 m~3) both in OH plasmas 
and in NBI heated plasmas [6]. Large electron heating with profiles broader than the OH 
profiles have been observed [7]. The decoupling between electron temperature profile and 
current profile has clearly been demonstrated [6]. Although there are some indications 
that the confinement time improves, the behaviour of the energy confinement during strong 
additional electron heating is not well documented so far. 

Preliminary observation of the MHD behaviour of discharges where part of the plasma 
current is driven by NBI in JET have shown that the sawteeth period increases by a large 
factor (from 0.06 sec up to 0.4 sec). It is to be noted that long duration sawteeth have 
been obtained in JET when both NBI and ICRH are applied [8]. With 2.7 MW of NBI and 5.4 MW 
of ICRH, T increases from 3.8 keV up to 6.4 keV staying at this high value for more than 
1 sec before an internal relaxation occurs, the MHD activity being at a very low level. 
Interpretation of this behaviour is still going on and in particular the effect of NBI 
current drive enhanced by fast ion coupling with ICRF and an eventual change in current 
profile is under consideration. The loss of energy during the subsequent sawtooth 
represents 28? of the total stored energy. 

JET is presently evaluating means of controlling the current profile with the 
following aims: (i) to avoid the occurrence of internal disruptions in order to achieve a 
higher central plasma pressure and to obtain, therefore, a higher fusion reactivity, 
(ii) to yield information on the mechanism of profile consistency and eventually to improve 
the energy confinement time. 

Current profile control can be obtained either by producing non inductive current 
drive in the plasma centre, via suprathermal electrons or fast ions, or by producing the 
current in the outer part of the plasma column. The amount of plasma current which has to 
be non inductively driven is estimated to be of the order of 30Í to 50? of the total plasma 
current. Studies are made for the two density regimes foreseen for JET: 

at moderate densities (n < 5 1019 m-3) where large fusion yield can be foreseen (hot 
ion mode) 
at large densities (n > 5 1019 m-3) relevant for ignition type experiments. 

Limiter operations (I £ 7 MA) and X-point mode of operation (I £ 4 MA) have to be 
considered. 
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In this paper, controlling the current profile with the existing JET equipments (NBI, 
ICRF) Is considered together with the procurement of new systems such as those at Lower 
Hybrid and Electron Cyclotron Frequencies. 

2. MEANS OF NON INDUCTIVE CURRENT DRIVE IN JET 
A large variety of methods can conceptually be used for non inductive current drive. 

The corresponding physical mechanisms are discussed in [9] and a comparison between 
estimated efficiencies for various methods is given in [10], A key factor is the ratio, 
U , between the parallel phase velocity of the wave, or the energy of injected particles, 
and the thermal electron velocity. NBI and ICRH are optimized for low values of U , ECR 

v . o 
and LHCD for large values of U , ie for energetic electrons. It is to be noted that 
current drive efficiency of all schemes, except ohmic, is inversely proportional to 
density. For both beam injection and RF schemes, accessibility of region in which current 
drive is required for controlling the plasma current is an important parameter. The large 
size of the plasma in JET allows more flexibility for such a purpose. 

2.1 Beam driven current 
One neutral beam injection system with the capability of producing 160 keV deuterons 

with an injected power of 10 MW is presently operated in JET up to- a beam energy of 80 keV 
either in co-injection or in counter-injection. In the near future, it will be operated at 
full energy and a second similar system will be installed. 

First experiments have shown that plasma current of up to 0.5 MA have been sustained 
for 2 sec, after shut-off of the primary current in the transformer, at densities of 
1.1019 m~3. Estimate of the NBI induced current has to take into account the back electron 
current, which is sensitive to the impurity content of the plasma, and the trapped 
electrons which reduce the number of current carriers and increase the friction of the 
passing electrons. The latest effect depends strongly upon the electron temperature. For 
the standard conditions of JET (R - 3 m, a » 1.2 m, K - 1.45, 80 keV, D into D and I = 

Ρ 
3 MA), an analytical expression fitting the output of a neutral beam physics code [11] is 
found to be: 

I. "NBI 0.05 (T /n ) P.,nT (MA, MW, keV, 1019 m"3) e e NBI 

Experimental data are in reasonable agreement with the code output. Specific output of the 
code are given in Table I. The decrease of the induced current with the density as well as 

Table I 
Beam Induced Current in 
JET assuming co-injection 
and Tc- - 0.4 sec 

Ei"4 (keV) 

80 
80 
80 
160 
80 
80 
160 
80 
160 

number 
of boxes 

1 
2 
2 
2 
1 
2 
2 
2 
2 

ne 
10 1 9 cm"3 

2 
2 
2 
2 
4 
4 
4 
10 
10 

Zeff 

2.5 
2.5 
1 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 

Te (keV) 

2.26 
4.52 
3.84 
3.02 
1 .20 
2.40 
1.61 
1.26 
0.845 

I 
(MA) 

0.57 
1 .60 
1 .65 
1.07 
0.15 
0.65 
0.32 
0.10 
0.11 
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the nonlinear increase of the current with the number of boxes (one NBI box is assumed to 

deliver 10 MW to the plasma) are due to the large variation of the electron temperature. 

The energy confinement time is taken to be 0.4 sec for these runs. 
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1.00 

0.50 

0 0 0 

J (MA/m
2
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1 0

m
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2
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9
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radius 
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Fig. 1 : Ohmic and Beam Driven Current Profiles 

As shown in Fig. 1, NBI induced current profiles are broader than the Ohmic profile. 

But broadening of the current profile so that the q = 1 surface does not exist any longer 

can only be expected in medium densities, ie n 4 10' At too low densities, the 

current is still too peaked and at high densities, the induced current is not high enough. 

2.2 ICRF Driven Currents 

The JET system is presently composed of 3 antennae fed by wide band amplifiers capable 

of delivering up to 3 MW for 20 sec in each of the antennae in well matched conditions. 

They can be operated independantly, either as a monopole or as a quadrupole antenna, at any 

chosen frequency within the band 23 to 55 MHz [12J. In excess of 6 MW of RF power have 

been injected so far into the torus. One of the main features of the concept which is the 

ability to deposit the RF power locally has clearly been observed [1]. 

In the near future, a complete system made of 8 antennae will be installed in JET. A 

network allowing the antennae to be locked at the same frequency and to be phased according 

to a prescribed pattern has been designed and is being constructed. ICRF induced current 

drive can conceptually be obtained with three possible mode of operations: mode conversion 

current drive, minority current drive, NBI clamping. 

2.2.1 Mode Conversion Current Drive: Most of the original fast wave is converted into an 

ion Bernstein wave which is damped on electrons. Relativistic and electron trapping 

13Δ<Λ 

12Δ« 

2VT/16 

anlennae 

4Αφκ 

5ΔΑ 

9Δ<£> ΘΔΑ 

Fig 2 

Arrangement of the ICRF Antennae 

effects reduce the current drive and a maximum 

efficiency for JET of I/P = 0.1 (ΜΑ/MW) is to be 

expected for η = 5 10'
9
 m~

3
 [13], Ρ being the 

power absorbed by the electrons. Although, the 

efficiency is rather low, ICRF induced current 

can be well localized by properly choosing the 

position of the ionion hybrid resonance and by 

wave focussing. 

The 8 antennae will be distributed in 

4 pairs regularly spaced around the torus, the 

2 elements of a pair being separated by 2π/ΐ6 as 
sketched in Fig. 2. Resonant fast electron 
acceleration is given by the phase difference 
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between antennae which give an integral number of parallel wavelength ( m ) . π > 3 or 4, 

Φ Φ 
ie a phasing of about 90°, will be likely to be chosen for effective current drive. 

2.2.2 Minority current drive: Current drive is obtained via cyclotron damping of minority 

ions at the fundamental resonance. Theoretical estimates have been made for JET [l4]for 

hydrogen minority current drive in a deuterium plasma. The result exhibits a very low 

efficiency of I/P  90 A/KW (for Τ => 5 keV, ñ  3 IO
19
 m

3
) which may be further reduced 

by electron return current and trapping effects. 

2.2.3 ICRH and Neutral Beam Injection: The previous scheme can be significantly increased 

by heating neutral beam injected minority species instead of minority ion species. In this 

case, harmonic frequencies can be used. Simultaneous use of ICRH and NBI in JET has 

already shown that injected ions are accelerated by the RF at energies well above the 

injected energy. Theoretical estimates [13] have shown higher efficiency for such a scheme 

as compared to the pure ICRF driven current. It is found that currents of the order of 2 

MA could be driven with the planned ICRF and NBI capability. Such a mode of operation 

does not require a phased antenna array. 

2.3 ECRH Current Drive 

ECRH experiments have all confirmed that a well localized heat deposition was produced 

(see for instance [15]) resulting in high electron temperature and eventually to some 

changes in the MHD behaviour of the plasma due to the subsequent change in the electron 

temperature profile. In contrast, experiment aimed at ECRH current drive have failed up to 

now in producing a significant amount of current. 

The best efficiency for ECRH current drive is obtained when the resonant frequency is 

downshifted by relati vistic effects, ie when the wave is absorbed by suprathermal 

electrons. Such a scheme allows lower frequencies than the resonant frequency for 

electrons at rest (95 GHz for Β = 3.4T) to be used. 

Although a good localisation can conceptually be obtained, ECRH current drive should 

be obtained at the plasma center in order to minimize the trapped electron effects which 

reduce strongly the current drive efficiency. Offaxis current drive would require 

injection from the high field side and consequently a higher frequency. 

The specific studies made for JET have shown that efficiencies in the range of 60 to 

160 kA/MW can be obtained for a central deposition in the vicinity of the q = 1 surface for 

η = 5 10'
9
 m"

3
 and Τ = 5  1 0 keV, with a deposition length of about 30 cm. It is to be 

noted that efficiency improves markedly when a suprathermal electron population is present. 

This is the case at low densities or if an electron tail is already created by Lower Hybrid 

waves. 

The frequency suggested for JET is 70 GHz, although 60 GHz can also be used. Top 

launch on inside launch have been suggested for which technical developments are required 

in both cases. Presently, only quasiDC gyrotrons with an unit HF power of 200 kW can be 

envisaged. 

3. LOWER HYBRID CURRENT DRIVE 

3.1 HF Power and Wave Spectrum: the theoretical estimate for current drive efficiency is 

calculated from a 2D FokkerPlanck code [16] the output of which can be fitted by the 

following expression: 
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HF 
20.8 

'eff 
H V ·

 f
<V <17 /Λ 

(10' , m, MA, MW) 

where P„F is the power coupled to the resonant electrons, <N//> the average value of the 

wave power parallel index and f(Τ ) a slowly increasing function which can reach 1.5 for 

Τ  10 keV. The corresponding efficiency versus density is plotted in Fig. 3 for the JET 

conditions assuming that the HF current is peaked at the plasma centre and that 70% of the 

launched power is coupled to the electrons. The wave parallel index is set so as to meet 

wave accessibility conditions at the plasma center. It is to be noted that scaling 

experimental data obtained in the ASDEX and PETULA devices would give for JET efficiencies 

ranging between 0.1 and 0.15 ΜΑ/MW for η = 5 10'
9
 m

3
, as compared to the 0.2 MA/MW 

corresponding to the theoretical formula. The difference is probably related to the 

uncertainties in the effective HF power spectrum which is coupled to the plasma as compared 

to the launched spectrum. 

R«3m a»1.2m 

TeoIOkev Z e | f«2 

707. of HrDOwef 

couoleo to trw electrons 

HFcurrent. 

at the plasma 

It has been proposed [17] to make use of 

the accessibility criteria, which is very 

dependant upon the density and the magnetic 

field, to locate the current offaxis, 

where the density is significantly lower 

than at the center. As shown in Fig. 3, 

where wave absorption is assumed to take 

place at midradius, an improved efficiency 

can be obtained in this way. Although some 

indications of offaxis current drive have 

been observed in the Petula experiment, 

such a scheme has not yet been proven since 

it requires a narrow wave power spectrum, 

i.e. a large number of waveguides. 

Offaxis current drive is well adapted 

to allow flat current profiles (q(o) a 1 ) to 

be obtained at higher densities, while 

central current drive is well fitted for low 

density operation. 

A design project to install a Lower Hybrid system on JET is going on with the 

following requirements: 

the system has to be as flexible as possible in order to control the current profile by 

offaxis current drive as well as by other schemes implying current drive in the 

central part of the plasma. 

a byproduct of the use of L.H. Waves being a decrease on the flux consumption and 

consequently some voltsecond saving, the time duration of the pulse has to be long 

enough. 

The main parameters of the L.H. system are then: 

P,,„ = 10 MW (launched into the torus) 
HF 

At = 20 sec 

1 .2 S N// á 2.5 , Δ Ν//  0.3 

directivity (HF power in the main lobe of the wave power .spectrum): 10% 

0 5 10 

Fig. 3 : LHCD Efficiency Versus Density 

(from theory) 
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3.2 Choice of the frequency: Frequency has to be a compromise between contradictory 
arguments, both technical and scientific. In the range of frequencies appropriate for L.H. 
current drive in JET, klystrons have to be considered, gyro klystrons being more adequate 
at higher frequencies (2 8 GHz). New tubes have been developed for tokamak applications, 
including modern features such as an anode voltage modulation which allows the HF power to 
be switched off with a low power and specially designed output cavity so as to sustain high 
SWR. Table II list the corresponding frequencies together with some relevant figures for a 
12 MW output plant allowing the choice of the frequency to be made. 

Table IX 

Critical 
parameters 
* (fer a 12 MW 
power plant) 

f (GHz) 
Number of klystrons * 
Losses (transmission line) *MW 
Losses (conventional grill) *MW 
Losses (multijunction grill )*MW 
ρ routine (KW/cm2) 
Pmax (MW) 
Density limit (1019 m"3) 
Νχ (for η = 5 10'9 cm"3) 
Resonant ion energy (keV) 
Optimum density at the 
grill mouth (10' " m"3) 

2.45 
12-24 
1.3 
.6 
.25 
3-4 
7.5-10 
5 
50 
375 
.9 

3.7 
24 
1.5 
1 .1 
.3 
4 
10 

8-10 
32 
900 
2 

4.6 
48 
2.3 
1.6 
.4 
6 
15 
15 
26 

1390 

5 

One of the main problems is the HF losses in the 40 metre transmission line which has 
to be foreseen for JET. Losses listed in table II are given for oversized waveguides 
including losses in some special components: tapers, bends, mode filters and for 
launchers which have to be copper or silver coated in order to increase the surface 
conductivity. As compared to conventional grills, the use of multijunction grill [17] 
where the HF power is split under vacuum is beneficial since the length of the reduced 
section of the waveguide is significantly reduced. 

Multipactoring and plasma edge effects at the grill mouth are thought to limit the 
power handling capability, ρ [17]. Routine values are listed in table II together with the 
corresponding maximum power which can be launched into one of the main JET port assuming 
that 1/3 of the JET port area is occupied by the HF hardware (waveguide walls, etc.). 

Above a certain density (n . ) , the wave is preferentially damped on resonant fast ions 
and current drive effects disappears. The scaling of this density is: η - fa, a ranging 
between 1.7 and 2. 

During the propagation, the wave converts the spectrum into a perpendicular spectrum, 
with the following scaling: N i - n f "zi, which can be very harmful because the increase in 
N, results in a change of the N// spectrum due to toroidal effects, so that the wave is 
eventually unable to reach the plasma center. Moreover the wave can be damped on fast 
ions, whose corresponding energy is given in Table I and which can be present during 
combined NBI and ICRH in JET. 

Densities corresponding to a minimum in the reflection coefficient are indicated. As 
shown in Fig. 4, the use of a multijunction grill allows the range of densities at the 
grill mouth to be markedly extended as compared to a conventional grill. 

Higher frequency would be preferable for wave propagation, density limit and power 
handling capability. Lower frequency would be preferable for lower HF losses and a higher 
power unit. A good compromise is a frequency of 3.7 GHz together with an oversized 
transmission line and a multijunction grill. 
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Flg. 4 : Density Dependence 
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3.3 Overview of the Considered HF System: the launcher can possibly be composed of 48 

modules of the multijunction type. Current drive and operation of such a multijunction is 

well documented and good agreement between theory and experimental data is observed [18]. 

Each module is composed of 2 horizontal rows of 4 waveguides each with a fixed phasing of 

IT/2 between each waveguide. As shown in Fig. 5, in a JET port, 

8 modules can be housed in the horizontal direction and 6 in 

the vertical direction. 

Fig. 5 : Possible 

Arrangement 

of a Lower 

Hybrid 

Launcher 

in JET 

Δφ 

Ν / / 

Δ Ν / / 

R 

d i r e c t i v i t y 

- 3π /4 

1 .2 

0.3 

4$ 

62% 

- ι τ / 2 

1.4 

0.3 

1.5% 

68% 

0 

1.9 

0.3 

1% 

72% 

+ΤΓ/2 

2.4 

0.3 

1.5% 

68% 

3ττ/4 

2 .6 

0.3 

4% 

62% 

Table III 

Wave spectrum which can be obtained 

by phasing 8 horizontal modules 

The wave spectrum is determined by the waveguide width and the phasing between 

secondary waveguides. With an inner width of 8.5'mm and a wall width of 2 mm, the same 

launcher can be operated within the parameters listed in Table III depending upon the 

phasing Δφ between modules. 
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A wider spectrum can be obtained with the same launcher with nonequal phasing between 

modules. Further flexibility can be obtained by using different waveguide widths on some 

rows. 

The reflection coefficient and moreover the directivity depends upon the width of the 

waveguide walls as shown in Fig. 6. The feasibility of making launchers whose wall width 

10rr^ 1 ι 1 1 is lower than 2 mm is under consideration. 

H/i Δω,,, =±90° I 

The HF area is about 2500 cm
2
 and the required power 

loading capability is 4 KW/cm
2
. An eventual extension of 

unit HF power from 500 KW up to 600 KW will give ρ » 4.8 

KW/cm
2
 which is within the routine operation range. Grill 

conditioning will be obtained via baking at high 

temperature and wall coating: carbon coating (PLT 

technique) or gold coating (ASDEX technique). 

The launcher will be housed in a vacuum tank, the 

whole launcher being movable via a bellow allowing about 30 

cm of displacement to be obtained in order to adjust the 

grill position to various plasma configurations. With the 

density gradients observed to date in the JET scrapeoff 

layer (decay length of 1.7 cm), it can be seen from Fig. 4 

that positioning of the grill should be done within 5 cm 

for Δφ » 0 and within 3 cm for Δφ =■ τι/2 in order to keep R below 3%. But in Xmode 

operation where Ηmode like plasmas can possibly be obtained, the corresponding large 

density gradients may require that adjustment of the grill with a precision less than 1 cm 

has to be made. Positioning of the grill during a plasma shot ( 1 cm/sec) appears 

possible. 

Vacuum windows can be of the same type of the output windows of the klystron. If no 

development is made on the vacuum windows, 48 of them will be necessary. Due to the, 

tritium handling, double windows with a pumping system in between are considered. Then, 

two adjacent modules (in a vertical direction) are fed by a single klystron, the splitting 

of the HF power being made after the vacuum windows. The overall layout of the launcher 

and of the transmission line is sketched in Fig. 7. The transmission line is being 
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designed so as to minimize HF losses. Preliminary design gives the figures listed in 
Table III. Part of the transmission line can be evacuated, the rest being SF6 pressurised. 
The location of' the vacuum windows is not yet fixed. 

T a b l e I V : H A V E G U I D E S C II E H E L O S S C O M P A R I S O N S A T 3.7 GHz 

SCHEME 

COMPONKHT 

WGIO 

80 x 10 mm 

OVERMODE 

TRAHSITIONS 

SWITCH 

FLEXIBLE 

BENDS 

2ND HARMONIC FILTER 

OVERMODE FILTER 

T O T A L (dB) 

STANDARD CHIDE 
WG10/WH28II/R32 

72. HI mm χ 3·|.0Ί mm 

0.7Ί ('10 m) 

NOT USED 

HOT USED 

NOT USED 

0.03 

NOT USED 

0.0Ί 

0.05 î 

NOT USED 

1 .01 

181 loss 

SINGLE MODE 

OPTIMIZED DIMENSIONS 

80 nun χ '10 mm 

NOT USED 

0.588 (HO m) 

NOT USED 

NOT USED 

0 L 0 3 

NOT USED 

0.0Ί 

0.05 7 

NOT USED 

0.858 

151 loss 

80 mm 

AND 77 

X 110 min SINGLE MODE 

mm χ 175 min OVERMODE 

NOT USED 

0.206 (l'I m) 

0.159 (26 m) 

0.06 ? 

0.03 

0.06 

0.0Ί 

0.05 7 

0.05 7 

0.805 

1 'Il loss 

The generator consists of 24 klystrons with a power capability of 500 KW and a pulse 
length of 20 sec every 10 minutes. The system will be composed of 6 units of 4 klystrons 
which are fed by one power supply [V = 70 kV, I = 80 A] followed by a crowbar protection. 
The proposed klystron layout for JET is sketched in Fig. 8. Switch on and off the beam 
current can be obtained by changing the anode voltage. These units will be housed on two 
floors, the cooling and ancillaries power systems being located in the basement. 

VNIAVEGUIDL· 
OUTPUT 

VARIABLE 
MISMATCH 

Fig. 8 : Proposed 
Klystron 
Layout 
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IM 
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Today's 3.7 GHz klystron can sustain SWR of 1.4, ie a reflection coefficient of 3%. 
Higher values of the SWR can be envisaged, up to 3 (R " 25%) either by lowering the 
klystron output to about one third of the nominal power or by controlling the phase of the 
reflected power. It is to be noted that the use of hybrid junctions between 2 modules and 
the main transmission line can reduce the reflected power taken by the klystron. 
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A master oscillator gives the frequency and the reference phasing to each klystron. 

Relative phasing and HF power of each klystron have to be independantly controlled within a 

large range: 20 dB In power, 2π in phase and with a good accuracy: 5% in power, 10° In 

phase. Due to the fact that klystrons are amplifiers, such a control can easily be 

obtained on the low power side by using measurements of the amplitude and of the phase of 

the HF power at the launcher entrance. Feedback regulation is then obtained via phase 

shifters and attenuators located just before the klystron input. Special care in the phase 

measurement is required due to the changes in the length of the transmission line caused 

by power dissipation. Waveforms of the power and phase pattern will be controlled via the 

CODAS system. 

The present design aims at installing the LH system in JET during the major shutdown 

at the beginning of 1990. An intermediate step is to have In operation an HF subsystem of 

4 klystrons with the corresponding launcher (8 modules, 1.6 MW launched) on a testbed and 

possibly on JET by the end of 1988. 

Summary 

Basic features of the various systems wnicn nave been considered in JET in order to 

drive 30 to 50% of the plasma current by nonlnductlve means so that the current profile 

can be controlled are summarised In Table V. Moreover, scenarios .where non thermal 

electrons are generated via slide away discharges are studied. 

Table V SUMMARY OF CURRENT PROFILE CONTROL SYSTEMS FOR JET 

CURRENT DRIVE DATA 

REQUIREMENTS 
FOR JET 

POWER COUPLED TO 

CURRENT CARRYING 

PARTICLES (MW) 

POWER AT THE 

GENERATOR (MW) 

POWER FROM THE 

MAINS 

CURRENT DHIVE 

AT ñ - 2 10" m"' 

(MA) 

CURRENT DRIVE 

AT Se - 5 1 0 " m"' 

(HA) 

AVAILABILITY OF 

THE FULL SYSTEM 

NBI 

OBSERVED 

(JET, TFTR) 

2 BEAM UNITS 

E - 80 keV 

21 

52 

65 

1.6 

.1 

TO BE OPERATED 

IN 1987 

ICRH 

PREDICTED 

8 PHASED 

ANTENNAE 

5 

32 

53 

.1 

TO BE OPERATED 

IN 1987 

NBI ♦ ICRH 

PREDICTED 

2 NBI UNITS 

♦ 8 ANTENNAE 

12 

1 - 2 

TO BE OPERATED 

IN 1987 

ECRH 

NOT YET OBSERVED 

15 GYROTRONS AT 

f - 60-80 GHz TOP 

LAUNCH OR INNER 

WALL REFLECTOR 

3 

'1 

10 

.5 

.3 

LHCD 

ABUNDANT 

DATABASE 

2Ί KLYSTRONS 
AT f - 3.7 GHz 

7 

12 

28 

3 to 1.5 

1 to 1.5 

BEINO 
CONSIDERED 
1990 

In addition to the systems which are to be installed in JET by the end of 1986: 2 NBI 
units and 8 ICRH antennae, a 10 MW Lower Hybrid system to be installed in 1990 is presently 
being considered. A first step will be to build a 1.6 MW prototype which can eventually be 
operated by the end of 1988. 
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At low densities, the current profile can be controlled via the Lower Hybrid system, 

while at high densities all available systems have to be used. It is to be noted that with 

the potentiality of all the systems: NBI, ICRH, LHCD, there will be a unique opportunity 

to really shape the plasma current thanks to the fact that these techniques rely on 

different phy.'ücnl mechanisms and are complementary. 
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PREPARATION FOR D-T PHASE OPERATION IN JET 

J R Dean, T Raimondi, W Riediker, A Rolfe 
JET Project, Abingdon, Oxfordshire, England 

ABSTRACT 

When tritium is introduced into the JET plasma the tokamak and its surroundings will very 
quickly become so active that all maintenance must be done by remotely controlled machines. 
Much of the major robotics equipment, to carry machine components and to place motorised 
tools in position to carry out fitting tasks, has now been constructed and is being 
commissioned with its control systems. The development of a variety of special-purpose 
tools is well advanced: they will be used to install equipment in the torus during the 
shutdown scheduled to begin in December 1986. 

Beryllium will be introduced into the torus in 1987. Because it is harmful when 
inhaled, equipment has been designed and procured to control the entry of men in air-line 
suits and the passage of materials. 

Because of the high cost of buying and then disposing of tritium, a clean-up and 
isotope separation plant is being designed and developed to re-process the gases exhausted 
from the torus and neutral beam injectors. 

1. INTRODUCTION 
The engineering aspects of the JET tokamak have been comprehensively described 

eg [1 ]. The expected future activation will depend on secondary neutrons from the walls 
produced during disruptions and on the neutrons from neutral beam-plasma interactions. 
Table 1 (see end of text) from [2] shows how the gamma dose rate inside the torus is 
expected to increase so that limited human access will be possible until 1991 when tritium 
will be introduced. Thereafter activation by the neutrons from fusion reactions will 
prohibit human intervention inside the torus hall and all engineering operations must then 
be performed by remotely-operated machines. 

In addition to these remote-handling machines, equipment and techniques must be 
developed for preventing the spread of tritium, radioactive dust, beryllium and any other 
dangerous, dispersible materials and for carrying activated components safely to storage or 
disposal or, rarely, for repair. Components required to continue operating in tritium 
and/or neutron radiation, must be made, or shown to be, compatible in respect of material 
durability and guaranteed leak-tightness. 

The tritiated exhaust gases from the torus and some auxiliary systems will be 
collected and the hydrogen isotopes chemically cleaned, separated and stored for re-use. 
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The system for this is being developed: it will employ cryogenics for the primary circuit 
accumulators, transfer pumps and impurity traps, gas chromatography for isotope separation 
and vacuum vessels as secondary containment. 

The experience gained by putting these preparations for the.D-T phase into practical 
effect at JET can serve as a basis for the techniques applied to future fusion machines. 
Very similar requirements will lead to similar design of details and so also similar 
solutions to the problems of remote and active handling. 

2. REMOTE HANDLING MACHINES 
The overall scheme of remote handling equipment is shown in Fig 1, and the bases for 

the designs have been presented in earlier papers eg [3,4]. There are four principal 
load-carryirtg transporters for placing and holding manipulators and other devices called 
end-effectors, which carry and manipulate components of the tokamak. 

Of these, the articulated boom can enter the torus and carry 1 tonne loads over half 
of the circumference from either of two opposite ports or else 350kg round the whole 
circumference. Others are the 150 tonne crane, a vertical telescope arm (TARM) mounted on 
the crane carriage to reach most of the outside of the tokamak, and a low-level 
floor-mounted transporter to reach under overhangs. A turret truck serves to lift and 
connect the various parts of the equipment together while they are inside the torus hall, 
through automatically locking interfaces carrying the many services. A small, tracked, 
radio-operated vehicle will carry a simple manipulator, lights, television cameras and' 
monitoring instruments on an extensible mast. 

WELDING/TOOL SERVICE CABLE 
SERIAL DATA LINK 

Fig 1 Overall scheme of remote handling equipment 
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The crane, articulated boom, turret truck and support vehicle have all been put into 
service, the TARM and low-level transporter are in advanced stages of conceptual design. 

One Mascot IV force-feedback servomanipulator has been developed at JET to the 
compactness necessary to pass through the ports and the kinematic and dynamic performance 
necessary for its tasks. Two more with up-dated control systems are under construction. 
It is intended that Τ Raimondi and JET colleagues will publish a comprehensive paper on the 
manipulators and their controls, probably during 1987. 

3. SPECIAL TOOLS 
The manipulators may be required to exercise their dexterity in unpredicted tasks but 

their principal function, in collaboration with the high-precision transporters, is to 
place and hold in position automatic tools designed to perform the multitude of detailed 
and fine operations such as cutting and welding. The design of these tools and matching 
them in detail with the components they operate on is at the heart of successful remote 
handling. 

3.1. Preparations for 1986-7 shutdown 
Some of the new in-vessel components, notably the toroidal (belt) limiters and radio 

frequency antennae, to be fitted to the tokamak when it is shutdown for several months from 
the beginning of December 1986, are designed to be fitted by means of automatic tools. 
Tnis is because of space restrictions and because automatic tools are quicker and cleaner 
and give better quality and more consistent 
results than can be achieved by hand. 
Prototypes of many of the tools have been 
made and tested and sufficient numbers are 
being manufactured to meet the work load. 
They will be placed and operated by hand in 
the next shutdown, but they are easily 
adaptable to full remote operation. 

These tools are more fully described in 
the poster presentation HP 42 of this 
symposium [5]. Examples are described 
briefly in the following sections. 

3.2. Circular ports 
Circular ports, with nominal diameters 

ranging from about 90 - 155mm, do or will 
contain blanking plugs, windows for 
diagnostics, or other penetrations such as 
water pipes for toroidal limiters. About. 
100 of these need to be changed in the 
forthcoming shutdown by cutting out an inner 
sleeve fillet welded to an outer sleeve and 
welding in a new one. 

jaws push rod-

jaws hydraulic-
actuator 

-100mm circular 
port outer sletvt 

-expansion jaws 
swarf 

^vacuum 
Pip· 

-feed motion gear 

-cutting motion 

dog clutch 
pneumatic 
actuator 
(disengages 
cutting motion) 

removable 
electric 
drive 

Fig 2 Circular port lip cutter 
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REMOTE HANDLING 
TOOL LATCH - TYPICAL 
3 POSNS EQUISPACED 

JET STANDARD WELDED 
'PIPE JOINT (INTERNAL 
FILLET WELD TYPE) 

ROTATION DRIVE MOTOR/ 
TACHO ESAB M50 18/5 

- GAS I 7 3 — 
WATER-> Λ*— 

AIR 
POWER 
WATER 

FAILSAFE SPRUNG-ON 
LATCH ACTUATOR 

PARALLELOGRAM 
LINKAGE WITH 
ΑΝΤΙ-BACKLASH 
SPRING 

M6 LEAD SCREW 
TO PARALLELOGRAM 
LINKAGE 

AVC DRIVE MOTOR 
MINIMOTOR 1624 ED 245 

Fig 3 Remote welding tool (one of four weld path diameters) 
for JET standard pipe joint of internal fillet weld type 

Four types of special automatic tools have been developed. One, illustrated in Fig 2 will 
cut away the welded lip joint, one will pull out the inner sleeve with forces up to 10 
tonnes, one will place and expand the new inner sleeve to compensate for clearances and 
weld distortions and so close the welding gap and finally, as illustrated in Fig 3, the 
internal weld will be made by an automatic fillet welder supplying filler wire. 

These tools demonstrate some important principles. The sizes and shapes of vacuum 
vessels and similar fabricated components are often outside tolerances, replacement 
components must be designed to accommodate the variations, and assembly will have been 
carried out with little regard to dismantling so that large forces or extra cutting are 
needed to separate components. Also special remote handling features on the components are 
usually essential, in this case the groove which provides a grip and acts as a reference 
surface. 

3.3· Toroidal (belt) limiters and radio-frequency antennae 
One of several operations in fitting or replacing these components is to cut and 

re-weld the joint in the water pipe just below the bellows as illustrated in Fig 4. 
Three special tools have been developed. One is a motor-driven slitting saw capable of 
entering through a gap 40mm deep, gripping a 50mm diameter, 2.5mm wall Inconel pipe with 
23mm radial clearance behind it and cutting it square to 0.1mm, so cleanly that the 
surfaces are ready for re-welding. The second is an orbital welder to make an autogenous 
butt weld between a new section of rigid pipe and the bellow assembly. A third tool is 
used throughout these operations to manipulate the bellows assembly, compressing them to 
remove the rigid section and later realigning the ends to be welded. 
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WELDftG TOOL ENVELOPE 

These tools show what can 
be achieved by collaboration 
between the tokamak component 
designers and the 
remote-handling tool designers 
and ingenuity in the tool 
designs in cases where intricate —ΜΓΕΡΒΟΧ 
operations in very restricted 
spaces are unavoidable. Fig 4 Limited space for cutting and welding toroidal 

limiter water pipes 
3.4. Toroidal limiter tiles 

The tile handling tool shown in Fig 5 demonstrates effectiveness with simplicity 
achieved by practical skills in hands-on development on a mock-up. The tool is held and 
operated by a servomanipulator gripper. Two prongs are entered between grooves and rotated 
to free the tiles from their spring-loaded attachments. A safety latch is pneumatically 
released remotely, but can be operated by the seccnd manipulator arm if the pneumatics 
fail, following the principle of making any remote-handling device capable of disengagement 
and retrieval. 

3.5. Vacuum flange welding and cutting 
Commonly used vacuum joints in JET are welded pairs of 2mm Inconel plate, as used to 

connect the octants of the torus vessel. A cutter head and a welding torch on 
self-propelling trolleys to cut off and replace the welds has been described earlier [4J. 
Because of their universal application and the high quality of the joints they can produce, 
considerable effort has been devoted to simplifying and improving these tools. They will 
now follow any plane contour with radii of not less than 70mm and also the edges of 
concentric cylinders down to l80mm diameter. The cutter leaves extremely even edges 
suitable for autogenous welding and the welder produces joints of extraordinarily high 
quality. 

Fig 6 shows the simplified and compact trolley, with only two wheels replacing the 
original four, carrying a cutter head. 
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Cooling water 
pipe Radiant fin with 

black coating 

Pair of carbon tiles 

Servomanipulator 
grasp. 

Tile attachment 
fixture 

Safety latch 

Connecting rods 

Crank 
Air cylinder 

TRAVEL DRIVE MOTOR 

ENCODER 

Fig 5 Limiter tile handling tool 

JACK 

CUTTER HEAD 

STRAIGHT LIP 

Fig 6 Compact cutting/welding trolley, fitted with cutting head 

4. VIEWING SYSTEMS 
It is planned to provide 70 fixed locations in the torus hall and other inaccessible 

parts of the building, any of which can be occupied by one of about 20 TV cameras. Also, 
up to 30 camera locations will be provided on transporters, end effectors and manipulators. 
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Two zoom cameras will be mounted on articulated arms attached to each of the transporter 

booms on. a 3-axis "boom extension" located directly behind a manipulator. Their positions 

can be adjusted to give advantageous viewing of the operations while a third camera mounted 

on the front of the manipulator body, on a shorter articulated arm, gives a general view in 

any direction including back along the boom to the tool box. 

An in-vessel inspection system (IVIS) comprises four small TV cameras in retractable 

probes with glass end sections arranged so that they can be inserted into the torus while 

it is under vacuum. The cameras and their drive mechanisms remain in air. The four 

cameras between them can scan the whole torus interior by illuminating any camera by flash 

bulbs in adjacent probes. 

This system is fully explained in the poster presentation HP41 of this symposium [δ]. 

It has been used very successfully during the past year and a half, but in its present form 

the cameras are virtually uncooled and can only be used after the whole torus has been 

cooled down to 50°C. 

In a version now designed, cameras will be kept below 30°C by a water-cooled jacket 

and glass radiation shields so that they can operate with the torus at 350°C. The zoom 

facility has been sacrificed because of space restrictions but it has not been used much 

and the uncooled system, with zoom, can be reinstated if needed. The alternative of using 

relay lenses to create a scannable image in a cool region was tried experimentally and the 

loss of optical definition with lenses small enough to fit into the probes was found to be 

unacceptable. 

5. CONTROL OF REMOTE HANDLING EQUIPMENT 

The articulated boom and its end-effectors will be controlled by a local control unit 

(LCU) based on a micro-processor and the crane, the vertical telescopic arm and its end 

effectors by another, identical LCU so that 

in-vessel and ex-vessel operations can be 

performed at the same time. The LCUs will 

provide the robotic functions of controlling 

each joint servo, coordinating the joints 

kinematically, providing teach-repeat and 

checking the movements for errors and 

safety. 

The force-feedback, master-slave 

servomanipulators will have their own 

control systems providing the same robotics 

functions as the transporter LCUs but with 

additional operating modes, including weight 

relief and constraint in a plane. The 

control systems are being produced in 

parallel with the mechanical parts of the 

manipulators. 

SERVOMANIPULATOR MASTER STATIONS 

GENERAL PURPOSE -

WORKSTATION «HCC 

VIOEO 

EQUIPT 

»ECK 

ana 

y€Lvc 

■SUPERVISOR 
STATION 

\ 

FULL HEIGHT 
PARTITION FOR 
NOISE REDUCTION 

Ha 

GLASS PARTITION 

CON* 

TABLE 

ΟΛΓΑ 

BANK 

TERMIKAL Η 

" Χ . / 

y 

TERM. 

UeiCLE 

S/W 
MASTER 

£1 
S/M 

MASTER 

II 

CODAS 

HjBX-lE 

Sm 

Fig 7 Remote handling control room layout 
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For in-vessel work one LCU will control the cutting tools and one of the welding tools 
and an identical pair of LCUs will control the tools for ex-vessel work. They will provide 
power and control the actuation sequences. 

A central control room, Fig 7, will contain five general-purpose consoles. These can 
be connected to the local control units, as shown in Fig 8, either directly through a 
multiple switching unit to close the real-time servo loops or through a Nord computer for 
all other signals. The Nord also controls the multiplexer. 

VIDEO/AUDIO 
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WORKSTATION 
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G R A P H I C S " 

WORKSTATION 

RH 
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M 
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CAMAC INTERFACE CAMAC INTERFACE 
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RH EOUIPT : Q W "71111 I VC 

LOCAL CONTROL UNITS LOCAL CONTROL UNITS 

VIDEO/AUDIO 
TV CAMERAS 

ASSEMBLY „ 1 . B A S E M E N T 

VIDEO REC 

#2 
VIDEO REC 

Fig 8 Remote handling control interconnections 

Two of the general purpose consoles are incorporated into manipulator work stations which 
will also have four fixed and two moveable television screens, the latter displaying the 
views from the two cameras on articulated arms observing the manipulator's work. One 
operator will control these arms and cameras and the third camera on the front of the 
manipulator, while another operator controls the manipulator. It is intended to use a 
prototype manipulator work-station during the shut-down starting in December 1986. 

Each manipulator work station will also have a computer graphics display with an 
expected refresh rate of 5 s-1 for the intended portrayal of a solid 3D boom, manipulator 
and camera arms in 26 shades of colour. Accuracy is not expected to be sufficient for fine 
operations but it will be adequate for avoiding collisions, to help operator orientation by 
providing overall views and to pre-set TV camera position parameters by choosing 
viewpoints. It is also intended to use the graphics displays to substitute for large 
mock-ups in training. 
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6. CONTAMINATION CONTROL DURING TOKAMAK MAINTENANCE 
Until tritium is introduced, probably in 1991, hands-on work will continue both in the 

torus and outside. However, beryllium is already used in some diagnostics and it is 
expected that during 1987 beryllium will be purposely evaporated into the plasma and 
deposited on the torus walls. To protect workers from the dangers of beryllium inhalation 
and to prevent the spread of beryllium, a torus access cabin (TAC) [7] has been constructed 
to JET design to support up to six men working in air-line suits and provide a washable 
stainless steel work-room which can be sealed onto the torus at a main horizontal port. It 
will also serve to prevent the spread of lightly activated dust which even now is being 
produced with deuterium plasmas by the secondary neutrons created when runaway electrons 
bombard protection plates during disruptions. 

To prevent the boom and other remote handling equipment carrying contamination outside 
the torus, it will be fitted with polyurethane gaiters over joints and other intricate 
parts so that it can be washed down with high pressure water jets while still inside the 
torus or at the port while being withdrawn. A platform with a structure on which a 
Polyurethane tent can be built to enclose the boom and the equipment it is carrying will be 
obtained by the end of 1986. The boom will be withdrawn into the tent, checked for 
contamination and, if necessary, cleaned. 

A small beryllium monitoring laboratory, equipped with an atomic absorption 
spectrometer, will be in operation before the end of the forthcoming shut-down to test swab 
and air-filter samples. It will take about 30 minutes to collect and test a sample by this 
method. As a very promising alternative in the near future the laser-induced breakdown 
spectroscope (LIBS) developed by the US National Laboratory at Los Alamos [8] offers 
immediate on-line measurement of air-borne beryllium concentrations and of beryllium 
collected on filters and swabs. 

After tritium is introduced the TAC will no longer be used in the torus hall, but it 
will be used outside as a decontamination or repair facility with workers in air-line 
suits. Contamination, including tritium, will be washed off remote-handling equipment and 
tokamak components while still in the torus. Some components can be bagged inside the 
torus and the bags washed. The gaitering on the remote-handling equipment will be 
internally pressurised to about 0.1 bar, and this should suffice to prevent significant 
inward permeation of tritium. 

7. JET RECYCLING SYSTEM 

7.1. Plant duties 
The JET Tritium Recycling System (TRS) is required to process and handle all gases 

received from the torus and its auxiliary devices such as Neutral Injection (NI), Multiple 
Pellet Injection (MPI), torus baking loop and auxiliary vacuum systems of diagnostics and 
RF antennae. 

Gases containing mainly elemental hydrogen isotopes will be purified and reprocessed 
in the isotope separation train to allow re-use of protium, deuterium and tritium, while 
gases such as argon, air, nitrogen and helium, with only minor levels of (partly) oxidised 
hydrogen isotopes, will be treated to remove tritium to levels where the effluents can be 
released safely after tritium oxide has been fixed on disposable dryer beds. 
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Table 2 (see end of text) shows the separation throughputs needed to deal with the 
gases from the various sources, including multiple injection of deuterium and tritium 
pellets. The total amount of gases to be processed for re-use is about 1,050 Nit per day 
if D2 pellets are injected. With T2 pellets the total would be 3,500 Nit per day with 
150,000 to 240,000 Ci, based on 25 to 48 JET pulses. Even a reduced test programme with a 
maximum of 10 pulses per day would still require a daily reprocessing duty of about 320 Nit 
with D2 pellets or 1,100 N£t and approx 55,000 Ci with T2 pellets. 

7.2. Design philosophy 
In order to minimise accidental, chronic or maintenance-related tritium releases and 

doses to personnel, the design principle is to use double containment round primary 
components with major tritium inventories and round equipment that operates at elevated 
temperatures. Transportable waste and make up containers that have to be connected or 
disconnected from process lines are also double-contained. 

All components, joints and seals must be metallic to allow in-situ decontamination by 
baking the double containment vessels together with primary components at 200°C under full 
vacuum before undertaking any maintenance. Furthermore, high reliability components have 
been evaluated and selected, the primary sensors and cabling of instruments are bakeable 
and where necessary redundancy is employed to minimise maintenance of process boxes. 

Electronics and amplifiers of instruments are located external to double 
containments. 

Advantages of using leaktight and pressure-designed double containments, compared with 
using glove boxes, are that potential major releases from failed primary components can be 
kept isolated within the secondary containment, even with overpressure, and also that such 
releases, or any chronic releases, are not mixed into rather large covergas streams 
requiring substantial clean up systems. 

The long-standing technology of using steel vessels as double containment has been 
used successfully in cryo technology for reasons of thermal insulation under high vacuum. 
This containment philosophy lends itself quite naturally to the tritium gas handling, much 
of which is done under cryogenic conditions, eg hydrogen - helium separation, impurities 
removal, gas compression. 

In order to prevent potential contamination of refrigerator loops or releases to the 
environment, the system will be equipped with holding tanks that allow safe isolation of 
cryogenic fluids contained in process and related equipment. 

7.3. Plant technology 
The front end of the processing plant as shown in Fig 9 consists of 3 parallel cold 

boxes which receive the neutral injection gas or the torus gas in batches or pulses at a 
pressure around 1 mbar or less. 

Each cold box contains a liquid helium cooled accumulating panel which pumps hydrogen 
by freezing and separates it from traces of helium that are passed to the helium sorption 
trap, which adsorbs helium at 5K. Periodically the accumulator panel is warmed up and the 
frozen hydrogen released to the cryo transfer pump, a small liquid helium cooled condenser 
which, when warmed up, will compress the gas to 2 - 5 bar, sufficient to push it through 
the cold adsorber which removes the last traces of impurities at liquid nitrogen 
temperature. 
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Fig 9 JET tritium plant engineering layout concept 

The purified hydrogen isotope mixture is then passed to the separating train whereas 

impurities and process helium are passed periodically to the make up and disposal boxes 

where waste containers can be remotely connected and disconnected from process lines. 

Waste containers are passed out of these vacuum tight and pressuredesigned boxes and are 

transported in double lidded transport flasks to a disposal site. Process helium and other 

gases, eg nitrogen or air from maintenance, are passed in batches through a recombining 

cleanup system and released with very low tritium levels. 

The hydrogen isotopes are separated in a number of parallel gaschromatographs with 

palladium packing and using protium as the eluant. As an alternative, cryogenic 

distillation is being studied in view of the high purity and large throughput requirements 

of the JET torus and its various auxiliaries. 

The separated isotopes are released from the separating train at about atmospheric 

pressure to the product storage tanks, ready for reuse. 

7.4. Development programme 

A number of novel key components have had to be designed. They must satisfy the 

interfacing between a hydrogen isotope separating system, the various high vacuum sources 

of the process gases and the low maintenance aspect of the design philosophy. 

A test rig has been set up at JET for performance testing of these key components 

using protium and deuterium. 

The test rig consists of a cold box with related vacuum pumps, a hydrogen supply 

system to feed the components with defined gas mixtures, control cubicles with various 

instrumentation, and automatic controllers to study and establish optimum control 
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stratégies. A gas sampling system with mass spectrometers and catharometers is used to 

study separating effects and capacities of process units. High frequency generators 

provide power to heat components with induction coils. 

Most of the cryogenic components have been tested to date and the design duties have 

been confirmed successfully. Double bellow sealed process valves are still being 

life-tested over many operating cycles and it is expected that the high reliability 

criteria can be fully met. 

7.5. Safety considerations 

A number of studies have been carried out to evaluate the expected tritium releases 

from JET and its auxiliaries during normal operation and as a result of maintenance. The 

results indicate that the measures taken to contain tritium are adequate and will allow the 

strict design dose targets to be met. 

PERIOD 

1987 

1988 

1989 

1990 

1991 

1992 

RF heating 

15'MW 

15MW 

15MW 

15MW 

NB heating 

(a) 

10MW(D) 80kV 

5MW(D) 80kV 

5MW(D)160kV 

10MW(D)160kV 

10MW(D)160kV 

Gas 

D.D 

D.D 

D.D 

D.T 

Number of 

neutrons/pulse 

6 χ 10' " 

10" 

2 X 10 " 

10
 19
- 10

 20 

Total neutron 

productlon/6 months 

(b) 

10
1β 

2 χ 10
1β 

3.5 χ 1 0
w 

up to 1 0 " (in 2 years) 

Gamma dose rate 

wSv/hour 

(mRem/hour) 

25 (2,5) 

50 (5.0) 

100 (10) 

> 5000 (> 500) 

Table I Expected additional heating, neutron production and gamma dose rates 1 week after 

operation has ceased 
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SOURCE 

Torus pulsed 
operation 

Glow discharge 
cleaning 

Neutral injectors 

Makeup D2 for 
Ni PINI's 

Multiple D2 

pellet injection 

Multiple T2 
pellet injection 

ISOTOPE SEPARATION REQUIREMENTS 

110 Nit per day tm pulses) 

(Depleting T2 

144 Nit per day inventory 
of torus) 

220 Nit per day (48 pulses) 

280 Nit every 2 weeks ( 8 χ 48 
pulses) 

550 Nit per day (25 pulses) 

3000 Nit per day (25 pulses) 

COMPOSITION AT SOURCE, ï. 

> 47D, > 47TA < 5 He or H2 
(1%)· 

45 < D < 95A 5 < Τ < 45 
(< IX)· 

> 97.7DA < 1.8T, < 0.5H 

> 98.9D, < 0.6TA < 0.5H 

< 2D, < 0.13T, 97.9H 

< 2D, < 0.13T, 97,9H 

• Impurities X, CH4, N2, CO, C02, DTO 

Table I I Gases t o be processed fo r r e  u s e of H, T, D 
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OPERATION AND PERFORMANCE OF THE LARGE SCALE JET CRYOPUMP SYSTEM 

W Obert, R Haange, A Jones, E Küssel, C Mayaux, R Roberts 

JET Joint Undertaking, Abingdon, Oxon, UK. 

ABSTRACT 

Large scale cryopump systems with a pumping speed of 8 million litres per second each 

are necessary to provide the pumping requirements of the JET Neutral Injection and the JET 

MultiPellet Injection systems. The first cryopump system has now been operational for more 

than one year and the performance and operation data are presented. The cryopump system has 

been operated so far in direct proximity of the extracted particle beam with a total power 

of up to 32 MW without adverse effect. The compatibility of the system with the Pellet 

injection requirement of high pulsed gas loads (up to 4 χ 10
3
 mbUs"

1
) and high inventory (up 

to 5000 bi) has been demonstrated by tests and the related safety aspects have been 

analysed. The control and instrumentation of the cryopump system performs successfully but 

the operation of the overall systems showed the need for the decoupling of the system from 

the main computer and to upgrade the local cryoplant control system. 

1. INTRODUCTION 

At JET a large scale cryogenic system has been installed for the two cryopump systems 

for Neutral Injection. By the beginning of 1987 it will also employ an identical cryopump 

system for the Pellet Injection. Each cryopump system provides 8.5 x 10
e
 is

1
 pumping speed 

for H2 by cryocondensation on a JET design open structure pump configuration. The design 

layout and setup of the system and its cryosupply system including the cryoplant, the 

advanced low loss flexible JET cryotransferline, for the supply of liquid helium and 

nitrogen, has been reported elsewhere [ï] [2] [3]. 

The complete system (cryopump and cryosupply) for the first Neutral Injection unit has 

been operated since 1985 and a second cryopump system for the second Neutral Injection 

system has been commissioned. The cryopump system operates successfully for Neutral 

Injection in direct proximity to the energetic particle beam with an extracted power of 32 

MW so far. The compatibility with the Pellet Injection requirements for large gas pulses 

and high hydrogen condensate inventory has been tested. 

In particular, transitional and dynamic conditions are difficult to quantify 

theoretically such as cooldown, warmup and regeneration, and corresponding measured curves 

under different conditions are now available. 
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2. CRYOPUMPS 
The installation of the cryopump (their design and construction is described in [2] [3] 

and shown in Fig.1. Table I shows the main data for the cryopump. 

Fig. 1 Installation of the 2nd cryopump 
into the vacuum box. 

Tab. I. JET LARGE SCALE CRYOPUMP SYSTEM 
DATA PER CRYOPUMP 

PUMPING SPEED 
PUMPING AREA 
SYSTEM HEIGHT 
GAS LOAD 

CONTENTS 

NI 
PI 

WEIGHT TOTAL 
LHe STRUCTURE 
LN2 STRUCTURE 
CONFIGURATION 
SET-UP 
SYSTEMS DEPTH 
MODULE SIZE 

8.5 x 106 is-1 (H2) 
TWICE 3.5m χ 6m - 40m2 

6 m 
<300 mb is-1 

<2000 mb is"1 

LHe - 150 I LN2 - 250 
- 5 TONS 
AL -560kg StSt -340kg 
AL 2865kg StSt 1385kg 
SERIAL OPEN STRUCTURE 
20 IDENTICAL MODULES 
0.3 m 
EACH 0.3x0.35x6m 

COOLING PRINCIPLE THERMOSIPHON 
MATERIAL 
MANIFOLDS 
He PANELS 
N2 PANELS 

SURFACES 
He-PANELS 

StSt 316L/304L 
E.AL MgSi 0..5 
AL 99.9 MgSi T7 

SILVER COATED > 20 μ 
BLACK ANODISED 

COMPATIBLE WITH -1020 NEUTRONS/PULSE -CLOSE 
VICINITY TO 400A/80keV EXTRACTED PARTICLES 
VACUUM BOX 50 m3 

2.1 Neutral Injection (NI) Cryopumps 
For the NI system a base pressure below 4 χ 10~5 mb has to be maintained in order to keep 

the reionisation losses of the neutralised beam below 14J. The gas load from the 
neutraliser, the ion beam dump and the beam scrapers can be up to 300 mbUs"1. 

The cryopumps had to pump so far most of the time hydrogen but deuterium has also been 
routinely used for several months. In the long term only deuterium will be used for the 
neutral injection. For the next subsequent years, however, the use of deuterium for neutral 
injection may be limited, in order to keep the activation of the JET device due to deuterium 
beam deuterium plasma collisions telow an acceptable level for hands-on operation for 
maintenance and repair of the JET machine. Therefore hydrogen operation may still be 
required. 
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2.2 Multi Pellet Injection (PI) Cryopumps 

The cryopump for the Multi Pellet Injection System is identical to the NI cryopumps but 

the operation conditions are different. The large scale cryopumps are required to cope with 

the huge gas load from the propulsion of the pellets by means of a pneumatic light gas gun 

up to several 1000 mbis"
1
 (total up to 30 bi per pellet and up to 100 bi per plasma pulse, 

mainly H2). Hydrogen is used as a propellant in order to maximise the speed. The pellets 

themselves will be made of D2 and therefore also D2 due to the pellet ablation has to be 

pumped. 

The total inventory of H2/D2 may be up to 5000 bar litre stp ( 223 mol H2  446 g H2 « 

5 litre solid H2 at 4 K). This is 10 times the NI cryopump inventory and calls for special 

safety consideration (see below). 

2.3 The effect of hydrogen and deuterium and the base pressure 

The heat load to a cryopump consists of several terms: 

a) The static heat load due to radiation and heat conductance support structure: this has 

been measured to be approximately 35 W (or  50 2,/h LHe) for the cryopump system. 

b) The static heat load due to the thermal conductance of the base pressure of the 

insulation vacuum: this term can cause a considerable contribution towards the heat load of 

the overall system. For molecular flow conditions this term can be calculated by Knudsen 

formula and is shown in Fig.2 based on accommodation coefficients of 1 and  100 m
2
 cold He 

surface. This shows that operating the cryopump system with hydrogen at atmospheric 

pressures already increases the heat load close to a factor of two. A further increase of 

operation temperature/pressure will result in unacceptable high heat loads and runaway of 

the cryopump. This runaway happened several times during commissioning when the cryo supply 

plant pressurised the cryopump with He backwards and the cryopump was regenerated within 

less than 10 minutes. This vapour pressure is so far a very important effect as it 

contributes continuously to the heat load even outside the actual gas pulse. 

In case of H2 operation it also requires to operate the LHe loop below the suction 

pressure of the cryoplant which is at maximum power output at 1.3 bar and appropriate 

pumping facilities have to be provided. 

HEAT 

LOAD 

200 W 

200 W 

100 W ■
CLEAN 

PANEL
 D 2 

4.OK 5.OK 

TEMPERATURE 

Figure 2 

Static heat load on cryopump due 

to basic heat load (radiation + 

support) plus the effect of heat 

conduction due to the vapour 

pressure of the condensed gas as 

function of the concondensing 

surface temperature. 
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c) The dynamic heat load due to the enthalpy of the gas to be condensed: this enthalpy is 
the sum of the heat of condensation plus the specific heat of the gas. Heat load 
measurements as a function of the gas load are shown in Fig.3· The results show a good 
accommodation of the incoming gas at the LN2 shield to - 100 K. 

This dynamic heat load, however, does not affect the cryopump systems at JET due to the 
very low duty cycle. The 10 sec NI gas pulses cannot be registered with the installed 
instrumentation (He temperature/He pressure) which can be understood due to to the fact that 
a 300 mbJls"1, 10 sec pulse only represents a load of < 500 Joules. 

During a pellet pulse the pressure in the vacuum box can rise to values up to several 
ΙΟ"1· mb without causing additional heat load due to the thermal conductivity (see b) and the 
system was tested to maximum loads of up to 4000 mbUs"1 and a corresponding pressure of up 
to - 5.10"" mb. This is due to the fact that this pressure is rather given by the limit of 
conductance between the cryopump radiation shields and the cryopumping surface and does not 
contribute to the static thermal load by conduction (see b) as long as the sticking 
coefficient for the incoming gas to the surface is close to 1. 

500W 

400W 

300W 

200W 

100W 

— 

-

-

y 

Dynamic 
heat load 

0 

1 

0 

I 
1000 2000 3000. 

H2 flow mbls"1 
4000 

Figure 3 
Dynamic heat load on cryopump to 
condensation of hydrogen as function 
of the pumped H2 flow rate. Values 
measured under constant gas flow 
conditions. 

2.4 PUMPING SPEED 
The measured pumping speed for H2 of the full scale cryopump system confirmed the 

measurement of the 1/10 assembly in the Test Bed [2] with 

S = 8.5 x 106 Is"1. 

3. INVENTORY AND SAFETY LIMITS 
The inventory, i.e. the maximum gas load of the cryopump is limited by safety 

consideration due to the use of hydrogen. Usually one restricts the H2 inventory to an 
amount which gives after defrosting less than 15 mb partial H2 pressure as it is known that 
below this pressure no flame in a H2/air mixture can be sustained as the thermal loss of a 
flame due to the thermal conductivity is larger than the produced energy [4j. 

The safety limit allows for the NI system approximately 1 week of operation before 
regeneration (Vacuum box 50 m3, inventory maximum 750 bi stp corresponding to 250 pulses 
with 300 mbils"1 for 10 sec, 50 pulses per day give 5 days of NI operation). 
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For the advanced Multi Pellet Injection a gas load of up to 5000 bl stp (-446 g H2 - 5 
litre solid H2 at 4 K) per day may be required. An ignition in case of an air leak can 
therefore not be excluded anymore and special safety measures are required such as: 
Exclusion of all ignition sources such as ion gauges or installation of proper flame stops. 
Installation of an appropriate relief valve which allows to cope with the pressure rise in 
case of an uncontrolled ignition. The formation of a detonation shock wave can be excluded 
for the vacuum box geometry. 

4. OPERATION 
4.1 Cooldown 

The cryopump system is designed for no cooldown restrictions, i.e. no control of the 
cooldown process itself is necessary as each part of the cryopump system can cope with the 
thermal contraction due to cooldown separately. 

A typical cooldown curve is shown in Fig.4. 
The cooldown from ambient temperature is required only after shutdown or after warmup 

as a consequence of an intervention into the NI or PI system and is therefore an infrequent 
operation. The cooldown from ambient starts with the supply of LN2 from the main storage 
tank (50,000 I) via a subcooler and a flexible transferline of up to 80 m length with a 
supply pressure of approximately 2-3 bar g. It takes approximately 15 minutes until the H20 
residual gas in the vacuum box is cryopumped (ρ <10~e mb) and it takes less than 2 hours 
until the nitrogen part of the cryopump is at LN2 temperature and full. The cooldown and 
filling is limited by the LN2 cryoline impedance and LN2 supply pressure. A quicker fill up 
is, however, not desired in order not to stress "he cryopump structure unnecessarily. 

The liquid helium loop is started only when the LN2 part of the cryopump is below 150 K 
in order to have all impurities which could spoil the emmissivity of the He crycondensing 
surfaces condensed on the LN2 radiation shields. 

The He panels cool down by radiation exchange alone even without active cooling and 
after approximately 25 h the He panels are close to 150 K. 

A way to enhance the cooldown of the He cryopanels is to allow contact gss into the 
vacuum box (typical pressure 10"1 - 1 mbar) which cools the He panels by thermal 
conductivity of the contact gas down below 100 K within less than 4 h. By this means most 
of the enthalpy of the StSt and AL structure of the He loop is removed by the LN2 cooling 
loop, thus saving time and power for the LHe cooldown. 

The cooldown to liquid helium is started at - 100 K and is provided by the high pres
sure supply loop of the He refrigerator. The cooldown is limited by the cooling capacity of 
the cryoplant and within typically 3 hours the He panels are LHe temperature. In order to 
enhance the filling rate the liquid helium is then supplied direct from the integrated 
5000 2, liquid helium dewar. 

4.2 Regeneration 
For the desorption of the cryodeposited H2 or D2 alternative concepts are possible. 

The routine method is to shut off the LHe supply valve and to wait for the emptying 
and defrosting of the panels. This takes, depending on the gas load and whether the 
condensate is H2 or D2, typically between 20 minutes and 2 hours. 

In addition forced regeneration is also possible which means forced emptying of the LHe 
and quick desorption can be achieved in less than 10 minutes. 
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After desorption the gas has to be pumped by mechanical pumps which requires about 1 
hour in order to achieve a vacuum better than IO"1* mb with the given pumping speed and 
conductances. During this time the complete He-loop warms up to LN2 temperature as the 
released gas acts as contact gas. 

The cooldown to 4 K again and LHe filling is practically the same process as for the 
cooldown (4.1). 

A total regeneration cycle requires approximately 5 hours. Further shortening of this 
period seems to be possible by provision of enhanced pumping capacity (roots blower or 
dedicated cryopump) to pump the desorbed gas which would reduce the pump down time but also 
the warmup of the He panels. The enhancement of the cryoplant refrigeration capacity and/or 
use of direct LHe supply will also shorten the cycle. 

0 1 2 3 4 5 6 7 

I Sian LN; 
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ÏÜ 
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(K> 

I Slorl LH» 

Fig.4 Cooldown curves of the 
JET cryopump 

Fig.5 Regeneration curves of the 
JET cryopump 

4. 3 Warm up 
The warm up of the cryopumps depends, like the cooldown, very much on the pressure in 

the vacuum box. If the insulation vacuum is better than 10~5 mb then it takes several days 
until the cryopump system reaches ambient temperature. 

This is of importance if the NI cryopumps are used as cryotraps for any residual water. 
Once cooled to LN2 it keeps water pumping for at least 2 days without refilling. If the 
pressure in the vacuum box is in the range of 10~2 mbar or higher, the complete system is 
close to ambient within less than 10 h and the system can vent to atmosphere. 

4.4 Intervention Period 
The time required for an intervention in the NI vacuum system due to the cryopumps is 
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therefore for warmup approximately 10 h and for cooldown approximately 10 h but it seems to 
be possible to reduce this time (see also 4.2). 

5. CRYOSUPPLY 
The cryo supply system has been operational for more than 6000 hours without major 

problem. The operation of the new pellet injection system requires upgrading of the storage 
and purification facility. It also requires full exploitation of the cryoplant output 
capacity by installation of increased turbines and replacement of the warm ejector by 
mechanical vacuum pumps. 

CRYOGENIC 
AREA ^ . 
Refrigerator — 

y 
LN2 Storage 

LHe Storage 

Distribution 
Board 

Neutral 
Injector Pellet 

Box Injector 

M HÖT 
TORUS HALLff TCELL 

E T Ä = A W J -
DIAGNOSTICS Injector Target 

Box Chamber 
1 2 3 - 1 5 6 7 9 10 M 12 13 14 15 16 

Fig.6 Cryogenic supply system 

The cryosupply system has to provide l i q u i d 

helium and l i qu id ni trogen to a s e r i e s of 

users . 

- NI cryopump system Oct 8 

- NI cryopump system Oct 4 

- NI Testbed with 3 separate cryopumps 

- PI cryopump system Oct 2 (1987 onwards) 

- PI p e l l e t launcher (1987 onwards) 

and future users such as 

- Tritium recovery plant 
- Supraconducting magnets for ECR 
heating {Clystrons 

INSTRUMENTATION AND CONTROL 

1 . Temperature sensors 
type CLTS (linear 400 K to OK, Vichay Micromeasures Malakoff (F)) are on both the LN2 
and LHe loop on the top and bottom manifold. They allow to monitor cooldown and 
warmup. 
The exact temperature of the LHe i s measured via a pressure transducer on the He 
loop-

2. Level measurement 
fully redundant level measurement is installed for the LN2 and LHe loop. 

LN2: Pt100 level sensors* low/high 
hydros ta t i c pressure analog 

3 sets 
2 off 

LHe: - supraconducting wire in 
top manifold (10 cm long) analog 

- hydrostatic pressure* analog 
- carbon sensor low/high 

* used for routine control. 

3 off 
2 off 
1 set 

The cryo system is controlled by its own PLC (Modicon 584), the control signals (level for 
LHe and LN2) and other information about the cryopump is received via the main computer 
(CODAS). 
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The integration of the main computer into the control loop proved, in several ways, not to 

be satisfactory. 

 the cryopump requires 24 h uninterrupted control independent of the main torus 

programme, 

 control programme development and improving of the cryo system is not compatible 

with the needs for the operation of the torus, 

 the maintenance and shutdown schedule of the cryopumps does not relate to the 

schedule of the main torus programme and the central computer, 

 commissioning of new equipment such as PI interferes with the safe operation 

requirements of the main torus programme and CODAS. 

Therefore after the next main shutdown period the complete cryo system including cryopump 

will have its independent control loop and use the main computer only for main commands such 

as cooldown, regeneration and to monitor the status of the cryo system. 

Fig.7 shows the basic flow diagramme for the revised instrumentation and control loop. 

W E S T W I N G 
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Fig.7 Flow diagramme for the new instrumentation and control loop 
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welding each end of a series of 0 5 studs (some 580 for each panel on a 40 mm triangular 
pitch)' placed between adjacent titanium sheets. 

Rigidity for each panel is achieved by a series of ribs welded between the panel and 
its support shaft. Panel cooling is provided via concentric feed/return channels within 
each hollow support shaft. The shaft/panel assemblies are set into a common support frame 
via a series of Journal and thrust/journal bearings placed along the shaft. 

Simultaneous rotation of each panel is achieved via two double acting pneumatic 
actuators, externally mounted at the front end of the injector vacuum box. Penetration of 
the actuator/panel connecting linkage from atmosphere to the injector box vacuum is achieved 
via a double bellows assembly. The bellows are required to withstand an axial deformation 
of some 65 mm with an additional perpendicular pivot displacement of 6 mm. 

Panel open/closed positions are sensed by 
micro switches mounted on each actuator. In 
addition each actuator has a twin channel linear 
resistance transducer in order to monitor 
displacement/time functions for each panel. 

Flexible hoses are situated between the water 
manifold and each panel/shaft assembly in order to 
accommodate the 65° of rotational movement required 
during operation of the fast shutter. 

In order to inhibit molecular gas flow from 
torus to neutral injector box when the fast shutter 
is in the closed position a series of beryllium 
copper flexible lips are used, providing a low 
vacuum conductance barrier between the inside face 
of the injector vacuum box and the support frame, 
and between the support frame and each titanium 
shaft/panel assembly. 

Support Shaft 

Flexible Hoses 

COMPONENT MATERIALS & TESTING 
FIG 3 

Fast shutter layout 
(i) Titanium alloy Grade 5 (6Í A1, 4Î V) is used for fabrication of each water cooled 

panel/shaft assembly. Selection of this particular alloy has been made with regard to 
its following properties:-
- High strength (T.S. > 110 kg/mm2), resistance to corrosion, fatigue and crack 

propagation. 
- Low density, some 60? that of stainless steel. 

Lower affinity (x 5 less) for molecular hydrogen than Grade 2, commercially pure 
titantium. 

- The alloy is weldable via conventional TIG methods. With complex fabrications then 
post weld stress relieving at 700° C must be carried out. 

Titanium is a metal with an unfortunate tribological history, not normally chosen for 
its sliding properties. Measures have been taken to modify bearing surfaces in order 
to avoid fretting. Surfaces are subjected to an initial proprietary surface treatment 
and coated, via high velocity plasma spraying with a Cr2 0, compound. The finishing 
operation involves grinding to a surface finish of 0.4 urn. 
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A FAST SHUTTER SYSTEM FOR THE JET NEUTRAL INJECTORS 

M J Watson, R Haange, D Stork, R Tivey, D Young 

JET Joint Undertaking, Abingdon, Oxon 0X14 3EA 

ABSTRACT 

The JET Neutral In ject ion Beamline [ ï ] i s equipped with a pneumaticallyactuated Fast 
Shut ter . This shu t te r i s designed to act as a lowconductance path blocking the influx of 
t r i t ium into the injector boxes of JET following the termination of a JET discharge in the 
DT phase. The shut ter has been ful ly operat ional from January 1986. Mechanical design, 
control and inter lock systems are described together with shut ter performance and effect on 
l i k e l y t r i t ium inventory. 

INTRODUCTION 

A fast shutter is sited at the exit of 

the JET neutral injection beam lines (Figs. 

1,2) [ï] serving in the closed position as a 

low gas conductance device between the torus 

and the injector vacuum box. Its primary 

function is to minimise the flow of tritium 

gas, during DT operation, from the torus 

into the injector box, where it would be 

condensed onto the cryopump. 

A secondary function, when in the open 

position, is to act as a cooled liner for the 

vertical side walls of the injector box exit 

ducting. 

PLAN VIEW OF JET NEUTRAL INJECTOR 

FIG 1 

Plan layout of JET neutral injection box 

DESIGN 

The fast shutter has been designed for use with 

pneumatic operation to 0.4 s and also hydraulic operation 

to 0.1 s nominal total closing times. Axial forces 

required to achieve the desired closing times have been 

minimised by extensive use of a high strength, low density 

titanium alloy. The cooled panels are designed for a 

nominal incident flux of 25 W/cm
2
 over the complete panel 

surface area, with a water flow rate of 1 1/3. 

LAYOUT 

Fig (3) displays the fast shutter layout. The ass

embly consists of two vertical water cooled titanium alloy 

panels, some 2 m χ 0.35 m, each designed to rotate through 

65° from the fully open to the fully closed position. FIG 2 

Each panel is constructed from 1.6 mm titanium Fast shutter installed at 

sheets. A 4.5 mm wide water channel is maintained by injector vacuum box exit 
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(li) Compatibility with JET UHV and radiation requirements have led to the choice of a 
non-galling, self lubricating bearing. Molalloy grade PM-103 is a high load bearing 
sintered material containing MoS2, Mo, W and Nb. Tests have been carried out 
simulating the operational conditions under which the fast shutter bearings will 
operate, yielding a friction factor of 0.07 after the initial running-in period. 

(iii)Inconel 600 flexible hoses used to absorb the + 32° of rotational movement between the 
support shaft and water manifold have been life tested to > 100,000 cycles whilst 
maintaining a leak rate of << 10"' mbar 1/s. 

(iv) The stainless steel double bellows assemblies have 
also undergone life testing to > 100,000 cycles 
under simulated operational conditions, 

(v) Joining of stainless steel water manifolds to the 
titanium alloy shaft has been achieved via a pure 
aluminium insert and two friction welds (Fig 4). 
The titanium alloy - pure aluminium - stainless 
steel assembly has been subjected to the following 
acceptance tests:-
- thermal cycling to 400° C and leak testing. 
- thermal shock tests (600 K to 78 K) and leak 

testing. 
- hydraulic burst test (630 bar). 

'Petal' bend embrittlement tests. 
(vi) Hydraulic pressure testing of the panel results in 

mecahnical failure of welded studs at 36 bar. 
Nominal in service operating pressure is 6 bar. 

FIG 4 
Hydraulic burst test of stainless 
steel-pure aluminium-titanium 
friction weld at 630 bar 

vii) The complete fast shutter assembly (excluding actuators) is subjected to final thermal 
cycling (x 10) to 300° C plus hot leak testing << 10"9 mbar 1/s prior to installation 
within the injector vacuum box. 

ELECTRONIC CONTROL INTERFACE 
The Fast Shutter must operate under remote computer control of the JET CODAS [2] system 

as is standard with all JET 'Local Units'. 
The special requirements for the control interface are: 

it must be possible to Open and Close the shutter as part of the timed sequence of 
the injected neutral beams; the time between opening and closing being minimised to 
reduce the cryopump tritium load. 
the shutter must close immediately on disruption of the JET plasma, 
the position of the shutter must be interlocked with the beam control in a failsafe 
manner to switch off the beams once the shutter moves from the fully open position. 

The control interface is shown schematically in Figure 5. 
The shutter timing control comes from the neutral beam part of the JET Central Timing 

System (CTS) [3] via fibre optic links for noise immunity. The shutter opening time is set 
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relative to the 'beam on' periods algorithmically to optimise the time for which the shutter 
is open [3]. This is indicated in Figure 6. 

The timing control only opens the shutter if a signal from the Plasma Fault Protection 
System (PFPS) is present indicating that the plasma has not disrupted [ï], [u]. The signal 
comes In the form of a maintained pulse train (500 Hz). This has a failsafe action, the 
disappearance of the pulse train at disruption leads to the activation of the shutter close 
mechanism in a very short time. 

The shutter position is interlocked with the beams via a pulse train from the Plasma 
Density Interlock system [3]. This is passed via relays which unambiguously are activated 
by the 'Shutter Open' microswitches and back into the pulse train system which sustains the 
beam power supplies [ï]. When the shutter is fired off its open microswitches the pulse 
train is interrupted and the beams are switched off within - 10 ms. This system is backed 
up by the sensing of the shutter microswitch positions using the JET Central Interlock and 
Safety System (CISS) [5]. The reaction time for CISS to switch off the beams is - 125 ms -
still short enough to protect the shutter from the beam power loading (values in the 1-10 
MW/m2 range). 
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Time setting of shutter 

PERFORMANCE OF THE SHUTTER 

1. Opening and Closing Times 

The opening and closing of the shutter in response to the timing pulses is shown in 

Figure 7. 

Opening time is  330 ms. 

Closing time (to the touching of the beryllium copper lips) is  350 ms. 

These opening and shutting times can be maintained down to half the normal pneumatic 

operating pressure (ie. down to 6 bar). 

2. Conductance of the Shutter 

The time history of the conductance of the shutter whilst opening and closing is shown 

in Figure 8 (calculated for tritium) and compared with the conductance of the neutral 

injection duct. It can be seen that the shutter conductance becomes limiting during the 

last  100 ms of the closing sequence. 
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The conductance of the closed shutter was measured by filling the Neutral Injector Box 
(NIB) with H2 gas with cryopumps off and pumping the NIB through the closed shutter using 
the torus pumps. The molecular conductance of the closed shutter is hence - 50 1/s for 
tritium. This corresponds to an aperture of - 90 pm. 

NEUTRAL INJECTOR TRITIUM LOAD CALCULATIONS 
From the measured performance of the fast shutter and 

the behaviour of gas recycling in JET discharges the 
tritium load on the cryopumps in JET D-T operation can be 
calculated. 

The sources of tritium being condensed on the 
cryopump will be; 

MO« U O M O 

CT» OOO* OMM Ι Ό . 0 1 TIA« ( t ) ( M í , , ) 

1) The gas feed of 1$ trit iumcontaminated deuterium 

through the injector neu t ra l i se r s (calculated at 3.5 S 

mg t r i t ium per pulse) . i 

2) Leakage of t r i t ium from the torus through the closed ρ

shut ter during the in terpulse periods. 

S 

3) Pumping of the neutral gas and recycling particles at i 

the edge of a JET discharge by the neutral injection 

duct during the pulse period when the fast shutter is 

open. 

4) For discharges which disrupt the pumping of the 

released neutral gas by the neutral injection duct 

whilst the fast shutter is closing. 

Sources (2) to (4) have been those whose minimisation 

has been addressed by the Fast Shutter design. 

With a torus base pressure of < 10"' mbar and the 

very low conductance of the closed shutter the quantity of 

tritium pumped into the NIB during the 10 minute 

interpulse period is a few μ gm and is negligible compared 

to other sources. 

The cold neutral gas pressure at the edge of JET dis

charges during neutral beams is of the order of 5 10~
6 

mbar during low current (1.0 MA) discharges and should be 

much less at the high currents to be used in the DT 

phase. During a 10 second injector pulse this would lead 

to an upper limit  0.27 mg of tritium on the cryopump per 

pulse from this source. 
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The measured recycling rate during JET beam heated (P.1DTS 10 MW) discharges at medium 

NDI ° 
plasma currents ( I = 3 MA) i s  1.2 1022 p a r t i c l e s sec" 1 at average dens i t i es (n ) of  4 

Ρ e 

1 0 " m"3. The recycl ing scales roughly l i nea r ly with density but drops as the plasma 

c u r r e n t . i s ra ised (which wi l l be the case for DT plasmas) thus we may take these f igures as 

typ ica l . About 15? of th i s recycl ing i s from the torus wall in l imi te r plasmas. Thus 

taking 200 m2 of vessel wall area and 0.5 m2 cross sect ion of the neutra l in ject ion duct 

gives  4.5 1 0 " pa r t i c l e s sec " ' streaming into the N.I . duct. Roughly 50$ of these wil l 

be t r i t ium giving (for a 10 second pulse)  0.2 mg on the cryopump from t h i s source. 

Disruptions 

The pressure r i s e in the JET vacuum vessel af ter a disrupt ion with NBI power i s shown 

for 2 JET pulses with NBI in Figure 9. The difference in the way t h i s pressure r i s e i s 

pumped away when the shut ter i s open and when i t i s closed i s displayed. (In the. f i r s t case 

the NIB cryopump's speed i s l imited only by the Injector duct conductance  4.9 10* 1/s"1 

for deuterium). 

To estimate the quanti ty of t r i t ium onto the cryopump from such a disrupt ion we 

assume: 

 torus pressure  3 10"3 mbar. 50$ t r i t i um. 

 closing shut ter conductance  f l a t for f i r s t  250 ms  3.5 10* 1/s"1 then 

exponentially dropping to zero at 450 ms. 

 JET vessel volume of 160 m3. 

This gives  0.6 mg of t r i t ium per disrupt ive pulse. 
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y 
TIMI· (s) 

FIG 9 

Torus pressure rise after disruption; 

showing effect of leaving shutter open 

Source 

1 . T r i i u i e d deuter ium (11) 

Ted into Beam Neutra l iser 

cell 

2 . In te rpu lse leakage from 

Torus th rough Fast 

Shut te r 

J . l a ) Cold neutra l gas 

pumped from edge 

al d ischarge d u r i n g 

shut te r open p e r i o d . 

(10 sees) , 

( b l Recycl ing part icles 

d reaming into 

injector duct d u r i n g 

shut te r open per iod . 

4. D isrupt ions 

■Ir·, yi.lru] ' ¡ ,n j i i i inf inl 

d u r i n g shut ter closing 

per iod . 

Quant i ty per pulse 

ι ". of 100 mbar 1 ■" ' for 10 sees * 

* 'ew ug 

Neutra l gas pressure % S io"^ mbar 

Ouct conductance ( T ) % » . Ι Ο
4
 1 

Recycl ing ■>. β.S I O " sec*
1
 into duct 

I » · us (Measure ■ ' '" ' mhit Ï 0 » Γ 

Duct conductance time prof i le as in 

f igure 9 . 

| 3 

5Q 

SO 

S m g 

Τ 

τ 
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[ 0.17 mg I 

0.2 mg 

0.6 mg 

TABLE 1 

ESTIMATED FREQUENCY OF CRÏ0PUMP REGENERATIONS 

In the DT phase there will be 2 injector boxes. Adding up the contributions (1) to 

(3) for 1 box we have (see Table 1)  4<mg tritium per pulse. In addition an estimate must 

be made of the frequency of disruptions. For the first 9 months of injector operation these 
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have been running at - 8$ of t o t a l shots and we take 10$ of our est imate. Thus the t o t a l 

t r i t ium per pulse becomes - 4.1 mg. For two boxes t h i s corresponds to 8.2 mg. 

The acceptable quanti ty of t r i t ium on the cryopumps i s l ike ly to be in the gm range 

which gives - 120 Injected pulses between cryopump regenerat ions . At around 6 pulses per 

hour t h i s gives 20 hours of operat ion. 
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OVERVIEW AND OPERATION OF THE CONTROL, SAFETY AND INTERLOCK 

ON THE JET NEUTRAL BEAM INJECTOR 

D S t o r k , T T C J o n e s , A B u r t , D Cooper, J F D a v i e s , D Τ Ewers, J G Krom, Ρ McCullen 

J Ρ Nijman, A S t ä b l e r ( , K D S t a r l e y ( 3 ) , D Young and I D Young. 

JET J o i n t U n d e r t a k i n g , Abingdon, Oxon 0X14 3EA. 

(1) Assigned t o JET under c o n t r a c t from TRASYS 

(3) Assigned t o JET under c o n t r a c t from CAP 

(1) 

(2) Euratom  IPP, Garching, FRG 

ABSTRACT The computerised control, safety and interlock system on the firs¿ JET Neutral 

Beam Injector is described. 

1. INTRODUCTION 

The first JET Neutral Injector [ï] is capable of delivering 10 MW of Deuterium beam 

(full energy 80 kV/atom) or 5.8 MW of Hydrogen beam (full energy 75 kV/atom) to the JET 

plasma. The injector (shown in figure 1) poses severe problems for safety of operation. 

These arise from: 

the longpulse (S 10 second) capability of the beams 

 the high power densities (10100 MW/m
2
 range) involved. The beamline components and the 

JET Tokamak need to be protected against operational errors and plasma or system fault 

conditions during the pulse. 

In addition to the stringent safety requirements, flexibility in the control is needed both 

asynchronously from the JET Tokamak and synchronously during injection experiments. 

PLAN VIEW OF JET NEUTRAL INJECTOR 
ELEVATION OF JET 

NEUTRAL INJECTOR 

Figure 1 : Plan and elevation of the Neutral Injection Beamline. 

2. OVERVIEW OF THE SYSTEM 

System control is split amongst 3 JET CODAS [2] subsystem NORD 100 computers. 

The dedicated 'AH' (Additional Heating) computer, with 2.0 Mbyte RAM plus cache memory and 

1 75 Mbyte hard disc, handles the control of the pulsed services to the beamline plus all 

beamline diagnostics. The pulsed services include the Neutral Beam power supplies (High 

Voltage and arc); the Deflection Magnet Supplies; Gae Introduction system; Fast Shutter 

and the Plasma Density Interlock. 
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Nonpulsed services for the beamline vacuum (turbo pumping, cryopumping etc) and the 

beamline water cooling are handled by two subsystem computers not dedicated solely to Neut

ral Beams. The basic interlocks for these systems are integrated by the AH computer however. 

A basic feature of the control is the Plant Status Image (PSI); a coreresident map of 

all the hardware status of the system which includes several pseudo (or software defined) 

points. 

3asic interlocks for the system are ensured by using a Programmable Logic Controller 

(PLC) based system, described below (AHCISS) and various fasteracting integrated hardware 

Interlocks, eg: the Plasma Density Interlock which is also described below. 

3. MODES OF OPERATION AND PULSE TYPES 

To achieve high security and flexibility we have defined for the AH beamline system 

MODES OF OPERATION (OPMODEs) and TYPES OF PULSE (PULSTYPs). 

A summary of how control depends on OPMODE and PULSTYP definition is shown in table 1. 

The Neutral Beam system has 3 distinct OPMODES. One is Asynchronous Mode (ASYNC) with the 

beamline operated asynchronously from the rest of the JET machine. The Neutral Injector 

Beamline (NIB) vacuum is isolated from JET and the beam stop calorimeter blocks the beam. 

Control in this mode comes entirely 

from the AH computer. The other two 

modes are synchronous with JET and 

control is from the Main Control (MC) 

computer with AH slaved. In these 

modes a test mode (SYNCTEST) and a 

fully operational mode (SYNCOP), the 

NIB vacuum is connected to JET. The 

SYNCOP mode is the one used for 

Neutral Beam experiments. SYNCTEST 

can involve injection into JET 

without an adequate plasma density and the pulses are kept short (S 0.5 seconds beam) by the 

hardware interlocks. The PULSTYPs available within an OPMODE can be very wideranging from 

simple 'GASONLY' puffing to full 8 beam operation. 

4. HIGH LEVEL CONTROL 

High level control i s achieved by a su i t e of Real Time (RT) programs comprising a 

TASKSCHEDULER; a prepulsecheck program (NIBLECH); countdown and supervisor programs and 

dedicated programs to control a pa r t i cu la r 'Local Unit ' of plant (eg: the Gas Handling 

System)  the socal led 'Level 2 ' prograns. The re la t ionsh ip between the RT programs 

cont ro l l ing phases of operation i s shown in f igure 2. 

4.1 TASKSCHEDULER 

TASK SCHEDULER assures firstline safety by taking the beamline operator systematically 

through the prepulse3etup and postpulse phases. 

The action sequence is defined by the ACTIONS TREE (figure 3), a fixed data structure 

loaded and read via NORD ISAM File Handling routines. The operator selects permitted 

options at SELECTION NODES and TASKSCHEDULER will subsequently activate slave RT program's; 

O^flnirvj — J 

OPUÜOÍ 

PULSTYP 

• CISS interlock Uxpc 

• M O ALAMMS presented on AH 

Setting screens «vetieeie te operator 

PreouiM checks IW prepwlse check prog. 

• T I L L O « »η« TAN ALARMS prevente« en AH 

• CAMAC aedukn K t » « In Date Acq. Sy · 

Olt* ter Options 

Beeic safety ef the sys lea Ifatl safe beckupi 

Operate* interface to high priority pieni faults 

Tienrj of puise : Power supply eetpeintil «la 

Gee systeet sotpolnt» : P I H I Mtectien ) input 

Coneattem under «Men beeesHne countdown 

tervjineteaV suspended. 

■ Operator Interface to ether oient faults. 

Data Acquisition executed durino, puise end 

stored in Subeysieai *uiee ' t i e . 

Date display available to AH operetor after putee. 

Table 1 : Control via OPMODE and PULSTYP 
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Scheduler ICountdown Program. 

I Local NI operator) (local NI operalOr-asvnc 
UCT opernror-syncl 

Local Supervisor 
Program 

Level 2 Conlrol 
GAPIPFM Pre-Pulse 

Check Programs 

Figure 3 : Part of the ACTIONS TREE. 

perform terminal or plant I/O; wri te 

to the d i sc- res ident ' t r e e ' represen

t a t i o n of the CAMAC (the GAP t r ee 

[2])·, send messages containing plant 

data to the Level 2 programs; evaluate 

pre-specif ied ar i thmet ic expressions 

involving database q u a n t i t i e s . The GAP 

t r ee information i s used by the General 

Acquisition Program to determine which 

data i s col lected af ter the pulse. 

4.2 PULSED PARAMETER SETTING 
4.2.1 Timing 

Figure 2 : Controlling RT program relationships. 

Pulsed control is achieved using a 
branch of the JET Central Timing System 
(CTS) a series of CAMAC timers (figure 
4). The basic 'building-block' is a 
QUADRANT of the NIB (2 vertically 
adjacent ion sources (PINIs) and 
neutralisers and the deflection magnet 
in front of them) and each quadrant is 
timed independently from the other 
quadrants with one chain of CAMAC 
timers for each quadrant. The firing 
of each chain is inhibited until the 
defined PULSEON period (see section on 
CISS). 

To avoid error and non-optimum 
operation, a 'familiar' set of dummy 
times such as BEAMPULSELENGTH, 
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Figure 4: 

Block diagram of the 

Pulsed Timing hardware . 
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FILAMENTWARMUPTIME etc are set by the operator 

and arithmetic expressions are used to rela these 

to the hardware register times. These 

expressions form a network, part of which is 

shown in figure 5. A subset of the 'ENDNODE' 

times determined by a PULSTYP definition are 

presented to the operator on other parameters 

from the database, rangechecks important times 

for error and loads times into the hardware. 
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Figure 5 : Timing network of r e l a t ionsh ips 4.2.2 Voltages_and_Gas_2arameters. 

The process i s e s sen t i a l l y s imilar to tha t 

employed for the timing. Mathematical re la t ionsh ips are es tabl ished between the 'raw' 

plant se t po in t s and meaningful input parameters. These re l a t ionsh ips come from database 

curves which have been es tabl ished in ASYNC experiments. An example i s the 'ARC model' for 

an Ion Source (PINI) which r e l a t e s the beam extracted current (IEXT) to the power supply Arc 

current s e t t i n g (IARC) viz 

IEXT  IARCPARMA + IARCPARMB*IARC 

where IARCPARMA and IARCPARMB are cons tants . 

The re la t ionsh ips form a network which i s shown for one quadrant in figure 6. A large 

351 



number of power supply setpoints are fixed by the 

operator setting only the beam voltage (V,) and 

b 

perveance (p) of the PINIs in the quadrant. After 

evaluation, the raw setpoins are packed into mes

sages and transmsitted to the level 2 software. 

4.3 PREPULSE CHECK PROGRAM 'NIBLECH 

NIBLECH confirms the correctness of beamline 

configuration and critical Power Supply 

setpoints. The checks which are done by NIBLECH 

are determined by OPMODE and PULSTYP information 

in the PSI. If a serious fault is detected 

NIBLECH aborts the countdown to the pulse and 

alerts the operator via an AlarmHandling 

software. NIBLECH performs several sophisticated 

plant checks including algorithmic validation of 

the on load Deflection magnet currents and checks 

on the Protection Plate Viewing system (see 

below). 

5. BASIC FAILSAFE BEAMLINE SAFETY 

MACHET 

ï )]  OPeUTOf. SCTTASLe »AA:AA«:Tces IN NCAAAAL ΟΡββΑ,ιΟΝ 

Figure 6 : Power Supply setpoints network 

Integrated hardware interlocks for the beamline are divided into 2 distinct areas 

(excluding purely Local interlocks). 

 CISS INTERLOCKS : which provide for basic safety of the beamline for faults of slow (i>125 

ms) timescale. A subsystem of the JET Central Interlock and Safety System (CISS) is used. 

 FAST INTEGRATED HARDWARE INTERLOCKS : replace CISS where a fast response is required. An 

example is the interlock against beam injection into JET with inadequate plasma density (see 

below). 

5.1 CISS 

The basic safety is ensured by a subsystem of the JET CISS one of whose Simatic S5110F 

PLC's [4], (AHCISS) is dedicated to the NIB. The important Local Unit status signals are 

wired to AHCISS and go/nogo outputs are wired from AHCISS to important items of Local 

plant. The PLC is selfchecking (dual processors running identical EPROMs) and 

continually tests all input signals. 

Outputs are of the maintained (24V) 

type. Local unit action (eg: supply 

of HV) is maintained whilst the 

voltage is present and is terminated 

on removal of the 24V. 

The AHCISS operat ional s t a t e s 

are defined in a s t a t e  t r a n s i t i o n 

diagram shown, with explanation, in 

figure 7. Transi t ions between s t a t e s 

are implemented using a statemachine Figure 7 : AHCISS Sta tes 

AHCISS S U I · · 

NORMAL usual SUI« between pulset. All the enabled 
subunits Art in sir« condition and ready tor pulsa to 
be initiatad. 

PULSEON entered via CTS trigger (which CISS ensures 
comes from the CORRECT SOURCE!. State in which the 
Ion Source sequence is activated. Timeouts initiated to 
prevent state being overlong. 

PULSEINHIBITED Slate entered from Normal if con
ditions exist which would not comply with a safe Pulse. 
AH thyristors of Power Supplies are blocked. 

EMERGENCY SHUTDOWN State entered from Pulse On if 
seriously abnormal condition is detected. Thyristors on 
Power Supplies blocked thereby removing the beams. 

FULL SHUTDOWN Lowest operational state with all P.S. 
Circuit Breakers open. Reached by command from JET 
CISS Supervisor. 
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res ident in the PLC. The PLC executes a 

complete memory cycle in 125 ms. 

The logic templates used by AHCISS to 

i n i t i a t e t r a n s i t i o n s between s t a t e s are 

OPMODE dependent, the OPMODE se lec t ion being 

transmitted by CODAS to CISS. An example of 

the logic template for INHIBIT PULSE 

request i s shown in figure 8. The s t a t u s of 

the CISS inputs i s avai lable to the operator 

via a s e r i a l l ink driven mimic. Plant 

conditions generating INHIBIT PULSE or 

EMERGENCY SHUTDOWN requests have p a r a l l e l 

s ignals sent to the PSI where they are used 

to generate urgent (RED) alarms on the 

opera to r ' s console. 

AHCISS also performs d i rec t in ter locks 

such as ensuring that the PulseOn t r a n s i t i o n 

comes from the correct source by gating the 

CTS branch; (f igure 4) inh ib i t ing the app l i 

cation of High Voltage except in a specia l 

CTSdefined 'BEAMON' period (figure 4) and 

ensuring that the selected neu t r a l i s e r gas 

valves are open during the BEAMON period so 

that properly neut ra l i sed beam i s ext rac ted . 

5.2 PLASMA DENSITY INTERLOCK/FAST BEAM 

INTERLOCK 
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CALQglMgTeg ZIÛÎ4T CATC OPEN 

LE

3>

The unattenuated 80 kV/ D° neutral beams ^ 

would put very high power densities(31 MW'm
2
 ) 

on the Tokamak inner wall and beams must 

therefore be switched off quickly (on a few 

millisecond timescale) if the plasma disap

pears. Also the position of the Fast Shutter 

[5] once fired can change significantly on a 

millisecond timescale. Its position must 

therefore be interlocked with the.beams. 

These interlocks are combined in a 

Plasma density Interlock/Fast Beam Interlock 

which features signals from the JET Plasma 

Fault Protection System (PFPS), Fast Shutter 

Control and the Protection Plate Viewing 

System (PPVS). 

The total system is shown schematically 

in figure 9. Failsafe integrity is main

CALOglMHTet! LEPT GATE OPEN 
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HS> 

Figure 8 : AHCISS Pulse Inhibit logic 

tained by exchange of 500 Hz  1 kHz pulse train signals. The pulse trains are sent by the 
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Fast Interlock to the Neutral Beam power supplies. Disappearance of the pulse trains leads 

to the switchoff of the neutral beam sustaining power supplies (H.V. and Arc). Once off, 

the beams are permanently disabled until the next shot. 

Schematic of the 

Plasma Density 

Interlock/Fast 

Beam Interlock 

CUkt>*05TC «PUT 

The pulse trains can be interrupted by the closure of one of several NORMALLY CLOSED 

(N.C.) relay contacts across the signal lines. The N.C. relays are kept open by PFPS 

signals; signals from the Fast Shutter control indicating 'Doors Open' and the PPVS 

detectorss indicating that the Tokamak protection tiles are not too hot. 

5.2.1 PFPS 

PFPS i s a microprocessorbased system which in te r roga tes s ignals from plasma 

diagnost ics measuring plasma current ( I ); current der iva t ive ( i ) ; plasma density (ñg) 

and hard Xray flux ( φ ο ν ο , ν ) . I t i s described in de t a i l in r e f e r e n c e ^ ] . PFPS is 

HXHAI 

preprogrammed before the pulse with the acceptable plasma current and density levels which 

will keep the beam 'shine through' 

power on the inner and outer walls 

below acceptable levels. These 

l eve ls are based on code runs 

simulating the beam 'power footprint' 

at the Torus and on measurements on 

the neut ra l Inject ion Test Bed [7] 

and during SYNCTEST noplasma beam 

pulses on JET [8 ] . Using rea l  t ime 

evaluation of the diagnost ic s ignals 

PFPS permits injector operation using 

the signals shown in table 2. 

Part of the Density Interlock 

must be overridden in order that injector operation can occur in ASYNC and SYNCTEST modes, 

Signal 

PFPSSOFT 
(SOFT STOP) 

PFPSNOISR 

PFPSOOKT 

PFPSDOKN 

Cenerà ted by 

(1) Ip > Ip.max 
(ii) πβ > η,,πνικ 
(UI) Low validation 

on density data ( t ) 

(il ip > ip.min 
ANO 

( ' ^ ♦ W R A Y ^ H X A W A X 

AND 
(iii) ip < lp, mt« 

(i) Ip > Ip.TAHMaN 
ANO 
(it) ñ„ > ñ.TANAUN 

(i) lp > tpwM>MA1N 
ANO 

(ii) n , > 7t%t09AJ·»* 

Output type 

Level change 
(NON FAILSAFE) 

Puis· train ρ resont 
whilst conditions 
satisfied. 
(FAILSAFE) 

Pulse train present 
»hilst consitiona 
laiisíiea. 
(FAILSAFE) 

Pulse trem present 
whilst conditions 
satisfied. 
(FAILSAFE) 

Action at ΝΘ Interioc 

Initiates preprogrammed switch off 
of PINI beams in pairs 

Provide) irnmodiate switch off of 
ALL beams 

(DISRUPTION SICNAL) 
Immediately close Fast Shutter (5) 

Provide immediate switch off of 
TANCENTIAL beams. 
('DENSITY NOT OK') 

Provide immediate switch off of 
NORMAL beams. 
('DENSITY NOT OK') 

Table 2 : PFPS signals 
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when no plasma is present in JET. This is done in a failsafe manner using AH-CISS which 

has the OPMODE template in its logic. 

5.2.2 PPVS DETECTION SYSTEM 

The PPVS detectors are an array of Ge-diodes viewing the Tokamak protect ion t i l e s [9] 

through a sapphire window and long length (- 50 m) of r a d i a t i o n - r e s i s t a n t low-loss s i l i c a 

f i b r e - o p t i c . The system i s shown schematically in f igure 10. The diodes are sens i t ive to 

Infra-Red rad ia t ion in the 0.8 - 2.0 urn range. 

The system has b u i l t - i n redundancy with two independent diodes viewing one area of 

t i l e . The system has self-checking f a c i l i t i e s ; l i g h t sources in the op t ica l head are 

act ivated by the NIBLECH prepulse check 

before each pulse to check -fibre and 

diode; t e s t ramps are also input into 

the e lec t ronics by NIBLECH to check 

e lec t ron ic d r i f t . 

Signal processing e lec t ron ics 

produce both t i l e temperature (T ) and 

temperature der iva t ive (dT / d t ) s ignals 

to provide the t r i p to remove the Beam 

Power-Supply pulse t r a i n s . To protect 

the t i l e supports Τ must be S 1200° C. 

The diodes ' e lec t ron ics are sens i t ive to 

s ignals è. 60 nA corresponding to Τ è, 

550° C giving a wide safe ty margin. 

This high s e n s i t i v i t y i s achieved by 

cooling the diodes and careful 

e l ec t ron ic c i r c u i t design. The PPVS 

response time i s < 10 ms. 

6. SWITCHING BEAMLINE ISOTOPES 

Beamline operating conditions are 

very different for D°beam and H° beam 

injection with different power 

densities; different source 

perveance/arc model relationships; 

different deflection magnet settings 

etc. 

In order to cope with this two 

different versions of NIBLECH are used. 

Each version being flagged with the 

isotope to which it relates. In 

Tokamak Outer Wall 

Tokamak 

Tangential' Bank 

Η — Η i'HOT SPOTS' 

(PREDICTED 

BY BEAM 

COOE) 

RECEPTION / G e 

OPTICS DIODE 
(LENS S FILTERS) I 

Figure 10 : PPVS schematic 
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addition the gas type in the supply reservoirs can only be changed over if the reservoirs 

are evacuated which is ensured by a keyswitch/pressure switch interlock complex. This 

ensures the contamination of the 'wrong' isotope in the gas feed to the sources is ii 0.4$. 

The selected gas is input to both the PSI and to CISS. Unless the gas flags for 

NIBLECH, the database and the PSI all agree, NIBLECH aborts the countdown sequence and no 

pulsing is possible. 

7. OPERATIONAL EXPERIENCE 

The control system has (by early August 1986) performed more than 4000 ASYNC onload 

pulses (with > 1700 with the full NIB system); 20 plus SYNCTEST pulses into the empty JET 

Tokamak and more than 450 SYNCOP injection pulses into JET plasmas. About 8J of the 

injection pulses have been terminated by a plasma disruption or soft stop whilst the beams 

were on. The beam interlock has performed correctly. It is possible for the whole beamline 

to be controlled routinely by just one operator. 

The failsafe backup has coped correctly with a handful of highdanger faults which have 

occurred. These have included spurious (noise generated) timer firings which have been 

caught by the BEAMON CISS logic; failure of the Calorimeter pneumatic control; one 

occasion when the Fast Shutter failed to open and one occasion when register corruption led 

to a wrong deflection magnet setting. 

In the one major accident which has occurred during pulsing, an unscheduled fas t time

scale (few seconds) cryopump regenerat ion led to a pressure excursion and high re ion i sa t ion 

power loadings in the duct. Although an AHCISS Emergency Shutdown was performed ( in < 125 

ms) melting occurred in the duct l i n e r s leading to water leak and extensive down time. As a 

r e s u l t the in ter locking with the cryogenic supplies has been t ightened up. 

The cycle time between ASYNC pulses i s  5 minutes with minimum in terpulse ana lys i s . 

Pulse data f i l e s produced are generally analysed o f f  l i ne overnight . 
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PERFORMANCE OF THE FIRST JET NEUTRAL BEAM INJECTOR 

Α Ρ Η Goede, C C h a l l i s , T T C Jones , A S t ä b l e r * , D Stork, E Thompson 

JET Joint Undertaking, Abingdon, Oxfordshire , 0X14 3EA, England 

» at tached from IPP Garching, WGermany 

ABSTRACT 

The operational performance and beam line physics aspects of the first Neutral Beam 

Injector installed on JET are reported. Injection of more than 8 MW of 80 keV deuterium 

beams for several seconds into the Tokamak has been successfully achieved. 

1. INTRODUCTION AND SUMMARY 

The first JET neutral injector which contains eight individual beam sources was brought 

into operation for injection experiments at the end of January 1986. This followed limited 

operational tests in the JET NI TestBed [ï]. During the first period of operation in 

excess of 1600 pulses have been obtained, over 450 of which were injected into the torus, 

virtually all of which have been at power levels > 1 MW and pulse lengths > 1 sec. 

Accordingly, the availability (= 80$; · 17 pulses/day) and reliability of the overall system 

has proved to be good. 

During the first period of operation the following power levels have been injected into 

the torus, 

 over 5 MW of neutral hydrogen beams at 65 keV energy and pulse lengths up to 7 sec, 

 over 8 MW of neutral deuterium beams at 80 keV energy and pulse lengths up to 7 sec 

both in co and counter direction. The latter Includes combined values of injected power 

and energy of 8.3 MW and 40 MJ respectively. 

As reported elsewhere [2,3], neutral beam injection on JET has been successful in 

producing large increases in the Ion temperature (in excess of 10 keV), significantly 

extending the density limit (» 6 χ 10"m"
3
) and sustaining beam driven currents (» 0.5 MA) 

for several seconds. 

Overall performance is essentially in agreement with the results obtained from single 

source operation in the JET TestBed. The only significant deviation from the design being 

the effect of the stray magnetic field from the tokamak which had not been simulated in the 

TestBed. This results in a sideways deflection of the beams which is corrected for by 

deliberately offsetting the beam alignment. It is found that a single setting of the 

alignment is adequate for the range of 0 to 3 MA plasma current but realignment is necessary 

for operation at higher currents. 

The total mechanical system has proved to be reliable, with only one mechanical failure 

occurring to date since the start of injection experiments. This fault concerns a leak in 

one of the protection panels lining the inner wall of the duct (thinwalled quilted nickel 

structure, water cooled), and developed as a result of excessive power loading from 

reionised beam particles, following a pressure excursion in the duct. No other components 
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(including plasma source filaments) have required repair, modification or replacement. 
The injector is capable of operation in two distinct modes. The ASYNC mode in which 

injector operation is entirely independent of the tokamak and the beams are intercepted by 
the beamline calorimeter, and the SYNC mode in which injector operation is fully synch
ronised to that of the tokamak and the beams are injected into the plasma. The complete 
eight beam system requires only a single operator and uses a sophisticated computerised 
system for the setting of parameters, monitoring and carrying out safety checks in addition 
to data acquisition and display [u]. During periods of SYNC operation no ASYNC 
"conditioning" shots are required between injection pulses into the tokamak (which has a 
pulse repetition rate of 1 per 15 mins at best). 

The behaviour of the beam line has been extensively monitored during injection using 
thermal and optical diagnostics. In this paper we present data on: 

the power loading of the beam line components, and these are compared with the design 
figures, 

the power injected into the Torus, evaluated with reference to theory and earlier Test-
Bed results, 

the effects of the Torus stray magnetic field on the beam trajectory and the reionised 
beam fractions in the duct. 

2. SYSTEM 
The JET Neutral Injector is 

shown schematically in figs. 1 and 2 
and has been described earlier in [5] 
Details of the complex power system 
are given in [δ]. Eight ion sources 
[PINI's], each rated at 80 kV, 60 A 
hydrogen and 41 A deuterium at 10 sec 
pulse length, are grouped in four 
pairs, the ion fraction of each pair 
being handled by one bending magnet. 
The transmitted neutral beams then 
pass the calorimeter back panels and 
a set of scrapers at the exit of the 
Neutral Injector Box. Subsequently, 
they pass the fast shutter, the 
rotary gate valve and enter the duct 
to the torus where further scrapers 
are positioned together with quilted 
liners protecting the duct walls 
against the impact of reionised beam 
particles. All these components are 
water cooled, allowing water flow 
calorimetry to be performed. 
Temperature rise and water flow rate 
are monitored continuously b> 

F i g . 1 PLAN VIEW OF JET NEUTRAL INJECTOR 

Neutral iniector Bo; 

Fig . 2 

ELEVATION OF JET 
NEUTRAL INJECTOR 

Full Energy 
Ion Dumo 

* Fractional Energy 
Ournos 
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thermocouples and turbine flow meters respectively; the wave forms are integrated and the 
power intercepted is displayed after each beam pulse. 

3- BEAMLINE PERFORMANCE 
Fig. 3 plots the beam power intercepted by the various beamline components downstream 

of the bending magnet against the toroidal plasma current I . Power loadings are expressed 
as a percentage of the extracted beam power IV where I is the extraction current and V the 
extraction voltage. The total power intercepted (fig.3b) ranges from 6.5 to 7.5$ IV for 
65 kV hydrogen to 7 to 8.5$ IV in 80 kV deuterium operation and is shown to increase with 
plasma current. The latter fact is consistent with a progressive misalignment of the beam 
as the strength of the stray magnetic field increases with I . In fig. 3a the power loading 
to the left-hand duct scraper vertical element (DX-L) is seen to increase with I , at the 

ρ 
expense of the right-hand scraper (DX-R), consistent with a beam shift to the left during 
co- inject ion where the poloidal s t r a y - f i e l d points downward. For counter- inject ion the 
opposite i s observed. Also, i t i s noted from the horizontal top and bottom duct scraper 
elements (DX-T & DX-B) that the beam moves s l i g h t l y upward with increased plasma current , 
indica t ing that other than ve r t i ca l s t r ay - f i e ld components also play a part in the beam 
s h i f t . A similar dependence on I is observed on the other beam l ine components; for 
instance the power to the calorimeter back panel facing the tangent ia l bank (CB-TB) 
increases with I , at the expense of the calorimeter back panel facing the normal bank 
(CB-NB), a lso indicat ing beam movement to the l e f t . 

CB-NB - Calorimeter Backpanel 
Normal Bank 

CB-TB - Calorimeter Backpanel 
Tangential Bank 

BX - Box Scraper 
FS - Fast Shutter 
r.-ftVV - Rotary High Vacuum Valve 
DX-R/L - Duct Scraper Right/Left 
DX-T/B - Duct Scraper Top/Bottom 
DL-BR = Duct Liner Bottom Right 
DL-TL - Duct Liner Top Left 

j e T o J s e e» 7126 
TOS 
712a 

-e>*>si ' * o Catoral 
_ · RMVV 

Flg. 3 Power intercepted by beamline components downstream of the bending magnet against 
toroidal plasma current I p as a percentage of IV ext rac ted . Co-injection 65 kV hydrogen. 

Accurate posi t ioning of the duct- and boxscrapers prevents the duct l i n e r s from di rec t 
beam in te rcep t ion . The measured power deposit ion from reionised pa r t i c l e s on the 
duc t - l ine r s i s predominantly to the bottom/right panel (DL-BR) in co- in jec t ion , whils t i t i s 
to the t op / l e f t panel (DL-TL) in counter - in jec t icn . This i s expected from the calculated 
reionised p a r t i c l e t r a j e c t o r i e s in the ve r t i ca l f ie ld of the Tokamak, which in the duct 
region points upward in co- in jec t ion . 

The measured power loadings are compared with theore t i ca l values in Table I . The power 
intercepted by the scrapers i s calculated employing the ZAP-code [7 ] , which models the beam 
as an array of Gaussian emit ters of specif ied divergence, focus and s t ee r ing . Beam 
aberation can be simulated in the code, but has not been included for the present 
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calculations. Two cases are considered, 65 kV hydrogen and 75 kV deuterium operation, both 

coinjection. The boxscrapers, which receive most of the intercepted beam power, have a 

calculated power loading of 1.8$ and 2.7$ IV respectively. Measured values are about a 

factor two higher. However, if one takes into account in the calculation a beam 

misalignment of 0.?4°, corresponding to a 2 cm beam shift at the calorimeter, then good 

agreement with the measurements is achieved (Table I, figures given in brackets). A 2 cm 

beam shift at the calorimeter is approximately equal to the measured beam shift for an I 

ρ 
4 MA discharge (see section 5). For the vertical duct scraper elements measured and 

calculated power loadings are also In agreement when assuming a 0.24° beam misalignment. 

The power from reionised particles to the ductliners follows from gas flow calcula

tions and particle trajectory calculations. The calculated pressure in the rotary valve and 

duct region is approximately 10"' mbar. Particles incident on the duct liner originate from 

the rotary valve region and display a focussing action of their trajectories near the duct 

liner leading to local power densities between 50  100 W/cm
2
. Total reionised power levels 

agree well with the calculation both for the thin neutraliser target used in deuterium 

(figures In brackets in Table I) as well as for the nominal target in hydrogen. 

Box Scraper 

Duct Scraper 

Duct Liner 

TABLE li MEASURED VS CALCULATED POWER LOADING 

ZAP-Code 0.7* di» 

ax 
DX 

DL 

', Heutral 

Perfect 

alignment 

5.8 

1.14 

(0.24° 

misalign.) 

(12.9) 

( 2.3) 

% IV 

eSkV H 2 

1.8 (4) 

0.3S (0.71) 

7S%kV D 

2.7 (β) 

0.S3 (1.08) 

reionised particle calculation 

(thin 

neutraliser 

target) 

(3.1) 

nominal 

neutraliser 

target 

4 1.3 (1.9) 

Measured 

% IV 

eSkV H 

3-4 

0.8-0.8 

7SkV D 

4.5-8.5 

0.55-1.01 

Measured 

1.1-1.3 1.1-1.9 

4. POWER TO THE TORUS 

The power injected into the torus is derived from the neutral power intercepted at the 

calorimeter in the ASYNC mode and, subsequently, by deducting from this figure the various 

beamline losses downstream of the calorimeter for each injection pulse in the SYNC mode. 

7o r 

Fig. 4a Neutral fraction at 

the calorimeter and the beam

line losses downstream the 

bending magnet, as percentage 

IV, plotted against beam 

energy per nucleón. 

Fig. 4b Power into the torus 

calculated from fig. 4a, 

compared with the Test Bed 

predictions. 

ρ [MW| 

X~"utral traction at 
calorimeter 

¿0 50 60 
Energy/ Nucleón 

70 (kevT 

TESTICD dala A hydrogen · oeufajTaarn 

JET 8EAMUNE data a hydrooen o deuienAm 

In Fig. 4a the neutral fraction measured at the calorimeter, and the beam line losses 

downstream of the calorimeter are plotted against energy per nucleón for hydrogen and deut

erium. The decrease in neutral fraction with energy per nucleón reflects the reduction in 
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neutralisation efficiency. The graph includes grid and beam line losses upstream of the 
calorimeter. Data for deuterium refer to a χ 0.7 thinner gas target as those for hydrogen, 
which explains the break in the two curves. The beamline losses decrease with energy, which 
fact is true also relatively to the incoming neutral beam fraction. Similarly, losses for 
deuterium beams are relatively smaller than those for hydrogen beams. Both facts illustrate 
that the beam particles becomes less affected by the stray magnetic field as their momentum 
increases. 

The power into the torus, fig. 4b, is calculated from data of fig. 4a and is compared 
with the Test Bed predictions. Broad agreement is obtained. The Test Bed prediction is 
generally a few percent higher which may be attributed to higher beamline losses due to the 
stray field. This agreement implies confirmation of the thin neutraliser target (leading to 
reduced neutraliser efficiency) as observed in the Test Bed [8]. 

An obvious limitation of the above method of determining the power into the Torus is 
that it relies on 100$ power accountability of the beam line which is not achieved. Test 
Bed results show the power accountability, however, to be in general better than 90$ and 
therefore the error introduced by beam line losses not accounted for will most likely be 
ί 10$. The accuracy of the calorimetry itself Is estimated to be ± 5$, which brings the 
total error bracket of power injected into the torus to (+ 5$, - 10$) IV extracted. 

5. BEAM SHIFT 
As described in sect ion 3 the neutra l beam moves to the l e f t in co- inject ion depending 

on the plasma cur rent . A quan t i t a t ive measurement of the beam sh i f t i s obtained from the 
beam prof i les measured at the calorimeter in synchronism with tokamak operat ion. The beam 
posit ion and width are derived from a Gaussian f i t to thermocouple measurements. As i s 
shown In f ig . 5a, for a 3 MA discharge the sh i f t i s » 1 cm, corresponding to an angular 
deflect ion of » 0.12°. This cons t i tu tes a s ign i f ican t f rac t ion of the duct acceptance angle 
(±0.7°) . At high s t r a y - f i e l d s the beam also broadens. Beam width increases of up to 20$ 
are observed (Fig 5b). 

Fig. 5a Horizontal beam 
sh i f t xQ measured at the 
calorimeter for each of the 
8 PINIs as a function of 
plasma discharge current I . 

Fig. 5b Increase in beam 
half-width ω_ with plasma 
discharge current I . 

Hydrogen 65keV co- in jec t ion . 
PINIs are numbered Pi to P8. 

The beam sh i f t is r e la ted to the current in the poloidal f ie ld coi l number 1 (plasma 
current driving c o i l ) , which was demonstrated by synchronising the beam pulse with the pre
magnetisation and break-down phase of the plasma (beam sweep by f ie ld r e v e r s a l ) . During the 
f la t top phase further beam movement i s caused by the poloidal f ie ld coi l number 4 ( v e r t i c a l 
f i e l d ) , as i s shown by the beam sh i f t above 4 MA where the current in the poloidal f ie ld 
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c o i l 1 a c t u a l l y remains the same. The n o n  l i n e a r i n c r e a s e in beam s h i f t for plasma c u r r e n t s 

above 4 MA ( F i g . 5a) i n d i c a t e s t h a t s a t u r a t i o n of t h e i r o n c i r c u i t t a k e s p l a c e . 

The magnitude and d i r e c t i o n of the beam s h i f t can be e x p l a i n e d by the measured s t r a y 

magnet ic f i e l d of the p o l o i d a l f i e l d c o i l s , i n s i d e t h e magnet ic s h i e l d i n g of t h e beam l i n e 

a t t he p o s i t i o n of the f i r s t s t a g e n e u t r a l i s e r , a c t i n g on the e x t r a c t e d ion beams be fo re 

n e u t r a l i s a t i o n . The measured beam d e f l e c t i o n ang le (averaged over 8 P I N I ' s ) i s α  0.128° 

for a 65 kV hydrogen beam and α  0 .120° for a 70 kV deu te r ium beam, both a t a plasma 

c u r r e n t 1 = 3 MA. The deuter ium case r e f e r s t o a t h i n n e u t r a l i s e r t a r g e t . T h e o r e t i c a l l y 

t h e problem has been t r e a t e d by Conrad [ 9 ] , s o l v i n g the ion and n e u t r a l k i n e t i c e q u a t i o n s 

for t h e t r a n s v e r s e v e l o c i t i e s of t h e n e u t r a l s e x i t i n g t h e n e u t r a l i s e r . Conrad g ives t h e 

mean angu la r d e f l e c t i o n as <a> » /m /m Β L <ω> / 79 .8 /E" (1) 

where Β i s t h e magne t i c f i e l d in Gauss and assumed to be uniform, E the beam energy in keV 

assumed t o be m o n o  e n e r g e t i c , L the n e u t r a l i s e r l e n g t h in cm, m the p ro ton mass and m the 

mass of the beam i o n s . The no rma l i sed t r a n s v e r s e v e l o c i t y <ω> i s a f u n c t i o n of t h e n e u t r a l 
en 

i s a t i o n f r a c t i o n s F and F and i s c a l c u l a t e d n u m e r i c a l l y for a l i n e a r l y d e c r e a s i n g 
0 0 

n e u t r a l i s e r t a r g e t ( F i g . 5, r e f 9 ) . S u b s t i t u t i n g measured va lues of F as d e r i v e d from the 

T e s t Bed n e u t r a l i s a t i o n measurements [8] a t an ave rage beam energy of 60 kV in both c a s e s , 

the magnet ic f i e l d s c o n s i s t e n t wi th t h e measured beam d e f l e c t i o n a r e c a l c u l a t e d to be 1.4G 

and 2.2G r e s p e c t i v e l y . Th i s i s in good agreement wi th t h e measured va lues of 1.7G to 3.5G. 

Th i s measured magnet ic f i e l d i s about a f a c t o r 10 l a r g e r than t h e o r i g i n a l l y computed 

va lue d u r i n g t h e des ign of t h e magnet ic s h i e l d i n g by 3DGFUN [ i o ] . The cause of t h i s d i s 

c repancy i s p robably due t o the assumpt ion of 1/16 t o r o i d a l symmetry in t h e c a l c u l a t i o n and 

i s p r e s e n t l y under i n v e s t i g a t i o n . F u t u r e improvements of t h e magnet ic s h i e l d i n g w i l l most 

l i k e l y i n c l u d e a c t i v e c u r r e n t compensa t ion , in p a r t i c u l a r wi th r e f e r e n c e t o t h e env i saged 

upgrade of t h e plasma c u r r e n t t o 7 MA, as h igh s a t u r a t i o n l e v e l s in t h e i r o n c i r c u i t of the 

Tokamak and i n j e c t o r s h i e l d i n g a l r e a d y e x i s t under p r e s e n t o p e r a t i o n c o n d i t i o n s . 
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CARBON PROTECTION TILES FOR JET 

Ρ Massmann. E Deksnis, Η D Falter, R S Hemsworth, R Shaw, A Stabler·" 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA 

* attached from IPP Garching, Vest Germany 

ABSTRACT 

In order to prevent dieige ind to reduce high Ζ o lane contiainition, ipproxiiitely 20 e
2
 of the inboard »ell of JET is 

currently covered vith graphite protection tiles. Experience ¡nd tests hive show thit these tiles an provide adequate 

protection under none! conditions of plasia operation ånd beai shine· through during Neutral Injection, For extended 

operation and for the cise thit the PIisn Fault Protection Systei fails during Heutril Ben Injection better protection tiles 

ire desinble. Considering high thernl loads together vith high eechinicil stresses, cirbon fibre re- inforced griphite tiles 

hive been tested for the first lite vith high poter partida beiãs in the Heutril Injection fest Sed, The tests reveil thit 

such tiles ire ible to protect the inboird vail against in umttenuited SO kV JET Heutril Oeuteriui Seia for sevenl seconds 

vilhout changes in the present support design, Cirbon fibre re- inforced griphite tiles »ill be instilled in JET in l$S7, 

INTRODUCIIOS 

JET was operated initially with Inconel walls and graphite limiters and significant 

damage was observed on some of the Inconel protection plates located on the inboard wall 

of the vacuum vessel. In order to reduce plasma contamination by high Ζ impurities an 

area of approximately 20 m
2
 of the inboard wall was covered with CL 5890 PT graphite 

tiles C 1, 2 I in 1984. Apart from protection during ohmic discharges of various 

scenarios, one of the most important needs for wall protection originates from the 

operation with Neutral Beam Injection <NBI). As far as NBI is concerned, tests in the 

Neutral Injection Test Bed [ 3 ] have shown that these tiles fulfil the 'basic 

requirements', i. e. to withstand shine through of an 80 kV Hydrogen beam 

(0.5 kV/cm
2
) for up to 5 s and and to resist an unattenuated beam (up to 2 kV/cm

2
) for 

shorter pulse lengths of about 0.3 s. The investigations have also shown that the tiles 

are likely to crack if the pulse length is increased beyond a certain limit. Although 

this limit is not clearly defined because of sample variations one may expect that the 

tiles subjected to power loadings above 1 kV/cm
2
 for longer than 2.5 s will be damaged. 

Normally the neutral beams are injected Into a plasma and should be switched off by the 

Plasma Fault Protection System (PFPS) as soon as a plasma fault occurs. Nevertheless it 

remains desirable to take precautions for the worst case, i.e. the PFPS fails and the 

inboard wall is exposed to an unattenuated neutral beam for the full pulse length of up 

to 10 s . The expected peak power density on the wall is then about 1.2 kV/cm
2
 for 00 kV 

H° and about 3.0 kV/cm
2
 for 80 kV D° under optimum beam operating conditions. It is well 

known (aviation, motor racing) that advanced carbon materials (carbon fibre composites) 

ars capable of withstanding both high thermal loads and high mechanical stresses. The 

purpose of the present test series was to find out whether tiles made from these 
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materials - preferably without changes in the present support design - can fulfil the 
requirements of protecting the inboard wall against an unattenuated beam. 

EXPERIMENT 
The test concentrated on two different makes of carbon fibre re- inforced tiles, one 
supplied by DUNLOP [ 4 ] with the fibres embedded in layers, the other by LE CARBONE 
LORRAINE C 5 ] exhibiting a random fibre structure. In the following the two samples are 
called DUNLOP CFC and CL AEROLOR, respectively. The material properties of the samples as 
far as available are summarised in Table 1. Also included are data obtained during tests 
with other carbon materials. CL 5890 PT (LE CARBONE LORRAINE) is the material currently 
installed in JET. UCAR CS (UNION CARBIDE) t 6 ], also non re- inforced but with high 
thermal conductivity, was tested as a matter of comparison. 
The experimental arrangement is shown schematically in Fig. 1. The carbon tiles were 
attached to an Inconel back plate usually by means of an Inconel rod assembly as it is 
used in JET (Fig. 2). The plate together with the attached tile was fixed to a probe rod 
allowing the sample to be positioned in the centre of the impinging beam. The area 
immediately above the sample was shielded by a piece a of UCAR CS graphite mounted on the 
probe rod in a stress free position. 
The tests were performed with a perveance matched full Hydrogen beam [ 7 ] from the JET 
(160 kV) triode PINI at 60 to 80 kV according to the desired impinging power density. The 
beam power density and position was determined by means of a retractable calorimeter 
array (Pendulum Probe) in front of the sample about 7.2 m away from the beam source. 
Temperatures were monitored with stainless steel sheathed Chromel- Alumel thermocouples. 
One thermocouple was located approximately at half the depth in the middle of the 20 mm 
thick tile. A second thermocouple was attached to one of the Inconel mounting bolts. 
During the test the tiles were observed with a TV- camera to check the alignment and 
detect possible damage. For long high- power shots the valves in front of the vacuum 
windows on the Test Bed were closed during the beam- on time and re- opened immediately 
after the shot. This was to prevent excessive carbonisation of the windows. For closer 
inspection or for sample change the tile could be pulled up into the inspection lock 
without breaking the main vacuum. 

MEASUREMENTS 
Neglecting alignment shots, a total of 9 shots at 1.5 kV/cm2 and 16 shots at 3.1 kV/cm2 

were fired at the DUNLOP CFC tile. The CL AEROLOR tile was exposed to 15 shots at 
1.5 kV/cm2 and 10 shots at 3.1 kV/cm2. The largest beam- on times realised with both 
samples are 8.5 s at 1.5 kV/cm2 and 4.5 s at 3.1 kV/cm2. Fig. 3 and 4 show these tiles 
after the test series. During the test procedure the beam- on time was increased shot by 
shot until a maximum was reached caused by an increasing number of beam breakdowns 
at'the end of the pulse. Since no breakdowns occurred with the tile outside the beam it 
is suspected that these problems are caused by increasing graphite contamination of the 
source. The temperatures measured for the two composite tiles are plotted in Figures 6, 
7. Inspection of the tiles after the test revealed no structural damage despite the 
considerable temperature gradients caused by the internal holes in the tiles. The 
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Table 1 SUMMARY OF RECENTLY TESTED TILES 

TILE 

(1) 

Inconel Rods 

CL 5890 PT UCAR CS DUNLOP CFC CL AEROLOR 

o»««ego«oooo««oo«ooo««»e«»«gaö«ö«»«oe««ö««««öö««ö»tt««««,i?«o 

Dimension 

( mm ) 

Veight 

before  after 

< S ) 

Erosion 

( mm ) 

Density 

( g/cm
3
 ) 

Conductivity 

( V/mK ) 

Tensile strength 

( MPa ) 

Expansion 

coefficient 

( IO^K
1
 ) 

Young's Modulus 

( GPa ) 

Figure of merit for 

shock resistance 

( 10
e
 W/m ) 

Supported power > 3 s 

( kV/cm
2
 ) 

yes 

20 χ 

140χ 

(2) 

150 

not 

measured 

not 
measured 

1.72 

72 

41 

5 . 3 

10.6 

0 .7 

< 1 

no 

25χ 
160x 

(3) 

150 

not' 

measured 

negligible 

1.73 

220 

20 

1.0 

15 

2.93 

2.8 

(4) 

yes 

20χ 
95 χ 

150 

484 

458 

2.2 

1.73 

> 35 parallel 

> 150 perpend, 

to beam axis 

> 70 

1013 parallel 

1.8 2.9 perp. 

to beam axis 

not available 

not available 

3.1 

(4) 

yes 

20> 
100> 

150 

512 

476 

1.4 

1.72 

150 300 

40  100 

10 

17  22 

0.27 1.76 

3.1 

(4) 

II) Values at rooi temperature (2) Rhoebus shaped (3) Exposed area U) No liaits tested 

gradients were clearly visible appearing, for seconds after the shot, as two bright 

vertical stripes above each bore on the TV screen. Note that the cracks in the CL 5890 

PT tiles occurred exactly along these bores. Veight loss caused by erosion was about 5 '/.. 

The eroded material apeared to be fairly evenly deposited on surfaces inside the vacuum 

vessel. Carbon coverage of the cryo condensation panels used for vacuum pumping led to a 

substantial increase in liquid He consumption. The temperature of the Inconel bolt was 

only monitored during the first test run at 1.5 kV/cm
2
 with the DUNLOP CFC tile, reaching 

a aaximum of about 1000 "C after the last 3.5 s shot, Despite this temperatura no 

deformation or discolouration was found of the Inconel rods or bolts. In all the cases 

the support assembly could easily be dismantled after the test and could have been 
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re- used. The Inconel back plates (Fig. 2), however, buckled after dismantling. The 
plates were actually held flat by the tiles during the test. 

DISCUSSION 
Although the tile temperatures before the pulse are not identical for the different 
pulses, Figs 6, 7 indicate the appropriate temperature rise to be expected for a given 
beam pulse length. Most of the starting temperatures in the test are similar to the 
temperature of the JET vacuum vessel. Comparison of the two figures shows that within the 
measured range there is little difference in the thermal behaviour of the two tiles. 
A quantitative theoretical verification of Figs. 5, 6 is not straight forward. This is 
mainly because of the limited accuracy of the temperature measurement and also because of 
the incomplete knowledge of the temperature dependent material properties. For the same 
reasons quantitative stress computations are not available. Further tests and analyses 
are being done. Some physical insight in the thermal behaviour can be obtained if we look 
at the temperature of the front and rear faces. Ve assume a slab geometry and apply a 1-
dimensional finite element computer code C 8 ] incorporating the temperature dependence 
of the material quantities as far as available. Δ temperature- time history of the CL 
5890 PT tile, for which the thermal quantities are best documented ί 2 ], is shown in 
Fig. 7. Thermophysical data, although at room temperature, is also available for CL 
AEROLOR (Table 1). Ve have scaled the temperature dependence of this data in a manner 
similar to that of CL 5890 PT. The time history of the CL AEROLOR surface temperatures is 
plotted in Fig. 8. Ve have not yet treated the DUNLOP CFC tile because the data is still 
incomplete. The measurements suggest however that the thermal behaviour is similar to CL 
AEROLOR. 

From Figs 7, 8 it follows that temperature equilibrium at the front surface is reached in 
the early stages of a pulse and also the maximum temperature gradient is surpassed long 
before the end of a 4.5 s pulse. The low rear temperature and the measurements of the 
bulk temperatures indicate that the maximum gradient is located close to the front 
surface. Note that the CL AEROLOR tile is not only stronger but also exhibits lower 
gradients because of the higher conductivity. Comparison of the measured bulk 
temperatures (Fig. 6) with the calculated rear temperatures (Fig. 8) indicates however 
that the conductivity is not as high as assumed in the calculation. The main heat loss 
mechanism in the beginning of a pulse is radiation. Sublimation dominates in the later 
stages. It follows from Figs 7, 8 that sublimation, i.e. the amount of eroded material, 
is considerably higher for CL 5890 PT also because of the lower conductivity. 
Although we have concentrated on localised wall protection against high power fluxes in 
the order of several seconds, it is of interest for future machines how (inertial) carbon 
tiles can be used for an integral protection of the inner vessel wall at moderate power 
levels and for very long pulses. In Fig. 9 we have plotted the calculated thermal 
behaviour of the two CL tiles for a 1000 s pulse at a surface heat flux of 100 V/cm2 

which is about twice the value expected for NET C 9 ]. In this case we have assumed that 
the heat is removed only through radiative tranfar to the watercooled wall at the rear of 
the tiles. Note that the front temperature of CL 5890 PT is substantially hotter for the 
major part of the pulse. 
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CONCLUSION 

It has been shown that two carbon fibre re- inforced composite materials, DUNLOP CFC and 

CL AEROLOR, are able to provide local protection against power fluxes of 3 kV/cm
2
 for at 

least 4.5 s without changes in the design of the present JET tile supports. The thermal 

behaviour indicates that adequate protection can in principle be obtained even for much 

longer pulses. The support temperature could be kept at a tolerable level with thicker 

tiles. The increased level of erosion seems acceptable in the case of an accident caused 

e.g. by unattenuated beams, re- ionised particles or high power plasma contact with the 

wall. 
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FIGURE ! 

Scheiatic of the test set up in the N.I. Test Bed, 

Clamp 

FIGURE 2 

Scheiatic vie» of the tile lounting asseibly, 

The tiles with the Inconel rods are bolted to 

an Inconel back plate. The «hole is attached 

to the torus «all by leans of a dove tail 

construction, 
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FISURE 3 
Photograph of a OUNLQP CFC graphite tile after being exposed 
to several shots at 3,1 kV/c»2 for up to 4,S s, There has been 
no daiage, Surface erosion is loderate, 

FIGURE 4 
Photograph of a CL AERGLOR graphite tile which also withstood 
3,1 kV/ci2 for 4,5 s, The erosion is comparable to the one of 
the DUNLOP CFC tile, 

r<*TT,„ 

I 3 1 KW/cm2 I 

| I-5 KW/cm*] 

FISURE S 

Body teiperature rise versus actual beai- on tiie for 
the DUNLOP CFC tile, The nuibers indicate the teipera-
tures at the beginning of each pulse in centigrades, 

FI6URE 6 
Body teiperature rise for the CL AEROLOR tile, The fi
gure indicates a trienal behaviour very siiilar to the 
DUNLOP CFC tile 
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FIGURE 7 
Variation of teiperature and heat trans
fer paraieters with tiie for the case of 
a tile of relatively low conductivity, 

FIGURE 8 
Therial behaviour with tiie for a aate-
rial with relatively high conductivity, 
The teiperature dependence of the late-
rial quantities is derived froi the la-
nufacturer's rooi teiperature data, 

FIGURE 9 
Therial behaviour for very long pulses. 
Note that for an integral protection the 
heat reioval occurs only at the rear of 
the tiles, 
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THE JET BELT LIMITER 

G. CELENTANO, E. DEKSNIS, R. SHAW, K. SONNENBERG, J. BOOTH* 
JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, UK 
* Culham Laboratories, Abingdon, Oxon,0X11 3DB, UK 

ABSTRACT 

A limiter with an effective area in contact with the plasma of about 16 m2 is presently 
being manufactured for installation in 1987. This belt limiter consists of two toroidal 
rings located above and below the equatorial plane of the vacuum vessel. Each of the two 
rings comprises á structure with water cooling pipes and fins welded to the pipes. The 
limiter material in contact with the plasma (graphite or beryllium) is Inserted between 
fins in the form of tiles. The belt limiter is designed to handle up to 40 MW of total 
power at flux densities of 3 ~ 5 MW/m2 for 10 s and to permit rapid exchange of different 
limiter materials. This paper describes the design and manufacture of the belt limiter 
and the results of thermomechanical analysis for different edge properties, power levels 
and shot repetition rates. 

1. INTRODUCTION 
Eight discrete carbon limiters are presently installed in JET with a total area of 

- 3 m2 in contact with the plasma [ï]. The maximum possible heating power into the plasma 
is about 11 MW for 6 seconds. In early 1987 when the additional heating will be increased, 
the total power deposited inside the vacuum vessel will reach approximately 10 MW for 10 
seconds [2]. This heat load will have to be taken by tiles placed between the fins of the 
toroidal belt limiter (fig 1 and 2). The tiles are inertially cooled during the pulse and 
radiation cooled during and between pulses. The heat load is dissipated by radiation to 
the fins that eventually are cooled down by demineralised water flowing in the pipes. The 
total tile area facing the plasma Is 17 m2 for graphite and 13 m2 for beryllium tiles. The 
radiant fin surface is about 51 m2 for graphite and 51* m2 for beryllium and the available 
overall water flow is 112 is"1. 

The belt limiter tiles must be capable of withstanding the full power injected into 
the vessel (i.e. radiation neglected). The tiles must not melt (beryllium) or sublimate 
(graphite) under normal operating conditions. A further functional requirement for the 
design is the possibility of a rapid change from graphite to beryllium tiles and of a fully 
remote handling replacement of either a segment of the limiter structure or of tiles. 
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Figure 1. JET belt limiter overall view. 

2. MECHANICAL DESIGN 
The overall arrangement of the belt limiter is shown in Fig. 1. The ICRF antennas are 

placed between the upper and lower limiter rings and they share the same cooling system. 
Each poloidal ring is made up of sixteen equal modules shaped to both poloidal and toroidal 
radius. They are electrically and mechanically connected to each other but thermally 
decoupled. 

Each module is basically a "radiator structure" made up of two water manifolds at 
either end joined together by four water cooling tubes on which nickel fins are welded at 
equal spaces. The tiles are placed between the fins with the edge towards the plasma. 

The belt limiter comprises 1716 tiles (858 for 
each ring) installed in pairs and supported by 
alternate fins (fig 2). In order to increase the 
radiative heat transfer the side faces of the 
fins and in the case of beryllium, also part of 
the side of the tiles, are blackened. Sixteen 
inlet and outlet water pipes enter the mechanical 
structure and the vacuum vessel through 90 mm 
diameter vertical ports. Inside the vacuum 
vessel each belt limiter segment of the lower 
ring is connected in series with the 
corresponding segment of the upper ring through 
the RF antennae or through a bypass pipe (fig. 3)· 

3?" 

Figure 2. Tile pair showing 
extent of blackening on fin 
and attachment. 

The different parts of the belt limiter have been thermally decoupled, wherever 
possible, so as to minimise transient thermal stresses during temperature excursions. The 
fins adjacent to the rigid, water .manifold boxes and the supports, have been partially cut in 
order to reduce bending stresses in the longitudinal water pipes and adjacent weldings. 
Each segment of the belt limiter structure is rigidly attached to the vacuum vessel wall at 
only one position, thus allowing for the other supports to slide tangentially (fig.4). 
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Figure 4. Supports for belt limiter structure. R
1
  main support to align the radial and 

tangential position of each segment. R
2
 and R

3
  idle supports that work only in case of a 

plasma disruption. R
2
 and R

3
 are electrically insulated from the vacuum vessel. 

The electromagnetic forces acting on the limiter result from eddy currents produced by 

either the poloidal flux change during plasma disruption or by eddy currents flowing in the 

loop formed by the vessel wall and the water pipes through the mechanical attachments or by 

conservation of poloidal flux trapped in the volume of the limiter tiles. Electrical 

straps and good electrical contacts have been provided to minimise any risk of arcs and of 
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spot welding of the bolts. Forces due to eddy currents have been conservatively calculated 

and can easily be resisted by the structure. Eddy currents circulating in the toroidal 

direction of the belt limiter due to a sudden plasma disappearance produce forces along the 

toroidal water pipes of about 40 ΟΟΟΝ/πΓ'. They are directed towards the centre of the 

vessel and will be taken by the main bolted supports. 

3. BELT LIMITER TILES 

Energy scrapeoff thicknesses in JET of about 15 mm have been found with the discrete 

limiters. For the belt limiter arrangement the connection lengths are expected to be 

similar. However, due to uncertainty in energy scrapeoff thickness, the JET belt limiter 

tiles have· been shaped to be capable of handling power for a range of scrapeoff 

thicknesses, i.e. between onehalf and double the nominal values. The limiter surface was 

shaped in such a way that for any scrapeoff thickness within a given range the ratio of 

peak to average flux is the same. The power deposition curves shown in figure 5 for 

A MW, 

200 

Figure 5. Flux deposition profiles for 40 MW onto 1716 beryllium tiles for different SOL.t. 

Zero position corresponds to tangency point of the plasma.. 
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Figure 6. Calculated cooling down times, i.e. surface temperature of tile returns to 300°C. 

1d is a closed form result; 2d is obtained using a finite difference code for heat 

transport in the tile. 
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beryllium are qualitatively the same for graphite (but lower by a factor of 0.765 due to 

the larger area of the graphite limiter) ,3]. The nominal scrapeoff thicknesses are 7.5 

and 15 mm for the tile segments facing towards and away from the equatorial plane. 

It is assumed that the surface of the belt limiter segments can be adjusted with 

respect to the magnetic axis to give uniform deposition of heat on all of the tiles. The 

surface of the tiles has been shaped to give an average flux density to the tiles of 

2,35 MW/m
2
 for graphite (3,05 MW/m

2
 for beryllium) and a peak flux density of 3,75 MW/m

2 

for graphite (4,85 MW/m
2
 for beryllium). Under these heat loads tiles which are initially 

at 300°C, will reach an average surface temperature of 800°C (beryllium) at the end of the 

discharge, and 1250°C (graphite). Immediately after a discharge the temperature of the 

tiles equilibrates (on a time scale of approximately 100 seconds) to 380°C (beryllium) and 

450°C (graphite). They then cool down by radiation within 25 minutes (see fig 6). 

The peak values of thermal stress are 

produced by the peak flux densities. Elastic, 

response is predicted for graphite (fig 7) 

whereas for beryllium plastic zones will 

develop. Tests have been done by Sandia 

National Laboratories [)] on samples. At 

flux densities approaching those for JET 

damage to the irradiated surface was observed 

after 2000 cycles. Relatively large numbers 

of surface cracks developed but did not grow 

to a depth of more than 3 mm. No gross 

mechanical failure of the beryllium tiles was 

observed after 10" cycles. Further tests are 

under way on tiles with dimensions close to 

those of the JET belt limiter. 

Z0 LO 60 

DEPTH (mm) 

Figure 7. Elastic response of LCL PT 5890 

graphite to 10 seconds irradiation at 

3.75MW/m
2
. 

The pulse repetition rate is determined by the time required for the tiles to cool to 

300°C. A series of analyses was carried out to determine the repetition rate for 10 second 
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Figure 8. Development of average surface temperature of the beryllium tiles subjectyed to 

pulses of 40 MW. Pulse repetition rate 25 mins. 
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discharges at various power levels, (figure 6). The average heat flux density was applied. 
to a 2-dimensional model of the tile and heat losses were due to thermal radiation from the 
Irradiated face to the vessel as well as from the (blackened) side face to the blackened 
nickel fins. A time history of the average surface temperature of beryllium tiles (figure 
8). The peak surface temperature reaches 1000°C, which is well below the melting point 
(1280°) of beryllium. For graphite the peak temperature is expected to reach 1250°C. 

4. MANUFACTURE 
The manufacturing contract of the belt limiter was placed in 1984. Materials were 

procured under tight specification. Nickel has been selected as the fin material because 
of its high thermal conductivity and its good mechanical properties at elevated temper
ature. It has been specified in the quarter hard state to ensure mechanical stability of 
the structure and easy assembly of the tiles. Holes and welding lips around the holes are 
stamped in the fins for welding to tubes (Inconel 600). During manufacture, each fin is 
precisely located' by a jig and the fin to tube welds are carried out by automatic orbital 
welding machines. Water manifolds at the extremities of each sector are machined out of 
forged Inconel bars which are ultrasonically tested. All Inconel pipes which have to be 
welded without filler material during final assembly inside the vessel to other components 
(e.g. antennae - water pipes) come from the same production batch in order to avoid 
metallurgical problems. This will facilitate as well maintenance by remote handling. A 
clean area workshop enclosing all facilites and fixtures required by the belt limiter 
production was set up and a prototype module was fabricated. It underwent a comprehensive 
dimensional control, cold leak test, water flow and pressure test, carried out before and 

^a3wTÈLTwSiSÏfrC&-.1:.·. 

Figure 9. Series limiter module under manufacture. The fins show the plasma coating to 
improve the emissivity. 
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after a thermal cycle from room temperature to 550°C. The prototype has been hot leak 

tested at later stage at JET site using a test vessel manufactured for the purpose. 

Corrosion tests were carried out on a sample of the actual materials as delivered an on 

welding samples. Corrosion problems have been looked at in detail also for the thinwalled 

bellows and as a consequence all bellows welds are performed from the inside. To maintain 

the required mechanical precision as a prerequisite for interchangebility of the module an 

extensive set of jigs and fixtures for manufacturing and dimensional checks were required. 

They were set up and tested.for the prototype fabrication. Fig. 9 shows a module under 

manufacture. 

The nickel fins have been blackened to increase the emissivity. A plasma spraying 

technique under vacuum to coat the nickel fins with a thin («» 15 urn) layer of A1203 + 13Ï 

TiO was developed. The emissivity measured for the coating is higher than 0.8. Bending 

test and thermal fatigue tests showed an excellent bonding strength of the coating. 

The production of the belt limiter segments together with water pipes and bypass 

pipes is expected to be finished in January 1987, in time to install the components into 

the JET machine during the shutdown in early 1987. 
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COMPUTER-TO-PROCESS INTERFACE IN 
JET's CONTROL AND DIAGNOSTIC SYSTEMS 

K FULLÄRD, SE DORLING & JE van MONTFOORT 
JET Joint Undertaking, Abingdon, Oxfordshire 0X14 3EA, England 

ABSTRACT 

The JET Control and Data Acquisition System, CODAS, uses some 40,000 electrical signals 
to control and monitor JET's various systems. This paper describes the electronic equipment 
and the data transmission techniques which are used to route these signals to and from the 
centrally-located computers. Special emphasis has been placed on the practical aspects of 
building and maintaining such a large system of approaching 8,000 modules. Quantities and 
costs of the various classes of modules and cables are given together with an outline of the 
quality assurance and organisational techniques adopted. 

1. INTRODUCTION 
CODAS, uses 21 Norsk Data mini-computers to control and monitor JET's systems and to 

provide semi-automatic preparation, execution and recording of JET pulses, using parameters 
set by the Operations team in the control room. This system as a whole has been described 
by F Bombi [1]. However, in this paper we explain how the 40,000 signals which are involved 
and which arise at various points in the extensive JET site are marshalled and transmitted. 
Detailed electronic techniques and circuits are not discussed, the emphasis being instead on 
practical matters such as cost (1986 prices), quantities and sizes. The aim of this 
approach is to help those planning and building similar sized systems because, as we found 
ourselves, estimating such quantities can be difficult for a newly assembled team. 

The scope of the paper is from the point where the signals leave a local unit to the 
computer. A local unit is typically a plasma diagnostic assembly provided by an 
experimental team or else a set of control equipment, usually provided under a single 
contract with an industrial company. One local unit, or occasionally a few such units, are 
served by a CODAS interface cubicle which contains Eurocard signal conditioning and CAMAC 
computer-controlled electronic modules. These marshal and digitize signals onto high-speed 
CAMAC-standard serial highways which convey the encoded signals to the computers. Each 
computer has one Serial Highway to which are connected the cubicles of one subsystem of JET, 
as listed in Table I. Various related systems are excluded from the paper for reasons of 
space, in particular the 55 bays of console equipment and the Central Interlock and Safety 
System ; 2]. 
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2. THE SERIAL HIGHWAYS 
These critical elements of CODAS use the CAMAC standard protocol so that it is possible 

to use standard crate controllers, but the Serial Highway Driver (SHD) and transmission 
techniques were specially developed for JET. The driver consists of two printed-circuit 
boards which fit within a Norsk Data subsystem computer. They are complex autonomous 
devices capable of various block-transfer modes. Interrupt messages are acknowledged 
automatically and stored and there are built-in diagnostic utilities. 

To guarantee reliable transmission of the 5MHz CAMAC messages in JET's electrically 
noisy environment, and to overcome ground-potential problems, transmission from the SHD to 
the individual CAMAC crates is by fibre optics. Conversion between electrical and optical 
standards is made in U-port adaptors. There is such an adaptor at each point where CAMAC is 
used and a further one close to the SHD. They are inter-connected to form a ring, using two 
fibres to form each link in the ring. This duplication allows continued, full operation, 
even if one link is damaged. The combined effect of the SHD and U-port adaptor designs is 
to allow the rapid transfer of the digital data between the computer's memory and any point 
on the JET site regardless of distance, ground potential or interference sources. 

Several of the fibres reach remote parts of the site in buried ducts but the majority 
is laid indoors, in steel trunking. This trunking forms part of the CODAS Service Route 
whose 2km long web reaches the whole JET site. The route is traversed by three parallel 
trunkings, one for the fibres, one for safety cables and one for other functions. The 
cross-section varies from 50 χ 50mm to 100 χ 150mm, though we have found the smaller size 
too restrictive. Installation of this extensive trunking has proved invaluable for urgent 
changes to the subsystems. 

3. INTERFACE CUBICLES 
To exploit the high capacity of the Serial Highways to the full, the local units' 

signal cables are kept short by placing the CAMAC crate in a cubicle as close as possible to 
the unit. Because the local units are manufactured by many firms throughout Europe, the 
interface between CODAS and the local unit had to be defined at the conventional level of 
terminal blocks. Each cubicle can therefore deal only with some 1,000 signals. The 
terminal blocks contain knife switches which have proved essential for commissioning work. 
In practice the cubicles are manufactured in the workshop, installed and then 
computer-commissioned, with the knife-switches open, before any attempt is made to 
commission with the local unit. Using this technique, it has proved possible always to have 
the CODAS connection available before the local unit required it. We have found that, in 
the majority of cases, a single CAMAC crate has enough capacity to service the needs of all 
the signals that can be terminated in a cubicle, the average density being 1.33 
crates/active cubicle. Some local units require a second termination cubicle. 

An important advantage of the fibre-optic computer connection is that the cubicle can 
be earthed at local unit potential and this freedom is retained by supplying each cubicle 
with its 240V power through a 2kVA isolation transformer. Occasionally, the local unit has 
an uninterruptible power supply available, but this is not a general practice in CODAS. 
Typical power consumption is 1.4kW/cubicle, with a maximum of 1.9kW. 
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4. CAMAC 
All the sophisticated electronic functions in the cubicles are performed by CAMAC 

modules. The cost of each station in a crate, when account is taken of the crate, its power 
supply, and crate controller suite, is about £200, which is included in the costs of Table 
II. This precludes the use of CAMAC for simple non-computer-controlled buffering functions, 
and makes multichannel modules attractive. 

4.1 Analogue-to-Digital Conversion 
The main CAMAC role is in analogue to digital conversion and Table II shows the typical 

costs of a channel, in broad classes of performance. An important point to note is the 
widespread use of transient recorders which consist of an ADC and digital memory recording 
the basic waveforms of JET. Although the modest 5 kHz sampling rate suits most purposes, 
channels can effectively be combined to give up to 40 kHz rate (using 8 channels). Higher 
sampling rates are used in smaller numbers of applications. Conversion resolution is 
generally 12-bit which has proved to be useful without being excessively expensive. The use 
of lesser resolution would have involved the complication of variable gain pre-amplifiers 
which have generally been avoided. 

4.2 Auxiliary Crate Controllers 
Local intelligence is provided by these programmable modules for those applications 

which cannot tolerate the inevitable delays of the busy subsystem computer. Seventy such 
controllers are installed, running some 21 different programmes. Major roles have been in 
waveform generation (by controlling a local DAC) and handling serial data-link protocols. 
The compactness of the TMS99000-based, single-width module has proved most economical, with 
some CAMAC crates having five controllers, each running its own task. 

4.3 Timing Modules 
The main role of these modules is to generate, during the JET Pulse, pre-set sequences 

of pulses to initiate activities and to trigger the sampling of ADCs. Resolution can be as 
low as one microsecond. The tree structure of timing signals is based on six pre-programmed 
reference pulses from which further vernier delays are made. The pulse pattern generator 
modules create complex sequences to cause ADC samples to be taken only where they are of 
most value. Because timing signals must be most secure and must travel between subsystems, 
fibre optic cables are used for intercubicle connections. 

4.4 Spread of CAMAC Types 
There are 80 types of CAMAC module now in use in CODAS, despite every effort to keep 

this number down. However, 80% of the modules are covered by 23 of the 52 preferred types, 
50% by 9 types. The cost of providing proper test procedures, spares back-up and working 
knowledge in the team for each type means that only the preferred types can have full 
support. The cost of CAMAC modules in the process interface is £1180 each, a weighted 
average over 1150 of our 3300 modules. 
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5. . SIGNAL CONDITIONING MODULES 
Virtually all CODAS signals pass through a signal conditioning module. This applies 

even to signals which apparently do not require conditioning, when we use a passive module 
to enable standard cabling techniques to be retained and to reserve space for active 
modules to be inserted at a later date. The modules are Eurocards of the 100 χ 220mm size 
which has proved a convenient, low-cost choice. 

All the designs are purpose-built for JET by commercial companies to JET's standards. 
Table II shows the usage of different classes of function. Signals arising from the Torus 
or other electrically noisy sources (which form a majority) are isolated to general 
standard of 1 kV ac. This must be maintained through cabling and connectors. This practice 
is part of a carefully designed and early-defined JET cable routing and earthing policy 
which minimizes both screen currents and linked magnetic fluxes from the JET machine. 

5.1 Line Surveyor/Driver (LSD) 
The largest group of signals are the slow digital ones, such as arise from 

electro-mechanical contacts or which drive relays. In CODAS we have installed modules with 
a capacity for 40,000 LSD signals, typically 300 signals per cubicle. Each requires 
isolation, filtering and cabling which would be too bulky for CAMAC. The LSD system was 
devised to meet this requirement. 

The system consists of either one or two Eurocard subracks, each containing up to 16 
simple input/output modules. Each module has 16 input or 16 output channels, giving a 
system capacity of 512 channels. The subracks have fixed wiring, in the form of a printed 
board backplane which carries a simple 8-bit data bus with strobes. A connector module 
occupies the 17th position in each subrack. It contains drivers for the 12V bus signals and 
an address decoder so that each I/O module can receive a single address line. The 
effectiveness of the system depends on the associated single-width CAMAC module. This 
contains a Z80, 8-bit microprocessor and a CAMAC-accessible memory. The microprocessor 
continuously transfers data between the input cards and the memory and from the memory to 
the output cards. In this way a single block-read and a block-write between the computer 
and the memory transfers all 512 input and output bits. A scan of the I/O medules occurs 
every 10ms. For most signals it is sufficient to make the block transfer every second or so 
but, for those signals requiring a more rapid response, the microprocessor will create a 
computer interrupt whenever the state of an individual bit changes. This facility may be 
enabled for each individual bit. There is a 'watchdog' scheme which checks proper 
functioning of both the CAMAC module and the sub-rack power supplies. The watchdog forces 
all output bits into a defined state should the LSD power fail, but leaves the outputs as 
they were on the last scan should the CAMAC module fail. There are 3 input types and 3 
output types of I/O module. These offer both relay contact and solid-state options. The 
use of an opto-isolator which has hysteresis and precise thresholds (HCPL-3700) has 
important advantages. 

The LSD system has proved to be most successful showing good reliability, ease of 
application and economy. Major contributions to this performance have been made by its use 
of a single 12V power supply, 12V signals, modest data rate (10us/bit) and heavily filtered, 
lkV-isolated plant connections. 
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5 .2 Analogue Signal Conditioning 
Again the Eurocard format is used to house a range of isolation amplifiers, 

integrators, filters and some special-function modules. Bandwidths are usually less than 
10kHz. It has proved possible to include 4 channels of amplification or 8 channels of the 
simpler filter circuits in one 100 χ 220mm card. Differential inputs and single-ended 
outputs are normally used, usually with a _*10V, 20mA range. 

6. QUALITY, ASSURANCE & RECORDS 
The equipment has been built to a good industrial standard, with a 0"C to 50°C 

environmental range. All the modules have been produced by commercial companies with a 
requirement to deliver tested equipment. For each new type, JET has carried out laboratory 
tests on a sample module to establish 'Type Approval'. Wherever possible a computer test 
program is devised. Production units are again tested on delivery or after repair using the 
'Acceptance Test'. Some testing work has been done successfully for JET by external 
organisations, but experience has shown that it is essential to have acceptance testing 
capability on site to prevent an accummulation of suspected modules which inevitable arise 
from our repair-by-interchange policy. About 40% of suspected modules prove to be sound. 

Details of all modules are stored in a 20Mbyte database accessed by 6 on-line 
terminals. The information stored deals with orders, deliveries, stock-levels, the required 
inventory of all existing or planned cubicles and the current status and location of some 
19,000 serial-numbered items. A history of each item is recorded together with its 
configuration and modification status. About 60% of our standard equipment types can be set 
into particular configurations, with an average of 2.9 configurations,for each of these 
types. Modifications are permanent changes which are fitted to all modules of a type. For 
the standard CAMAC types, an average of 1.8 modifications have been specified. The database 
has been extremely valuable in planning an efficient procurement and upgrading programme. 

7. CONCLUSIONS 
The amount of equipment required to control and monitor JET has proved to be large, but 

by adopting a very modular design and by exploiting multiplexing to the full, it has been 
possible to build a system which is maintainable and which does not involve an overwhelming 
amount of cable. The procurement of modules had three phases: the specification of a basic 
set of modules tailored to match our high-volume applications, the selection of commercial 
modules for a host of lesser applications, the specification of a large range of 
low-design-cost buffer modules to match the intricacies of the plant to our established 
standards. The selection of CAAMAC and Eurocard suited each of the phases well. 

Interference could have been a major problem but it has proved not to be so. We feel 
this is because of the various precautions taken at all points in the system: the use of 
signal isolators, mains isolation transformers, properly-earthed screened cables for 
analo'gue signals and the use of only 12, 15 and 24 V signals at interfaces, have all helped. 
The use of fibre optics has been particularly successful (see Table III). 

We would like to acknowledge the major contributions to this system which have been 
made by all the past and present members of the Electronics and Instrumentation Group. 
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Table I CODAS interface subsystems Table II Various costs & Capacities 

Code Subsystem CAMAC 
Crates 

AH Neutral Injection (Oct 8) 13 
DA 4 Diagnostics 9 
DB 3 Diagnostics 5 
DC 3 Diagnostics 8 
DD 4 Diagnostics 9 
DE 2 Diagnostics 7 
DF 4 Diagnostics 9 
DG 8 Diagnostics 14 
GS General Services 8 
PF Poloidal Field 13 
RB RF test bed 4 
RF Radio Frequency Heating 9 
RH Remote handling(part) 1 
SS Safety & Access 6 
TB NI test bed 10 
TF Toroidal Field 6 
VC Vacuum 10 
YC Neutral injection (Oct 4) 11 

Total for 18 subsystems 152 

Equipment Class 

Interface cubicles 
U-port adaptors 

ADC&DAC,(CAMAC) 
Relay multiplexed DVM 
Slow scanning 
5kHz transient recorder, Ik 
250kHz transient recorder, 4k 
lms DAC 

TIMING, (CAMAC) 
Timing pulse 
Pulse pattern generators 
Time measurement 
Optical signal buffers 

LSD 
Output modules 
Input modules 
CAMAC LSD Controllers 

ACC 
Auxiliary crate controllers 

ANALOGUE SIGNAL CONDITIONING 
Isolation amplifiers 
Other active devices 
Passive devices & filters 

Cost Installed 
£ per < 

:, Ik 
1er, 4k 

-s 

:hannel 

1400 

50 
70 
98 

1080 
3S 

280 
1050 
285 
94 

14.0 
14.1 
850 

Channels 

112 
112 

2650 
8050 
3360 
236 
868 

668 
150 
300 
408 

14900 
23900 
178 

1880 77 

98 
211 
6 

1030 
525 

4856 

References Table III use of fibre optic cables 
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Fibre type 
Wavelength 
Connectors 
Number of fibres 
Total length 
Total length 
Fibres 0 to 50m 
Fibres 51 to 300m 
Longest fibre 
Approx cost/m 

200 micrometre core PCS 
820nm 
SMA, Amphenol 905 compatible 
1340 
60km single-fibre cable 
4km quad-fibre cable 
60% 
40% 
300m 
£1 
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THE JET PULSE TERMINATION NETWORK 

j A How, M L Browne, S R Cooper, Β J Green, Ρ J Lomas, Ρ Noll, F C SchUller, C A Steed, 

M Tilley, H van der 3eken 

JET Joint Undertaking, Abingdon, Oxfordshire, 0X14 3EA, UK 

ABSTRACT 

Should potentiallydamaging conditions for JET arise during a pulse, then the pulse must 

be terminated in such a way as to protect JET equipment. This paper describes the present 

state of the JET pulse termination network which performs this function. 

I INTRODUCTION 

The JET Pulse Termination Network (henceforth designated as PTN) is designed to ensure 

the orderly termination of a JET pulse should an undesirable or dangerous condition arise. 

All subsystems within JET are designed to be selfprotecting with direct hardware 

connections between the fault detection device and the plant subsystems involved for fast 

(<125ms) actions. For slow actions a network of PLC's implements the Central Interlock and 

Safety System (CISS) [6]. The PTN is a complementary protection which provides a link 

between the various subsystems and the plasma condition, and can thus take global action 

across key JET subsystems involved in a JET pulse. A block diagram showing these links is 

given in fig 1. 

Central to the PTN is a hardwired logic network, which receives fault condition signals 

from various sources including the plasma and distributes permit and inhibit signals to the 

JET subsystems involved in a pulse. The main plasma parameters are monitored and compared 

with userset conditions in the Plasma Fault Protection System (PFPS) microprocessor [ï] 

which outputs signals to the logic matrix and directly to certain subsystems. All events 

occurring to and from the PTN are recorded by latched timers and data acquisition channels 

for postpulse analysis. 

Figure 2 shows the logic diagram for the PTN. In section II the outputs of the PTN, 

shown on the right hand side of fig 2, are described. Section III deals with the fault 

protocol, ie, how the faults are detected, and what action is taken for each fault condition. 

Three classes of fault are described; 

i) those requiring a modification of pulse parameters, 

ii) those requiring a controlled pulse termination, 

and iii) plasma disruption. 

The setup and postpulse display features of the PTN are described in section IV. Finally, 

future extensions envisaged for the JET PTN are discussed in section V. 

II PULSE TERMINATION NETWORK OUTPUTS 

II.1 Close All Gas Valves 

There are eight gas introduction valves on JET, for prefill, feedback and injection of 

puffs of various gases. The PTN provices a single signal that overrides all other inputs, 

and closes all the valves so that no further gas introduction is possible. 
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off all gas valves. Further, if PFPS sees that the density is above a user-defined limit 
(NEMAX), or that the density measurements are unreliable ("invalid density") then the 
additional heating systems are ramped off with a soft-RF-stop and a soft-NI-stop as well as 
closing the gas valves. 

111.2 Conditions Requiring a Soft Pulse Termination 
A controlled termination to the plasma pulse is achieved by removing the excitation 

signal to the ohmic heating flywheel generator (PF/FGC) whilst maintaining control of the 
position control amplifiers for a further 10 seconds, thus allowing a normal resistive plasma 
current decay (several seconds). The PTN also sends out soft-RF and- NI-stop signals (see 
II.2) and closes the gas valves. However, this sometimes results in a disruption because the 
plasma current is not high enough to support the density so we are also considering moving 
the plasma to the inner wall at the same time as the soft stop (see V.2). 

Several conditions lead to a soft pulse termination (soft-3top): 
i) If a difference of more than 500kA develops between the plasma current and the requested 
current then a soft-stop is initiated [5]. 
ii) If there is an emergency or full shutdown transition in the CISS 
[6] then a soft-stop is requested. 
iii) If the gas introduction system fails to inject enough gas for plasma breakdown then the 
central timing system is inhibited and a soft-stop is requested as an additional precaution, 
iv) Finally, the PFPS microprocessor [ï] compares various plasma signals and requests a 
soft-stop if an unhealthy plasma develops. The operator can set limits for 
maximum and minimum plasma current (IMAX and IMIN), maximum rate of change of current 
(IDOTMX) and hard X-ray flux level (RHXF). A data acquisition trigger is created by the PTN 
at the soft-stop time for fast data acquisition. 

111.3 Plasma Disruption 
The sudden loss of plasma current in a tokamak can cause considerable damage. The 

resistivity rise during a disruption increases the ohmic heating power to the plasma and 
this, coupled with the existing energy content of the plasma must be dissipated on the walls 
as direct heat, or as eddy currents. Intense beams of energetic runaway electrons are often 
created during a disruption, leading to possible local damage. The mechanical forces created 
by the rapid changes in the plasma and coil currents create severe mechanical stresses. 
Indeed rapid movement of the JET vacuum vessel during disruptions, of up to 5mm in less than 
100ms have been observed. Finally, the transient currents in the transformers, switching 
gear and in the national grid must be kept below certain limits. 

The methods by which we try to avoid disruptions are described in III.1 and III.2 above. 
Disruptions are usually detected by the dl/dt monitor in PFPS. In some cases they are 
detected by the sharp rise in the hard X-ray flux level, or by the difference between the 
actual and requested current. On detection of a disruption, a soft-stop is initiated and in 
addition the neutral beams are all immediately switched off (see II.5). The plasma control 
amplifiers are, however, left on for another 10 seconds to control the resistive decay of any 
plasma that may remain after the disruption. 
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11.2 Soft-NI-Stop and Soft-RF-Stop 
The JET additional heating systems (Neutral Injection and Radio Frequency) have 

elaborate internal self-protection systems [2,3] but the interface with the plasma state is 
provided by the PTN for both ramp-down (soft) and "immediate" (hard) switch-off. The two PTN 
outputs "soft-NI-stop" and "soft-RF-stop" trigger a controlled ramp-down of the additional 
heating power. The RF voltage waveforms are aborted, with a 1 second linear ramp-down, so 
the power decays quadratically. The eight neutral beam injectors are switched off in pairs, 
two every half second. 

11.3 De-excite PF/FGC and Abort Plasma Current Control 
Two methods of aborting the plasma current are used. Firstly the Poloidal Field 

Flywheel Generator can be de-excited directly simply by shorting the excitation amplifier to 
earth [-.]. Secondly the plasma current control waveforms (VØI feedforward, and GØIP feedback 
gain) can be set to zero. In both cases the plasma position control amplifiers remain 
energised for a further 10 seconds in order to allow the plasma to decay smoothly in a 
controlled manner (the plasma current resistive decay time is several seconds). 

11.4 Data Acquisition Triggers 
Two data acquisition triggers are provided by the PTN for fast data taking. One results 

from a disruption or a soft-stop while the other is produced only on a disruption. For most 
cases the "soft stop or disruption" trigger is used, such that the fault leading to either 
can be investigated. However, if a disruption occurs subsequent to a soft-stop the relevant 
data cannot be acquired a second time in this way, so that a "disruption" data acquisition 
trigger is sometimes useful. 

11.5 Hard-NI-Stop and Hard-RF-Stop 
These are signals to request an "immediate" switch-off of the additional heating. The 

hard-RF-stop has not yet been implemented since the reflected power in the RF lines has 
proved sufficient protection to trip the generators, and further, the present RF 
poses no immediate threat to the torus. However the hardware is installed and can be quickly 
implemented if necessary. 

The hard-NI-stop is more complicated. For normal neutral injection operation there are 
three "permit" pulse trains sent directly from the Plasma Fault Protection System 
microprocessor. The "No Disruption" signal basically says that the plasma exists and no 
disruptions have been detected. The two other signals are a "tangential beam permit" and a 
"normal beam permit", which are sent when certain conditions on plasma density and current 
are satisfied. Loss of these signals causes an immediate "hard-stop" of the relevant beams 
[2]. 

Ill FAULT PROTOCOL 

III.1 Faults not Requiring a Pulse Termination 
Some faults do not require a full termination of the plasma pulse, but only modification 

of the pulse parameters. For example, if the plasma density feedback detects an unreasonable 
error between the requested and the actual density, existing for too long, the PTN switches 
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IV THE PULSE TERMINATION NETWORK DISPLAYS AND PARAMETER SETTING 

IV.1 Parameter Setting 
Parameters for the detection of undesirable conditions are set in a number of ways. The 

pressure trip for the detection of the prefill gas, and the 0.5MA plasma current error 
detection are hard wired trip amplifiers, but enabled and disabled by computer-controlled 
timing windows from the central timing system. The plasma parameters are monitored via three 
microprocessor modules; the Plasma Density Validation system, the Plasma Density Feedback 
processor, and the Plasma Fault Protection System. Each of these modules has an associated 
mimic, and touch panel in the JET Machine Control Room for parameter setting and confirmation. 
Similarly alarm points are defined to indicate immediately if any of these systems fail. An 
example of typical PFPS parameters is shown in fig 4. 

IV.2 Post Pulse Display 
All of the outputs of the PTN are monitored with latched timers with alarm points 

defined for each action. Thus alarms are immediately displayed for the JET operation staff 
should an abnormal pulse termination occur. The only problem then is to determine which of 
the PTN inputs created the termination. Several displays are available on request to 
establish the sequence of events during a pulse. Figure 3 shows a display of the main JET 
timing values, and the various latched fault and event times. The first event causing a 
pulse soft termination is highlighted, and the reason for this fault clearly indicated. 

A further analysis is necessary for the Plasma Fault Protection System, and a display 
mimic and debug page is available for every pulse. Up to three consecutive faults and 
actions can be handled presently by PFPS [ï]. For example, the density could go above the 
maximum allowed density for that pulse, and so the gas valves would be closed and a 
soft-additional-heating-stop sent out. Then a soft-stop could occur from the plasma current 
greater- than IMAX, and finally a disruption could occur, detected by dl/dt or hard X-rays. 
Figure 4 shows an example of the PFPS analysis page, where invalid density occurred first, 
and subsequently a disruption. Similar pages are available for the density validation and 
the plasma current control microprocessors. 
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THE DEVELOPMENT OF THE JET POLOIDAL FIELD POWER SUPPLIES TO 
REACH THE NOMINAL FLUX SWING CAPABILITY 

P.L.MONDINO, T. BONICELLI, M. HUART, A. SANTAGIUSTINA 
JET Joint Undertaking 

Abingdon, Oxfordshire, 0X14 3EA, England 

ABSTRACT 
After a review of the results obtained and of the modifications performed, on the poloidal 
field system, during the first three years of operation, the paper describes the progress 
development, on the power supplies, to reach the nominal flux swing capability of JET. 

1 THE FIRST THREE YEARS OF OPERATION 
1.1 The design and the operation till 1985 

JET was designed to obtain breakdown with a loop voltage of about 140V and a rise of the 
plasma current to 4.8MA in 1s [ï], followed by several seconds flat top. The nominal flux 
swing capability was 34Wb. Fig.1 shows the cross section of JET where the various poloidal 
field coils can be identified. Fig.2 shows the connection of the poloidal field coils to the 
generator and to the Ohmic Heating Circuit [2] as foreseen in the design [1 ] and is used in 

1983-84. The experimental results up to 1985 
show that loop voltages of about 10V are 
sufficient to obtain breakdown with good 
reliability at low premagnetisation currents 
and that the rate of rise of the plasma 
current has to be limited to 1-2MA/S to avoid 
high MHD activity and possible disruptions in 
the early flat top phase. Routine operations 
were performed at 40kA of premagnetisation 
current, half the nominal value, losing in 
this way part of the flux swing available. 
The commutating resistors were set to the 
minimum value of 0.155.. A loop voltage of 
about 20V was obtained at breakdown with a 
plasma current derivative sufficiently low 
(1MA in the first 0.5s). 

The operation was also limited by the 
current capability of the Poloidal Field 

VACUUM VESSEL 

TOBOCAA. cots 

Fig.1 Cross Section of JET. 
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Generator (PFGC) at the end of the flat top phase. In fact the PFGC had to provide 80kA of 
magnetising current for P1, 10-15kA drained by the commutating resistors and a radial 
equilibrium current of about 4kA per MA of plasma current through the P4 coils. The 

generator limit OOOkA) was already reached 
in. a 3MA pulse [3 J. 

JP3SU 

JP4SU 

~JP3SL 

Γ*Ί 
? 

Fig.2. 

P4SL 

Poloidal field system configuration 
in 1983-1984. 

1.2 The new configuration from 1985 
The transformer primary coils (P1) were 

reconfigured, in early 1985, from parallel to 
series connection (Fig.3), increasing the 
transformer ratio to make better use of the 
available voltage capabilities and to reduce 
primary current requirement. Active control 
of the plasma elongation was implemented, by 

feeding the shaping coils P2S and P3S, independently, from the Poloidal Shaping Field 
Amplifier (PSFA). The vertical field coils P4 were disconnected from the transformer primary 
coils P1 and were supplied by the Poloidal Vertical Field Amplifier (PVFA) alone. 

In fact the necessary P4 single turn voltage to maintain the radial equilibrium of the 
plasma column during early fast rise phase, determined by Shafranov equilibrium equation and 
by circuit equations, is given by: 

P4 
nr 

- K. 
— η 

PI -hV PR (1) 
P4 "P1 

where h=1 and K=2.2 are geometry factors related also to the plasma size and position and 
The V is the plasma resistive voltage drop. 

r Κ 
turn number np. np^ of P1 and P4 coils were 

' η 
chosen during the design phase to obtain Κ ----1 

P1 
= 0.95 and ï ,  V ; the PVFA had to provide 

P 4 
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OH 
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only a small voltage adjustment. With series 

connection of the P1 coils the P1 number changed 

from 284 to 568 and the voltage needed by P4 

became half of the voltage provided by the OH 

circuit to P1. For better use of the PVFA low 

voltage capabilities (2.3kV at 25kA and 2.8kV at 

no load), P4 was disconnected from the OH 

Circuit and the P4 number of turns was reduced 

from 122 to 78. 

Other changes, planned in parallel with the 

reconfiguration of P1, were the increase in P1 

coil current (to 40kA per turn) and the setting 

of the commutating resistors R3 and R4 to a value of 0.34Ω, with the aim of maintaining about 

the same P1 singleturn voltage previously used (20V), but to use the complete flux swing 

available (34Wb). The experiments showed that breakdown cannot be sustained with low loop 

voltages and high P1 coil currents. Strong stray fields produced by P1 were the main reason 

for this failure [7]. These fields increase proportionally to the square of the P1 coil 

Fig.3. 

PVFA 

Poloidal field system configura

tion from March 1985. 
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current due to the saturation of the JET magnetic circuit. Sustained breakdown in JET 
3 -1 requires that E_ 0 RB_ 0 R/B γ > 10JVm where E T Q R is the electric field on the loop, Β Q R 

the toroidal field (S3.45T) and Β the vertical component of the stray field. 
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have been kept at a high value of 0.652. 2025kA premagnetisation has been used routinely 

with a flux variation of 26.5  28.5 Wb, 

respectively. The premagnetisation at 30kA 

has shown a narrow parameter range for 

breakdown and could be established only by 

means of an extremely well calibrated startup 

scenario. For the high level of stray fields 

and the lack of voltage on P4, any attempt at 

breakdown at 40kA has failed. 

Fig.4 shows the beginning of two typical 

pulses with different currents flowing in the 

transformer primary coils at the end of 

premagnetisation. With 20kA premagnetisation 

(see Fig.4a), 10.7kV was produced across P1 

(20V loop voltage), PVFA was preprogrammed to 

produce 2.5kV marginally reduced by feedback 

during the first 50ms at which time the plasma 

current was already detectable. During the 

following 200ms, the plasma current rose 

quickly (~3.5MA/s), requiring a voltage in the 
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range 2-2.5kV across P4 to maintain radial equilibrium. The radial position (vertical flux) 
error signal δψ„ (1V=0.22Wb) [4] reached a maximum, 150ms after current interruption, inside 
the acceptable range. With 30kA premagnetisation (see Fig.4b), l6kV was produced across P1 
(-30V loop voltage). PVFA was preprogrammed to produce full voltage (2.8kV) that was 
maintained by feedback for more than 300ms. More 'voltage would be necessary to maintain 
proper radial equilibrium: in fact the error signal δ ψ reaches a maximum six times higher 
than before. Nevertheless, the plasma current rises, reaching 1MA at 270ms and 1.4MA at 
420ms. 

With 30kA premagnetisation, the flux swing produced by P1 was 30Wb. This flux allowed 
the establishment in JET of the record performance of 5MA plasma current wi£h 4s flat-top 
(fig.5). 
2. OPERATION REQUIREMENTS [8] 

An analysis of the various physical processes that take place during plasma current rise 
is reported in [5], where several operational requirements are identified. These 
requirements are the guidelines for improvement of the electromagnetic system to optimise 
plasma formation, for increasing breakdown reliability, for decreasing flux variation losses 
and for avoiding disruptions. 
Stray fields at breakdown. The region with Bg /B < 10 should be a large part of the 
vessel volume, the null should be inside the vessel as soon as possible after interruption. 
Loop voltage. At breakdown, the loop voltage should be large with respect to stray fields 
(ET0R

 B
T 0 R/ B

S T R A Y > 103V m"1) and to the filling pressure (ET0R/P > 5 x 103V m"1mbar~1). 
During plasma build-up, the loop voltage should be large compared to its resistive component: 
the ohmic input should be sufficient to burn through the radiation barrier. Moreover, the 
plasma current should rise quickly (2-5MA/s) to avoid high flux loss. When this phase is 
completed, (I =300-500kA), the loop voltage should be reduced to maintain a plasma current 
derivative in the range 0.5-2.0MA/S. In this way, excessive MHD activity and disruptive 
behaviour during the early part of flat top can be avoided. 
Voltage across the vertical field coils. The voltage induced by P1 should be compensated; 
moreover, the appropriate current derivative in P4 must be sustained to match the plasma 
current rise, keeping a good plasma radial equilibrium already from the start of the 
discharge. 

3. PROGRESS DEVELOPMENT 
3.1 Stray field compensation 

To reduce the stray fields, two P1 subcoils will be added to the eight existing, 
increasing the number of turns of P1 from 568 to 710 [6]. This first step should allow a 
reduction of stray fields produced by 40kA premagnetisation to values smaller than with the 
present 20kA premagnetisation. A further stray field reduction could be obtained by the non
uniform distribution of the current in the various P1 coils. The necessary modifications, 
under study, are reported in [7]. 

3.2 Voltage Shaping across PI and P^ 
The Additional Switching Network and the Poloidal Vertical Field Boost Amplifier (PVFB) 

will allow shaping of the voltage across P1 and P4, as shown in Fig.6. The new poloidal 
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field system configuration is shown in Fig.7: 
the voltage shaping across PI will be 
performed, switching in sequentially the R8 
resistors. At Interruption, 24kV will be 
applied to P1 (-34V turn voltage) after 
20-100ms, the voltage will be reduced, 
stepwise, to an intermediate level around 
4-6kV (6-9V turn voltage) and after 50-500ms 
from interruption, the voltage will be reduced 
even further to about 2-4kV (3-6V turn 
voltage). 

4. ADDITIONAL SWITCHING NETWORK 
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voltage Vpl). 

The Additional Switching Network consists 

of six identical branches connected between 

the main OH circuit busbars in parallel to P1 

(see Fig.7). Each branch is set up with a 

Thyristor Make Switch, an Additional 

Commutating Resistor, a Limiting Inductor and 

a Current Detector, all connected in series. 

Each branch has a nominal resistance of 0.95. 

and their total parallel resistance is 0.155.. 

4.1 Thyristor Make Switch 

Instead of more traditional electromechanical make switches, thyristors were chosen on 

the following basis. Suitable electromechanical switches would not have been immediately 

available and would have any way required some development work on existing equipment, to 

cope with the expected prearcing 

current. A limiting inductor would 

have been required even for the 

electromechanical solution to limit 

the di/dt before the contact is 

made. Two electromechanical 

switches would have had a cost 

comparable with six static ones, 

whereas a higher number of 

branches allows more flexible 

operation. The technology 

developed for HVDC systems offers 

a suitable and wellestablished 

design, which is immediately 

applicable. The thyristor 

switches are expected to be almost 

maintenance free and the overall 

reliability of the static solution 

is expected to be higher. 
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Fig.7. New poloidal field system configuration. 
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The design finally chosen is based on the following main features: The largest 
thyristors presently available (wafer with 0=100mm, V___ «4200V, I_„ -3000A) are used 

DKM TAV 
without parallelling; the thyristors are water cooled on both sides. The voltage safety 
factor is 1.5, plus one redundant thyristor. Each thyristor make switch .is therefore built 
with 10 thyristors in series. A limiting inductor (1.25mH), air cored, is series connected 
to limit the di/dt at a conservative 20Α/μ3. As a first step, at least three branches will 
be switched in simultaneously to limit the thermal stresses on each thryistor. The reference 
nominal current waveform is shown in Fig.8a. Each thryistor make switch will be capable of 
withstanding the stresses due to the current waveform shown in Fig.8b, corresponding to the 
firing of only one switch (this is regarded as a fault condition). 

The energy necessary to fire each thyristor is directly taken from the main busbars 
through the RC snubber circuit, connected in parallel. The trigger signals, generated at 
earth potential, are sent, through optical fibres, to the high voltage thyristor stacks. 
Each thyristor is provided with a firing circuit, which converts the light signal into a 
current pulse. At the same time, an answer-back signal is generated and sent, through an 
optical fibre, to earth for monitoring purposes. A self-firing protection is implemented in 
the firing circuit. If for any reason the voltage across an individual thyristor exceeds 
4000V in forward direction, the thyristor itself is immediately fired as a protective action. 

4.2 Resistors 
Each resistor is internally arranged in twelve elementary banks of 1.2!.; with four 

parallel and three series connections, the nominal resistance 0.952 is obtained. The energy 
capability of each resistor is 135MJ every ten minutes (nominal JET duty cycle) but a 50J 
overload (200MJ) would not cause damage. The active material is stainless steel AISI 310 

-3 -1 which has low resistivity variation coefficient with temperature (-0.5 10 °C in the 
temperature range between 20° and 400°C) and allows high working temperature (above 800°C). 
Actually, in order to limit the resistance variation, the maximum average working temperature 
will be only 350°C. The resistors are forced air cooled with air to water heat exchangers. 

ti ·0 01 02 03 15 25 ' — 0 6/1 — 

Fig.8. Poloidal vertical field boost amplifier: reference design. 
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5. Poloidal Vertical Field Boost Amplifier 
A voltage capability of 12kV DC will be provided across the coil P4 connecting a boost 

amplifier PVFB in series with the existing PVFA (PVFA3-4)(Fig.7 ). The PVFB will be connected 
by cables in parallel with the existing blocking diode of PVFA, which will act as a freewheel 
diode. The PVFA and PVFB will be operated in sequential control. The controller will be 
built in the PVFB control system. The total voltage reference will be given by the Plasma 
Radial Position Control. For high voltage demand, the PVFA will work at full rectification 
and the control will be made by the PVFB voltage feedback loop. For low voltage demand, the 
PVFB will be driven to full inversion to force the current to freewheel in the by-pass diode 
(BD) and the control will be achieved by the PVFA voltage feedback loop. As the high voltage 
is only required for a short time, typically 0.5s, at the beginning of the pulse, this mode 
of control enables a limit to be Imposed on the current rating of PVFB and the reactive power 
consumption, at a reasonable level. The boost amplifier PVFB is specified for an output 
voltage of 9.2kV DC at 1 kA DC and 2kV DC at 6kA DC. The nominal pulse current rating is 6kA 
DC for 0.5s every 10 minutes. The PVFB will be composed of four identical units, each 
consisting of dry-type transformer for Indoor use with two secondary windings each connected 
to a single thyristor bridge (Fig.9). The primary of each dry-type transformer will be 
connected to each secondary winding of the PVFA 33kV/1.05kV transformers. All dry-type 
transformers will be identical, the phase shifting between series'connected units being 
achieved on the PVFA transformer. The transformer ratio is close to 1:1. The thyristor 
bridge of PVFB units includes only one naturally air-cooled thyristor per arm. In view of 
the high impedance of the system (short circuit current required -9kA DC) and the surge 
rating of the thyristors proposed (22~35kA), the design foresees no fuses. The protection 
against thyristor failure .will be by detection of reverse current and tripping of PVFA 33kV 
circuit breakers. Various fault conditions have been considered. One of them includes a 
failure in the control system of PVFB, giving full rectification when the PVFA current of 
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Fig .9 . Poloidal v e r t i c a l f i e ld boost ampl i f ie r : reference design. 
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35kA DC freewheels in the by-pass diode BD (during plasma current flat top). The PVFA will 
in fact be in short circuit and will have to withstand its short circuit current until the 
PVFA circuit breaker trips (assuming that the protection by inversion of PVFB does not work). 
As an additional precaution, it has been specified that the PVFB should include a control 
inhibit, disabling the firing pulses once the PVFA current exceeds a preset level. In the 
new configuration, the coil P4 will be fed with new independent busbars, galvanically 
decoupled from the Ohmic Heating Circuit. The vertical field circuit will be grounded by 
means of a high impedance resistor. 

6. CONCLUSIONS 
The components of the additional switching network are being manufactured and will be 

installed during the late 1986 shutdown. Integrated tests with*the existing poloidal field 
system will be performed in Spring 1987. The Boost Amplifier will be ordered during late 
1986 and should be operational early in 1988. When this equipment is operational, it should 
be possible to break-down, at 40kA premagnetisation, using the nominal flux swing available 
(34Wb). The large flexibility .in voltage and timing should allow minimisation of flux losses 
during breakdown and plasma current rise. 
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THE JET NEUTRAL INJECTION l60kV TRANSMISSION LINES, THE ASSOCIATED 

SNUBBERS AND THE SF6 TOWER FOR THE TERMINATION OF THE TRANSMISSION LINES 

HOUSING OF THE SNUBBERS AND VOLTAGE BREAKS 
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1 . ABSTRACT 

The JET neutral injection system consists of 16 injectors for operation on the torus 

plus 2 injectors in the Testbed. The 16 injectors are divided into two groups of 8. One 

feature of JET is that it is designed for active operation with Tritium. As a consequence, 

no components requiring regular maintenance can be installed in the active zone. Therefore, 

the neutral injector power supplies are installed in an adjacent building. A special cable 

(called transmission line) was constructed to connect the power supplies to the neutral 

injectors (see Fig 1). Due to the length of these transmission lines, snubbers are 

necessary to limit the short circuit energy and the maximum current in the injector in case 

of breakdown. A special vessel (called the SF6 Tower) was constructed to house the 

snubbers, the high voltage breaks in the cooling water circuits, etc. 

2. INTRODUCTION 

The design, construction and testing of the power supplies for the neutral injectors 

have been described in more detail [ï], [2], [3], [4]. The early tests of the l60kV power 

supply system are described in [5J. This paper describes the other components of the system 

(eg. the transmission line, the snubbers and the SF6 tower). Firstly, the main design 

constraints will be presented and then the construction and test procedure will oe 

described. 

3. DESIGN CONSTRAINTS 

JET has been designed to operate in Tritium. Therefore, all components requiring 

regular maintenance cannot be installed inside the Torus Hall and to a lesser extent inside 

the Basement. In addition, all components installed in the Torus Hall must be remote 

handleable to a greater or lesser extent. For the components described in this paper, the 

connections to the neutral injectors only require remote handling. If a failure occurs 

inside the SF6 tower, the complete SF6 tower must be removed and placed in the Hot Cell for 

repair. 

The relevant power supply data which are important for the definition and the design of 

the other components are: 
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 The accelerating grid (grid 1) and the ion source are at high voltage potential; as a 

consequence, all auxiliary power supplies and auxiliaries for the ion source, such as 

cooling pipes, require the same isolation level as grid 1. 

 The main grid 1 data are: 

• positive against grid 4 (earth potential) 

• 80kV/60 A in hydrogen, l60kV/30 A in deuterium 

• maximum shortcircuit current, 300A 

• maximum shortcircuit energy in grid 1, 5 joule. 

 arc power supply: 

• 200V, 1350A. 

 filament power supply: 

• to reduce the cable size, the filament is supplied with AC at 1 kV and a stepdown 

transformer (1kV/24V) can be installed at the ion source. 

• 1kV, 52A. 

Electrically, the torus is connected to earth at one point only in order to avoid earth 

loops. All equipment connected to the torus must therefore either have a voltage break or 

must be isolated from earth to 10 kV. 
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Fig. 1 : Overall schematic of the PINI and associated injector power 

4. FUNCTIONS AND MAIN DESIGN DATA 

4.1 SF6 Tower 

The SF6 Tower is installed in the Torus Hall. Because of space restrictions in the 

Torus Hall, all equipment installed there must have the minimum size possible. 
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As with all elements installed inside the Torus Hall all components must be able to 
withstand a minimum level of 10* rad. 

At the bottom of the SF6 tower, the transmission lines are connected, while at its 
output, HV bushings are provided for the connection of the different circuits to the neutral 
injector. The injector side of this bushing requires remote handling as it is supposed that 
the removing and reinstallation of an ion source will be done on a routine basis during 
operation. 

The components inside the SF6 tower are passive components only. They must be isolated 
for l60kV operation between each other and against the SF6 tower walls. 

4.2 Transmission Line 

The transmission line connects the power supply to the SF6 tower. Its maximum operat
ing voltage is: +l60kV DC and the rated current in the grid 1 connection is 60A. 

To reduce the stored capacitive energy, and as a consequence to keep the size of the 
snubbers as small as possible the capacitance of the line must be as small as possible. 

Due to the complicated installation route the line must be flexible enough (bending 
radius minimum 3m) but on the other hand must be rigid enough in order to be filled with SF6 
under pressure to provide the required isolation. 

4.3 Snubbers 

The main function of the snubber is to limit the short circuit current to 300A and the 
short circuit energy to a maximum of 5J if a breakdown occurs inside the neutral injector. 
The total capacitance of the system is such that a maximum of 100J must be dissipated by 
each snubber. 

5. DESIGN, CONSTRUCTION AND TESTS 

5.1 Transmission Line: 
corrugated «heath 

spacer 

Fig 2: Transmission Line - cross section 
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As the auxiliary power supplies for the neutral injectors are referenced to the grid 1 

voltage level, it is obvious that instead of constructing different cables isolated for 

l60kV, it is more economical and, in addition, provides the lowest capacitance, if all the 

cables are bundled together and then isolated against earth. A conventional cable with a PE 

type of isolation material would have such a high capacitance that the stored energy would 

be so high that exceptionally large snubbers would be required. A far lower capacitance is 

reached with a coaxial type of cable with SF6 as the isolation medium. 

The inner conductors of the line (for the filament, arc snubber power supply) are 

conventional cables with 5kV isolation for the conductors, the grid 2 conductor is isolated 

for 30kV against the others. Around these cables is the corrugated copper conductor for 

grid J. This conductor is the inner conductor of the coaxial cable. 

The outer conductor is a corrugated AIMn conductor. The corrugation of both the inner 

and the outer conductor provides the required flexibility of the transmission line. 

Spacers installed every 

50cm keep the inner conductor in 

the centre. 

The SF6 gas inside the 

transmission line is at a 

pressure of 2.3 bar gauge. 

Several type tests were 

performed at a section of 1m 

length, they are: 

impulse test at 325kV 

1.s/sous. 

at repetitive testing at 

different voltage levels 

with pulses of 1 min the 

first breakdown occurred at 

340kV with a pressure of 

2 bar gauge. 

The site acceptance tests 

performed were: 

a pressure test at 4 bar 

gauge 

 + 200kV DC for 15 mins 

 + 260kV DC for 1 min. 

The measured values after 

the construction are: 

 characteristic impedance 6752. 

capacitance beween inner and outer conductor < 50pF 

inductance of the arc cables Ο.064μΗ/πι 

 with 26W/m heating power of the inner conductor its temperature increased by 20°K after 

I8h 

 SF6 gas losses < 0.25î/day. 

Photo 1 : Part of the installation route in the basement 
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5.2 Snubber 

To minimise size, an 
active snubber was chosen. 
The snubber is biased by an 
independent source of 60V 
150A. At the output of the 
snubber bias power supply, an 
inductance is inserted in the 
circuit. It is installed 
around the magnetic core of the 
snubber. Its function is to 
prevent, in case of breakdown 
in the injector, any short-
circuit energy from being 
dissipated in the small snubber 
bias power supply. 

The snubber is construc
ted of Si.Fe tape of 2.5cm 
wide and 50μπι thick. This tape 
is wound like a clockspring 
with an inner diameter of 
100mm and an outer diameter of 
340mm. Two of these springs 
are placed inside a single 
polyethylene container which 
provides the required electrical isolation. 48 of these containers are stacked on top of 
each other and form the snubber. The energy is dissipated in the form of eddy currents. 

Each of these wound coils was factory tested with a capacitor of 0.6 uF charged to 
2kV. This capacitor was discharged over an inductance of 69 μΗ and a wire through the 
centre of the coil. In addition, the coil was biased with a current of 40A. The discharge 
current was monitored and if the maximum was more than 400A the coil was rejected. 

After assembly one snubber was fully tested by discharging a capacitor of 10nF through 
its centre. The measured maximum current was 270A. In addition the voltage distribution 
along the stack was measured and found to be linear. 

5.3 SF6 Tower 

The SF6 tower is electrically connected to the JET machine, and therefore, it must be 
isolated from local earth. As a consequence it is installed on Isolation pads. 

The SF6 tower was constructed in three different parts: 
to the bottom part, which is 2.2m high, the transmission lines are terminated. It 
also serves the purpose of re-routing the inner conductors when the position of the 
injector box is changed from co- to counter injection. 

Photo 2: A snubber during its final tests 
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- The middle part is the main part. It is 7.8m high and has a diameter of 2.15m. In 
this part the snubbers are installed as well as the high voltage breaks in the cooling 
water circuits, the hydrogen or deuterium lines for the ion source and the pneumatic 
actuators for the valves, 
adjacent snubber and to 
the SF6 tower wall for 
mechanical support. The 
hoses hang down from the 
upper manifold, at the 
bottom they are guided in 
vertical rails which allow 
for movement. At the 
output of this section the 
high voltage bushings are 
mounted. They provide the 
i n t e r f a c e for the 
connections to the neutral 
injector. 

- the top lid (diam. 2.15m, 
height 1.6m). 

The tests performed were: 
- all electrical components 

were tested to 200kV DC 
for 15 min and to 260kV 
DC for 1 min in SF6 
pressure of 1.7 bar gauge 
the total vessel was 
pressure tested at 4 bar 
gauge for 1.2 hour 
the isolation hoses are 
factory tested at 50 bar 
and site tested at 10 bar 
gauge. 

Each snubber is mounted on a pedestal and connected to the 

Photo 3: View inside the SF6 Tower: 
at the bottom, the snubbers; at 
the left, the connection to the 
output bushings; and hanging 
from the top manifold, the DC 
breaks surrounded by a stack 
of corona rings to shape the 
electrical field 

CONCLUSIONS 

The first neutral injection box has been in operation since early 1986, both in hydrogen and 
deuterium at 80kV. The power supplies will be converted for 1b0kV operation during 1987. 
No changes are required to the components described in this paper as the design, 
construction and all the tests performed during the commissioning were planned for l60kV 
operation. All tests on the second neutral injection box are completed. Operation is due 
to start in October 1986. 
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l 

ABSTRACT 

The paper describes the design concept, the commissioning and the early operation of 
the power supply and protection system for the extraction grid of the JET neutral 
injectors, to produce deuterium beams at l60kV. While the design concept was proposed in 
1977, the detailed design was performed in 1982, commissioning took place in 1985 and 
operation, in a Testbed, started in 1986. 

1 . INTRODUCTION 
20-3 Powerful neutral beams, able to penetrate dense plasma (-10 m ), and to deposit 

the energy in the central region cf large machines, require a high voltage applied to the 
extraction grid of the accelerating structure of the injector. Hydrogen beams are used 
in Doublet III, JT60 and JET at 80kV. Deuterium beams are used in JET at 80kV, in TFTR 
at 120kV, and are planned for JET at l60kV during 1988. 

Breakdown in the accelerating structure is part of the normal operation of the 
injectors. Therefore, fast protection systems are necessary, to turn-off the supply 
quickly (-10us) and to reapply it shortly afterwards (-10ms), many times (-100) in a 
pulse. Tetrodes have been extensively used to perform this duty. Direct series 
connection of up to three tetrodes has been proposed [1J: it implies passive circuits, 
with resistors, capacitors and non-linear elements, carefully tuned to divide the 
voltage evenly, especially during the frequent turn-on and turn-off transients. To avoid 
these problems, a programme was set up in the USA with two leading tube manufacturers, to 
develop a tetrode [2] for the protection system of TFTR. The main specified parameters 
were: 200kV hold-off voltage, 65A nominal current, and 2MW anode dissipation. The same 
tube could not be used in JET because the higher voltage (l60kV) foreseen across the 
accelerating structure of the injector required a power supply able to provide 200kV on 
load and 240I<V at no load. 

During the JET design phase, a novel circuit (shown in Fig.1) was proposed [3], in" 
which clipping diodes are connected in parallel to the power supply and the tetrode. 
These elements constitute a unit, of which several units can be connected in series. The 
clipping diodes limit the voltage across the tetrodes to the related power supply value, 
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Fig.1. Principle of Series Connection. 

in any operating conditions: steady 

state, turnon and turnoff transients. 

The scheme was tested at the CEA 

Fontenay aux Roses Laboratory, France 

under a contract with JET. Two units 

were connected in series, the two 

tetrodes, made by different manufac

turers, were used only as switches. 

With this limitation, the tests were 

successful [4] and the scheme was used 

for the development of the l60kV 

deuterium neutral beam injector for JET. 

2. SIMILAR APPLICATION OF THE SAME DESIGN CONCEPT 

A scheme, making use of the same concept (as underlined in Fig.1 for the series 

connection) was proposed two years ago for Textor [5]. As a series switch, several 

(100) GTO are used; because of their low voltage capability the power supplies are 

divided into many small modules (~1kV). The output voltage can be kept constant (~±1í) 

varying the number of GTO that are fired. Moreover, if some redundancy is built in, a 

faulty power supply can be left out of operation, not firing the related GTO. It would 

be interesting to compare the JET and Textor schemes, for an application with many 

injectors (20), working at high voltage (l60kV), taking into account technical aspects, 

including reliability, and cost implication. 

3. DESIGN 

In the JET design, two units are used, which are able to operate independently and 

in series. The tetrodes are used as fast switches and series regulators, to keep 

constant the output voltage, within a narrow range (+800V), and with large bandwidth 

(13kHz). The voltage drop across the tetrode (presettable) can be in the range 5~17kV, 

within the anode dissipation capability (1MW), at nominal current (60A). The nominal 

output parameters of one module (two units connected in series) are l60kV, 60A, for 20s 

pulse length every 10 minutes, to supply two injectors connected in parallel (l60kV, 3OA 

each). Nine modules are installed at JET: one to supply a Testbed and eight to supply 

sixteen beams of which eight are operational and eight are being installed. 

The design has been carried out taking into account series operation: the insulation 

level of the two units is carefully graded and tested accordingly. The independent 

operation has been reported elsewhere: design aspects have been reviewed in [6], 

commissioning and early operation in [7]. This paper deals with the series operation 

only. Fig.2 shows the schematic of the series connection of the high voltage power 

supply and of the protection system. Only the key components are shown,, which are 

essential for the analysis of the series operation. More detailed schematics are given 

in [6] with the basic design elements of each component. 

The protection systems are installed as near as possible to the neutral beam 

injectors, outside the biological shield [δ]. The high voltage power supply, installed 

outdoors, is connected to the protection system, with three coaxial cables (Z505.) per 
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module, each -200m long. The cable shields are connected to the common of unit 1. 

Therefore, the stray capacitances of unit 2 are: output cable -20nF, common cable -20nF, 

high voltage power supply -lOnF, and protection system -1nF. These stray capacitances 

have to be charged and discharged, at turn-on and turn-off. 

Star point controller 
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Fig.2. Series Connection of the High Voltage Power Supplies and of the Protection 
Systems able to produce at the output l60kV 60A. 

At turn-on, the voltage rises, across 
the load, linearly. Therefore, the unit 1 
tetrode must carry a constant current to 
charge the stray capacitances on the top of 
the rising load current. Since the nominal 
current of the tetrode is 80A and the 
nominal load current is 60A, 20A are 
available to charge the stray capacitance. 
The maximum voltage derivative and the 
minimum rise time (-150us) are therefore 
fixed. 

At turn—off, the stray capacitances 
have to be discharged, through the neutral 
injector. In case of breakdown in the 
accelerating structure, the peak current is 

SCDi 

Fig.3. Equivalent-Circuit. 

limited, by transferring the unit 1 limiting inductor at unit 2 output. The unit 1 
inductor is stacked on the top of unit 2 inductor: due to the effect of mutual 
coupling, the inductance is -50mH, which is larger than the sum of each inductance 
considered separately (-20mH). Fig.3 shows the equivalent scheme of series connection. 

4. SERIES OPERATION CONTROL SCHEME 
The independent operation control scheme has been reported [7], where the computer 

architecture has also been described. When operating independently, the protection 
systems, and their associated high voltage power supply, are controlled by a 
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Fig 4. Computer Architecture. 

state machine situated on each HV Deck. 
The state machines have a transition time 
of 0.5us, to provide a fast interlock 
capability. In series operation, the state 
machines of the two units must act in a 
coordinated manner. To achieve this 
addition, fibre optic cables are used to 
transmit the state of unit 2 to unit 1 (see 
Fig.4). Unit 1 state machine is 
reprogrammed to follow the state of unit 2. 
This coordinates the normal operation of 
the two units and will turn off both units 
if unit 2 develops a fault. Conversely to 
turn off unit 2, if unit 1 develops a 
fault, two additional fibre optic links are 
required,. The first detects when unit 1 
goes into its Emergency Off state (crowbar 
fired) and is transmitted directly to unit 
2 to block the unit 2 tetrode. The second 
fibre optic signal blocks the timing signal 
to unit 2 if an interlock on unit 1 forces 

it back into the High Voltage Enable, Warm Up or Emergency Off states (see Fig.5! 

F.O. 

UNIT1 

(PEN)~ (FTO) 

yy 
ÍHVEj—»ÍEOFÍ w 

UNIT 2 

F.O. 

F.O. 

F.O. 

U n i t 2 ^ ~ X 
state ÍHVEJ 

Uniti y Ν 
' PEN or (WMP) 
PUL or V / 
FTO 

Unit 1 -
EOF state 

FO. 

Timing 
signal 

o FO. 

(WMP) 

F.O.- Fibre Optic Link 

Fig.5. Interconnection of Unit 1 and Unit 2 State Machine for Series Operation. 
WMP - Warm up; HVE - High Voltage Enable; PEN - Pulse Enable; 
FTO - Fast Turn Off; PUL - Pulse; EOF - Emergency Off. 

5. COMMISSIONING AND EARLY OPERATION 
A series of commissioning tests were performed to check the operation of each part 

of the system, culminating in a full power test, with simulated breakdowns on a dummy 
load. 
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Fig.6. Test 2: Turn on Transient in 

In Unit 1 (Unit 2 floating): 

Voltage and Current. 

(a) Test 1. The correct operation of the control system was first checked by connecting 

the controls for series operation, while leaving the power circuits connected for 

independent operation to two dummy loads. In this way it was possible to check the 

synchronous operation of the two units, without the risk that faulty operation would 

cause damage. 

(b) Test 2. The power circuits were next 

connected in series but with the filament of unit 

2 tetrode disconnected, so that it could not 

produce an output pulse. The clipping diode of 

unit 2 was also shortcircuited, so that unit 2 

would float at the unit 1 output potential but 

remain inactive. The control loop of unit 1 

tetrode was then stabilised by modifying the 

frequency compensation of its error amplifier to 

take account of stray capacitances in its load. 

Fig.6 shows the turn on transients. The voltage 

rise time has been increased to 500μ3, because 

this is the value requested for the operation 

of the l60kV deuterium injectors. The ourrent 

Output needed to charge the unit 2 stray 

capacitance has dropped to 8A from 20A foreseen 

during design. The first current threshold that detects breakdown in the accelerating 

structure has been increased to 80A and not inhibited during the turn on transient as 

foreseen during design. 

(c) Test 3· With the same conditions as the previous test, the dummy load crowbar was 

fired, to investigate the discharge of the unit 2 stray capacitance. As foreseen during 

design, the unit 2 stray capacitance is discharged via the unit 2 clipping diode, 

limiting inductor and load. The current in the limiting Inductor commutâtes to flow in 

its freewheeling diode when the stray capacitance voltage is approximately zero. Thus 

the full stray capacitance of unit 2 is discharged into the neutral injector grid. The 

current amplitude is limited by the limiting inductor that stores the majority of the 

energy . Nevertheless fault currents up to 125A for 70μ3 are produced from this source. 

A typical pulse termination is shown in Fig.7. It was also found that this discharge 

current would trigger the second current threshold that detects simultaneous breakdown in 

the accelerating structure and in the tetrode and fires the protection system crowbar. 

To overcome this problem, the clipping diodes were reconnected to the output side of the 

current monitoring shunt. 

(d) Test 4. During this test, the firing of the protection system crowbars was 

investigated. The test conditions were the same as for the previous two tests, except 

that now the output voltage of unit 2 high voltage power supply was progressively 

increased, and the unit 2 crowbar, manually triggered, during an output pulse. It was 

found that, when the crowbar was fired, the positive output cab.e of unit 2 would pulse 

charge the common cable of unit 2, so that the output voltage as measured by unit 1 
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potential divider, was as high as 130kV. 
According to the design, the two crowbars were 
fired together so that the, 130kV impulse 
appeared across unit 1 tetrode. To reduce the 
probability of unit 1 tetrode flashing-over, 
under these conditions, the firing of the two 
crowbars was decoupled. This still provides 
adequate protection for the system, as the 
relevant crowbar will be fired, if either 
tetrode flashes-over. 
(e) Test 5. With all the modifications 

identified in the previous tests 
implemented, the two units were operated Fig.7. Test 3: Turn off Transients 

Unit 1 (Unit 2 floating): Output Voltage in series onto the dummy load. No 
unexpected results were obtained, except 
for a small ripple current observed on 
unit 1 current shunt. This was identified 
as being due to the capacitance current 
flowing in unit 2 output cable to ground, 
then back through unit 1 high voltage 
power supply and unit 1 protection system 
to unit 2 common. The turn on transients 
are as shown in Fig.6. Fig.8 shows the 
turn off transients: the output voltage 
drops to 80kV, after tetrode turn off, the 
load current drops to 30A and consequently 
the limiting inductor current starts free
wheeling, then unit 2 stray capacitances 

Fig.8. Test 5: Turn off Transients in discharge on the load resistor. 
Units 1 and 2: Output Voltages and (f) Test 6. Test 5 was repeated while 
Current. repetitively firing the dummy load crowbar, at 
100ms intervals. Some interference problems were initially encountered, that prematurely 
terminated the pulse and, in some cases, fired one or other of the crowbars. These 
difficulties were overcome by filtering the inputs to the state machines. 
(g) Early Operation. The module that serves the neutral injector Testbed has also been 

converted to series operation and one neutral injector operated at l60kV, 40A, without 
the need for further modifications to the protection system or the high voltage power 
supply. 

6. CONCLUSIONS 
The commissioning programme was successfully concluded, with full power operation 

and simulated breakdowns, on the dummy load. The operation, in a Testbed, with a 
deuterium injector has also been successful. Still the full system foreseen for parallel 
operation of two deuterium injectors at l60kV in JET [9] has not yet been tested: it 
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requires the blocking diodes to decouple the two loads, the transmission lines and the 
snubbers. These integrated tests will be performed after the installation of the l60kV 
deuterium injectors in the first neutral beam box foreseen for the 1988 shutdown. 

Since the concept of series connection, proposed in 1977, has proven successful, its 
application to three or more units in series can be considered for protection of neutral 
beam injectors working with voltages even higher to penetrate dense plasmas in future 
larger machines. 
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THE JET MAGNETS: OPERATIONAL EXPERIENCE AND PLANS FOR UPGRADE. 

J.R. Last, D Cacaut, J W Zwart. 
JET Joint Undertaking, Abingdon, Oxfordshire, UK. 

ABSTRACT 
The paper describes the successful operation of the JET toroidal and poloidal magnets 

and also plans for upgrading the performance of the magnet system for higher plasma current. 

1 . DESCRIPTION 
Fig 1 shows a cross section through the JET machine in which the toroidal and poloidal 

coll system [1] can be seen. 
The toroidal field (TF) comprises 32 D-shaped coils designed to produce a field of 3.45 

Τ at 2.9m radius. The coils are conventional water-cooled, epoxy glass insulated copper 
coils. The main parameters of the coil system are shown In Table 1. The inward forces of 
the toroidal coils are supported by poloidal coil 1 and the out of plane forces by a shell 
type mechanical structure and fluted cylinder at the toroidal/ poloidal coil interface. 

Table I: Parameters of the toroidal field 
coil system 
(data are given for maximum performance) 

Number of coils: 32 
Total number of ampere turns: 51 MA 
Magnetic field at 2.9m radius: 3.45T 
Current: 67kA 
Flat top time of pulse: 10s 
Effective pulse length: 20s 
Resistive power: 280MW 
Energy dissipated per pulse: 5.4GJ 
Dimensions of one coil (vert/hor): 5.68/3.86m 
Weight of one coil: 12 tonnes 
Number of turns per coil: 24 
Copper cross-section per turn 3900/2700mm 
Centering force per coil: 18MN 

COIL ι 

Maximum temperature rise of copper: 60°C 
Fig.1 Cross Section through JET machine 
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The poloidal coils (coil 1, 2, 3 and 4 on fig 1) are also of water cooled, epoxy glass 
insulated copper. The inner coil (coil 1) carries magnetising currents and the flux of this 
coil passes mainly through the transformer core. Coils 2 and 3 carry shaping and radial 
field currents and coil 4 carries vertical field currents. Coil 3 also was a few turns in 
series with coil 1 to control the magnetising field at breakdown. The main parameters of 
these coils are given in Table II. 

Table II: Main parameters of poloidal field colls 

Coil type number 

Field type 

Number of coils 
Weight (all coils tonnes) 
Outer diameter (m) 
Conductor size (mm2) 
No. of turns all coils 
Maximum current (kA) 

1 

Mag. 

8 
90 
2.17 

54x39.5 
568 
40 

2 

Shaping Radial 

2 
28 
4.84 

82x35 35x35 
40 32 
45 20 

3 

Mag. 

82x35 
20 
40 

Shaping 

2 
84 
8.37 
35x35 
120 
20 

Radial 

35x35 
40 
20 

4 

Vert. 

2 
158 
10.91 
82x35 
122 
45 

2. OPERATION 
2.1 Performance 

JET Started operating in June '83 and the coils have operated without faults since 
then. 

The toroidal field coils have operated routinely at full design performance - 3.45 
Tesla and 20 seconds effective pulse length (see Table I). 

The poloidal magnetising coil {No. 1) has operated at full design current (40kA) in the 
flat top phase but it has only been possible to use 30kA in the premagnetisation phase due 
to stray fields making plasma breakdown difficult. 

The outer poloidal coils have operated at up to 35kA (i.e. less than design current). 
This is sufficient to enable the design plasma current to be exceeded. Higher currents will 
only be needed if the plasma pressure or current are increased. 

The poloidal coils have operated at lower voltage than the maximum design voltage (30 
volts/turn at breakdown instead of 100v/t) because a low rate of rise of plasma current has 
been found preferable for stability. 

2.2 Measurements 
More than 450 channels of magnet system data are measured including mechanical 

(displacement, strain and crack detection), electrical (voltage, current and magnetic flux) 
and thermal (cooling water and insulation temperatures) parameters [2]. Signals are fed 
from the transducers to the data acquisition system (CODAS) via signal conditioning 
equipment, analogue to digital convertors and an optical link. Data is taken during the JET 
pulse and permanently stored in the computer. It can be recovered and processed at any 
time. Alarms and displays are generated by real time software. 
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Fig 2 shows some typical measurements for a normal and a disrupted pulse. It will be 
seen that the maximum stress in the mechanical structure is doubled during a disruption. 
The measured torque on the toroidal colls has a similar behaviour. 
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Fig. 2: Typical measurements for normal and disrupted pulses. 
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Fig. 3 : 1983 p.f . c i r c u i t 

yy>. 

3. MODIFICATIONS 
3.1 Poloidal circuits 

Fig. 3 shows the original connection scheme for the coils. A disadvantage of this 
circuit was that it was only possible to change the plasma shape by altering the number of 
turns on coils 2 and 3. This could only be done by closing the machine down. 
As the elongation of the plasma could not be 
controlled during a pulse, problems of ver
tical instability were experienced. Another 
disadvantage was the parallel connection of 
coil 1 . This was originally designed for high 
voltages per turn but, as these were not 
required, merely gave the disadvantage of high 
currents in the OH power supply. 

Fig 4 shows the circuit which was 
implemented in 1985. This halved the power 
supply currents for coil 1 and thus increased 
operating margins to allow other developments 
and also gave independent control of the 
plasma position and elongation. To make these 
circuit changes new busbars had to be ordered 
and installed. 

Fig 5 shows the coil connection arrange
ment which will be installed in early 1987. 
The three basic poloidal circuits will be 
galvanically separated (The radial field 
circuit is already separated and is not 
shown). The advantages of this new arrange
ment will be: 

a) less coupling between circuits because 
lower and symmetric voltages on outer 
coils will reduce capacitive coupling and 
ohmic coupling will be eliminated, 

b) easier testing and debugging of coils, 
which will be especially valuable in the 
remote handling phase. 
Also shown in fig 5 are extra tapping 

points on coil 1. These will enable the end 
coils of the stack to be fed at a different Fig. 5: 1987 p.f. circuit 
different current level to the centre set. 
This will be advantageous in controlling plasma breakdown fields and X-point plasmas. 

Fig. 4: 1985 p.f. circuit 

3.2 Poloidal coil 1 
As mentioned in section 2.1 it has not been possible to use full premagnetisation 

current in coil 1 because stray fields make plasma breakdown difficult. Stray fields will 
be reduced by replacing 2 dummy coils (pieces of laminated iron in the shape of coils) by 
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real coils. Thus the coil 1 stack will be 10 coils instead of 8. If the stray fields are 
not sufficiently reduced by the above it will be possible to change the current distribution 
in the coil 1 stack using the new tappings shown in fig 5 which should make further 
improvements. Fig 6 shows the computed effect of these changes. 

To make the above changes involves 
Or 

0 1 -

02 

.03 

.04 

05 

10 coil slack 

Con Ig 

A 

θ 

C 

No coils 
in stock 

8 

10 

10 

Turns 
coil 3m 

8 

6 

4 

Current 
Distrbution 

40 KA all coils 

40 KA all coils 
38 KA 6 centre coils 
40 KA 4 centre coils 

Flux 
Available 

Wb 

17.5 

18.5 

17.5 

major dismantling and assembly operations 
on the JET machine. The following major 
items will have to be removed - cooling 
water and vacuum rings, 7 central core 
sections, 8 upper transformer limbs, 
poloidal coil 2, upper centre piece and 
coil 1 stack. The stack will be rebuilt 
and aligned with 10 coils in the JET 
assembly hall. Meanwhile in the torus hall 
the base for the rebuilt stack will be 
aligned. The 10 coil stack will then be 
transferred to the torus and the machine 
reassembled. This work will be completed 
in early 1987. 

3.3 Other changes 
The following changes will also be 

made In early 1987: 
a) Chillers will be installed in the 

toroidal coil cooling circuit. This 
will reduce the initial water tempe
rature from 20°C (nominal) to 7°C and 
enable pulse lengths at maximum cur
rent to be extended by about 6.5 sec. 

b) The available turns in the poloidal 
coil 2 shaping circuit will be increased from 40 to 56 by connecting spare pancakes. 

c) The supports of poloidal coil 4 will be strengthened to withstand forces during verti
cal disruptions. 

4. UPGRADE 
The coil system is being studied to see how the plasma performance can be increased 

with the following targets: 
i) plasma current 7MA in limiter configuration, 
ii) plasma current 4MA in 'X-point' configuration 

As the toroidal field is believed to be sufficient for a 7MA plasma the main points to 
be studied are: 
i) increased flux swing from poloidal coil 1 , 
ii) effect of increased poloidal fields on toroidal coils, 
iii) required currents and associated forces in outer poloidal coils. 

1.5 2.5 3 3.5 
Radius (m) 

4.5 

Fig.6: Stray field at breakdown (Bz vs radius) 
for 8 and 10 coil magnetising stack 
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The last point is not expected to be a problem as the coil ampere turns will probably 
not exceed the design values as the plasma pressure will be less than originally foreseen. 

The usable flux swing from poloidal coll 1 is at present 30 Webers. This will be 
increased to the design value of 34 Webers by the modifications described in 3.2. To 
further Increase the flux swing it will be necessary to increase the coll current above the 
design value. 

This increase may be possible in the 6 centre coils of the stack during the plasma 
current flat-top because: 
i) stray field will not significantly affect the plasma shape and, 
ii) the 6 centre coils are pressed inwards by the toroidal coils. 

The inward pressure of the toroidal coils at full current is 30MPa. The outward 
pressure on poloidal coil 1 due to its own field is about 14MPa. Thus if the poloidal field 
(and current) are increased by about 50$ the inward and outward pressures are balanced. 
This suggests that the coil current can be increased but details such as forces on 
connections and thermal stresses have to be checked. 

The Increased plasma current and X-point plasmas with strong shaping fields cause 
increased poloidal field crossing the toroidal coils and therefore increased out of plane 
forces. This should not cause problems in the outer shell or inner cylinder regions where 
the coils are well supported but may cause problems in the collar region where the coils are 
only intermittently supported by teeth. 

To Investigate these problems the study program will contain the following elements: 
1) development of new finite element models of toroidal coils and poloidal coil 1, 
ii) investigation of all electromechanical and thermal stresses using the above models, 
iii) analysis of machine data already collected to validate calculations and also 

for extrapolation to higher performance, 
iv) tests to increase information available on properties of material (such 

as epoxy glass insulation) and components (such as prototype t.f. coil), 
v) check on operating conditions of other p.f. coils and of mechanical structure. 

5. CONCLUSIONS 
The JET magnets have operated at their full design stress level. Full design flux 

swing plus increased flexibility of the poloidal system should be available in early 
1987. The extent to which the coil system is capable of upgraded performance should be 
identified by mid 1987. 
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THE HIGH VOLTAGE GRID INTERFACE IN PRESENT AND FUTURE JET OPERATIONAL REQUIREMENTS 

K.I.SelinO), D.Ciscato(2), V.MarcheseO), P.Ashmole(3), B.Jervis(3) 

1) JET Joint Undertaking, Abingdon, Oxfordshire, UK. 
2) Padova University, Italy 
3) Central Electricity Generating Board, London EC1A 7AX, UK 

ABSTRACT 

A number of limitations surround the JET pulse load and its impact upon the high voltage 
network in order not to decrease quality and reliability of the electrical supply to other 
consumers. According to the present agreement with the Central Electricity Generating Board 
(CEGB) tne active and reactive power swing at the 400kV point of supply should not exceed 
575MW and 375MVAr. The voltage drop should be less than 1.5? and the rise and decay of JET 
load should not exceed 200MW/s. There are also limitations in load power steps the purpose 
being to protect components of the CEGB power system. 

The paper presents two simulated JET scenarios in which the plasma current is Ip»5MA and 
the additional heating power- to the plasma is 25MW. The pulse termination is either normal 
or abnormal (plasma disruption). In the first case a reactive power compensation'of 130MVAr 
is needed in order to comply with the limits on voltage drop. In case of plasma disruption 
an active power compensation of 150MW is needed in addition in order that the combined JET 
load may remain within the present limits of active power step, reactive power swing and 
voltage drop. 

1 . INTRODUCTION 

Since JET started operation, in June 1983, the level of electric power drawn from the 
Central Electricity Generating Board (CEGB) 400kV grid has been growing as increased use has 
been made of the capacity of the JET power convertors and additional JET loads been put into 
operation. A point has now been reached at which some measures have to be considered in 
order to comply with the limits set out in the present agreement with CEGB. This is further 
emphasised oy the long term plans [ï ] of JET operation employing even more power supplies 
thereby increasing the need for the implementation of power compensation . 

The paper describes the study of a JET load in 1987 at a plasma current of 5MA, with 
normal and a'onormal termination (plasma disruption), performed via an ad hoc computer model, 
to determine the degree of power compensation required to stay within present limits. The 
model has been tested against experimental data from a 1986 JET pulse. 
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Table I: CEGB Power System and JET load 

constraints at the 400kV point of connection. 

Parameters 

Max. Gen. capacity 

Kin. energy in system 

System X/R ratio 

Fault level Sec 

Maximum voltage drop 

M II n y¿ 

Min. frequency level 

Maximum active power Ρ 

Maximum pulse length 

Pulse interval 

11 II 

Maximum pulse energy 

Reactive power swing Q 

RSS of volt, harmonics 

Active power 

i) increase to 575MW 

ii) increase by 200MW 

iii) decrease 

Power step 

11 II 

Power ramp 

Occasional power steps 

Il II H 

11 II 11 

Load without pulse 

restrictions 

Unit 

GW 

GJ 

— 

GVA 

% 

% 

Hz 

MW 

S 

s 

s 

GJ 

MVAr 

% 

s 

s 

MW/s 

MW 

MW 

MW 

MW 

MW 

MW 

MW 

Value 

52 

150 

1020 

1535 

1 .0(step) 

1.5(over 1 s) 

49.75 

575 

60 

>600(P>300MW) 

>300(P<300MW) 

15 

<375(at 25GVA) 

< 1.5 

> 6 

> 1 

< 200 

50(< 20GVA) 

75(< 30GVA) 

100(in 0.15s) 

100(1^0/year) 

150(27/year) 

200(12/year) 

< 12C 

2. 400kV GRIP 

JET is supplied at 400kV from the CEGB 

power system incorporating 79 power 

stations with a maximum declared 

capability of 52GW. 

Table I shows some parameters of the 400kV 

supply system and the JET load limitations 

to avoid undue interference with 

generation and other consumers. 

During a JET pulse the reactive load 

change should not exceed 375MVAR and 

should be proportionately less for fault 

levels (Sec) below 25GVA. 

The limitation to load power steps is 

based on a need to ensure that the JET 

load will not impose undue electromecha

nical stresses on the Didcot generating 

plant less than 5km from the JET site. 

For a typical CEGB load flow condition, a 

50MW JET load step will cause a shock load 

to a generator, which is less than 2% of 

its rating. 

The maximum active power is limited by 

the influence which the JET load can have 

on the system frequency. Studies have 

shown that a JET load of 575MW is not 

expected to cause an unacceptable decrease 

in the level of frequency during normal 

operating conditions of the supply system. 

JET 

SB I 

400kV Grid (CEGB) 

Didcot 

~ X I P,Q,V 

Cowley 

to P/O Compensator 

controller 

300 MVA 

33 kV 

300 MVA 

BB2 

ΓΤΊ 
,1 ψ ψ 

3 0 0 MVA 

Ι 33kV Β83 4 33 kV 
i—e e— e-o""ó-<i e e 1—e e e 

RFx2 ΝΙΒχβ RA SA.VA TFI P/Q TF2 VA RA NIBx4 RFx2 P/0 Clh ΝΒΧ NBx4 RFx4 P/0 
Compens. Compera. I llkV Compens. 

FGC 

Fig. 1 SINGLE LINE DIAGRAM OF JET PULSED POWER SUPPLIES 
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3. JET Pulsed Power Supplies Model (PPSM) 

Figure 1 shows the AC pulsed power distribution to various JET loads. Most JET loads are 

AC/DC convertors. Their ratings can be found in [2, 3]. Two thyristor convertor units (TF1 

and TF2) in series with one Flywheel Generator' Convertor (FGC) constitute the power supply 

for the toroidal field (TF) coils. A second FGC is used to supply the poloidal field (PF) 

coils. Radial, shaping and vertical field coils are fed from the radial, shaping and 

vertical field amplifiers (RA, SA, VA). The Additional Heating (AH) power supplies feed 16 

Neutral Beam Injectors (NBI) and 8 Radio Frequency (RF) Generators. 

The 400kV supply point is assumed equivalent with a generator of an impedance determined 

by the system fault level . The voltage drop will be less than computed by the model on 

account of generator AVRaction. On the other hand is the fault level used in the scenarios 

22.5GVA and not the minimum (15GVA). 

A P/Q compensator comprising a controllable resistor and capacitor is connected to each 

33kV busbar through a 50MVA transformer (X15Ï and R1J). Error signals are derived from the 

400kV active power (P), reactive power (Q) and voltage (V) to control the compensators. 

The model has been tested against experimental data (JET pulse 5496 of 12.06.1986 at 

Ip4MA) [4]. The discrepancy between model and experiment is less than 1Í (see fig. 2). 
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Fig 2. COMPUTER MODEL OUTPUT COMPARED WITH THE EXPERIMENTAL DATA OF JET PULSE 5496. 

a. VOLTAGE AT POINT OF CONNECTION 

b. ACTIVE AND REACTIVE POWER SUPPLIED 3Y TRANSFORMER Τ IN FIG. 1 . 

4. PULSE SCENARIO AND SIMULATION RESULTS 

The reference pulse was simulated on the model using the following parameters of the 

supply system: Scc»22.5GVA, X/R15. A compensator pulse rated 50MW/MVAr is assumed to be 

connected to each 33kV busbar and hence the overall installed rating is l50MW/MVAr. Table II 

lists the JET loads during the flattop period of the 5MA plasma current pulse, which might 
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be a typical pulse in 1987. 

The plasma current (Ip) is initiated already during the rise of the TF current (It) in 

order to increase the duration of the plasma flat top time. The shaping current Is is 

assumed proportional to Ip, for example Is=0.006lp at plasma elongation e1.7. 

The equilibrium current, 

Iv(t) = £lHÌ [2 + Sp(t)].Ip(t), (3) 

where nv=122 is the number of turns of the vertical field coils and the beta poloidal ßp is 

updated as follows: 

Bp(t) = 6po + ASp(t) 

teAßp(t) + Aßp(t) = KdPadd(t), (4) 

Table II: JET Loads for Ip = 5MA Padd is the additional heating power into 

the plasma computed from the DC power 

assuming an efficiency of 11.356 for NBI 

and 21.356 for RF and ΔΒρ(Ο) = 0, Spo0.2, 

xe»0.5s, Kd.8/25 (1/MW). Vertical and 

shaping field voltages (Vv, Vs) are 

derived from the circuit equations of the 

relevant coils, taking into account the 

coupling with the plasma and other poloi

dal field coils. 

Figure 3 shows the results of the simu

lation with normal plasma termination. It 

can be deduced from fig.3f that a capaci

tive reactive power compensation of 0.86· 

150130MVAr is required in order not to 

exceed the contractual voltage drop at the 

400kV point of connection. No Pcompensa

tlon is required in this scenario. 

Figure 4 shows the result of the simulation of the reference pulse , when it is terminated 

through a plasma disruption during 100ms. The AH power supplies are ramped down during the 

same time. TF1 and TF2 are ramped down in 2s simulating a simultaneous emergency shutdown. 

During a disruption the VA and SA voltages invert causing the power flow of these amplifiers 

to reverse and a high negative power step would be generated were a Pcompensator not 

included (assumed rating Pen). 

With Pen = 150MW the active power step is limited to about 65MW. Following the disruption 

the resistors of the Pcompensator are switched off linearly in 2s (see Fig. 4d) and 

Load 

TFi 

NBI 

RF 

VA 

RA 

SA 

Clh 

NBX 

FGC 

Description 

TF Static Units(i1,2) 

Neut. Beam Injector PS 

Radio Frequency PS 

Vert. Field Amplifiers 

(prior to AH) 

Rad. Field Amplifiers 

Shaping Amp. (e1.7) 

Culham Labs. (const) 

Neut. Beam Aux.(const) 

PF and TF FGCs: 

Pony Motors (const) 

Exciters (pulsed) 

Value 

2x(67kA,1 .6kV) 

l6x(60A,92kV) 

8x(400A,22kV) 

2x(20kA,310V) 

2x(1kA, 15V) 

(30kA,260V) 

10MW, 7MVAr 

10MW, 3MVAr 

1MW, l4MVAr 

1.5MW, 8MVAr 
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Fig. 4 STUDY OF 5MA PULSE TERMINATED THROUGH PLASMA DISRUPTION 

consequently an energy capability of 150MJ would be sufficient for the P-compensator. 
The compensators will be supplied through a common transformer per busbar, see fig.1. As P-
and Q-compensation is not needed at the same time (see fig.3f and 4d) each 33kV trans
former may be rated 50MVA for 15-20s every 10 minutes. 

5. P/Q COMPENSATION 

The design of P/Q compensation is not finalised and several alternatives are considered 
with the aim to reduce its cost. For example, the tertiary windings of JET main 400/33kV 
transformers may be used for supplying the P/Q-compensators at 11 kV instead of at 33kV. 

Figure 5 shows two possible single-line schematics for the Q-compensator. The Thyristor 
Switched Capacitor (TSC) is expected to give a satisfactory performance if only the voltage 
drop during a pulse need to be compensated. The Thyristor Controlled Reactor (TCR) with 
fixed shunt capacitors on the other hand would be preferable in case there is also a lamp 
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flicker problem present. 

The Pcompensator of each, busbar can be made up of modules of the type shown in Fig.6. 

and its control can either be made continuous (phase control) or stepwise (switched 

control). The first one is preferred provided the associated harmonics are acceptable during 

the short duty period coinciding with other loads being switched off. 

33 kV 

Fig. 5. SINGLE LINE DIAGRAM OF QCOMPENSATOR 

a. THYRISTORSWITCHED CAPACITOR 

b. THYRISTORCONTROLLED REACTOR 

33 kV 

<»——♦> 

Fig. 6: 3PHASE PCOMPENSATOR WITH THYRISTOR 

CONTROLLED RESISTORS 

The Pcompensator of each busbar can be 

made up of modules of the type shown in Fig 6 

and its control can either be made continuous 

(phase control) or stepwise (switched con

trol). The first one is preferred provided 

the associated harmonics are acceptable 

during the short duty period coinciding witn 

other loads being switched off. 

Modifications of the operation of present power supplies are also being considered :n 

order to decrease the amount of compensation needed. NBI might be turned off softly (eg ramp 

down in Is) in case of a plasma disruption if an analysis of the heating effect on the carbon 

tiles in the vacuum vessel proves it feasible. Since the Pcompensation is needed only in 

case of a plasma disruption a signal indicating that a disruption is about to occur could be 

used to give an early start to the ramping down of some power supplies. Such a precursor 

signal seems to be available [5] about 0.1s before plasma disruption. 

Experiments are also being performed of limiting the negative VA load Voltage (to about 

36OV) or to push the plasma towards the inner wall in order to reduce the VA power drop at a 

disruption. 

Pcompensation could be achieved by additional static convertors fed from the grid being 

connected in series with TF1 and TF2 in the TF coil circuit but bypassed via diodes during 
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normal operation. To counteract a power drop they would be switched in the circuit for a 
short time supplying a step of power to the TF coils and increasing the TF current slightly 
(the TF load has a time constant of about 10s). Costwise this solution is not favoured. 

A P-compensation with local resistors installed in the RF and NBI compounds has also been 
considered but found not practicable. 

6. FUTURE EXTENSIONS 

The analysis of the 5MA plasma current pulse with AH has shown that P- and Q-compensation 
is needed if the agreed limits of the JET 400kV load are not to be exceeded. 

P/Q compensation is bound to be of importance when additional loads [" ] are to be 
connected. It can be anticipated, even if the ultimate JET scenario is not defined yet, that 
the effect of a 7MA plasma current pulse on the 400kV system would require a substantial 
increase of P- and Q-compensation relative to the ratings cited for the 5MA experiment. An 
implementation in stages of the P/Q-compensation appears reasonable. A relaxation of 
present 400kV limitations on maximum reactive power and active power step and on voltage drop 
would be very beneficial in terms of less compensation equipment being necessary. 
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OVERVIEW OF THE JET ICRF POWER PLANT OPERATION AND DEVELOPMENT 

R.J. Anderson, J. Plancoulaine, M. Schmid 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, England 

ABSTRACT 
Some salient features of the JET ICRF power plant design are briefly described 

followed by some important commissioning tests. The working methods adopted during the 
first two years of operation on JET are covered together with the recent system 
improvements and enhancements. 

1 . INTRODUCTION 
A full description of the JET ICRF System design was given in the 1984 SOFT conference 

[ï]. Seven 3 MW RF amplifier units have now been installed and tested at JET. Each unit 
contains two identical amplifier chains consisting of a low power transistor amplifier and 
three tetrode tube power amplification stages. The final stage is driven by a maximum of 
100 kW input power and delivers 1.5 MW via an LC matching network into a coaxial line of 30 
ohms characteristic impedance. The amplifiers operate in eight 4 MHz wide frequency bands 
covering the frequency range 23 to 57 MHz. 

Three antennae are currently installed in JET, connected to the RF amplifiers by 84 
metres of coaxial line. Motorised switches enable the generators to be tested into 1.5 MW 
dummy loads. The antennae can present severe impedance mismatches to the coaxial lines. 
A motorised tuning stub close to the amplifier output together with closed loop control of 
the input frequency (typically in the range plus or minus 100 kHz) permits minimisation of 
the mismatch. 

Control of the amplifier frequency alone during a JET pulse does not provide a perfect 
match between amplifier and transmission line, therefore the amplifiers have been designed 
to operate at full power into loads with a Voltage Standing Wave Ratio (VSWR) of 1.5 to 1 
at all phases. Excess endstage anode dissipation is avoided under these conditions by a 
system which dynamically adjusts the anode voltages provided by the separate high voltage 
power supplies. 

2. COMMISSIONING 
2.1 HVDC-RF amplifier combined commissioning 

The high voltage (HV) power supplies were installed at JET and commissioned 
independently of the amplifiers with a separate HV test load. The amplifiers were also 
tested before shipping at the manufacturer's works with the factory's own general purpose 
HV power supplies. 

425 



Combined commissioning included tests on the fibre optic control link between the. HV 

supplies and the amplifiers and checks on the voltage transients on the 200 m long cables 

caused if an ignitrón crowbar protecting the amplifiers was fired. 

The generators were designed to operate in four different pulse modes (Table I). 

Quasi continuous operation (mode 3) permitted rapid adjustment of the 22 amplifier tuning 

elements in each of the 8 frequency channels. Full length long pulse tests (mode 1) proved 

relatively tedious for commissioning owing to the 10 minute interpulse delay. 

Mode 

1 

2 

3 
4 

Max 

Pulse

Length 

20s 

100 ms 

3 ms 

infinite 

Duty 

Cycle 

1:30 

1 :10 

1 :10 
— 

Total 

DC 

Current 

300 A 

100 A 

150 A 

60 A 

Max 

RF 

Power 

3 MW 

500 kW 

1.5 MW 

100 kW 

Mode Description 

JET pulse 

antenna conditioning 

amplifier adjustment (1 

continuous wave 

■ 

chain only) 

Table I : Operation modes provided by the amplifiers. 

2.2 Determination of RF output power 

Accurate determination of RF output power was not only essential for the satisfactory 

completion of acceptance tests, but was also required to ensure that the specified endstage 

anode heat dissipation was not exceeded and for the correct interpretation of the plasma 

physics. Wideband directional couplers are used both for internal control of the 

amplifiers and also as a routine means for determination of the power delivered to the 

antennae. 

Initially two independent methods were used to check the power calibration of the 

amplifiers: 

(i) Use of the calibration curves supplied with each coupler and an accurate RF power 

meter. The calibration accuracy of the couplers and power meter were ± .1 dB and 

± .05 dB respectively. 

(ii) Calorimetrie measurement of the amplifiers feeding soda water test loads. 

Probably the main sources of inaccuracy here were the finite thermal inertia of the soda 

load system and the change in inlet temperature of the soda solution during the 20 

second pulse. 

Differences of up to 0.5 dB found between these two measurement techniques lead to the 

adoption of the a third measurement method: 

(iii) Calorimetrie measurement of anode dissipation which is then subtracted from the 

anode DC input power. Allowance also has to be be made for the driving power in the 

grounded screen grid configuration of the endstage and for output circuit losses. 

In method (iii) the largest source of error was in the measurement of anode dissipation, 

partly because the instrumentation had not been specified with power calibration as a 

requirement and partly because of the thermal measurement errors shared by method (ii). 

The most consistent results from method (iii) were obtained by operating the amplifiers as 

efficiently as possible and therefore minimising th» contribution of anode 

dissipation errors in the final results. The spread of results between the three 

measurement techniques suggests the measurement error is now approximately ± 0.25 dB. 
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2.3 Transmission Line Electrical Performance 
2.3.1 General 
The JET Transmission Line System (Fig 1) was chosen to permit operation over the full 

23 to 57 MHz frequency range while avoiding the need for complex mechanical' tuning systems 
close to the torus. Such a system requires transmission lines with a high voltage 
breakdown level and low loss, particularly when coping with severe impedance mismatches. 
Values of VSWR measured on the JET lines have ranged between 3 and 25 depending on the 
antenna mode and plasma coupling. 

AOOITIONAL HEATING AREA 

STUB 
TUNER 

Θ 
'""U r t 

πππ—η 
DIRECTIONAL COUPLERS 

LJLJLJ—U 
3MW RF 
AMPLIFIER 
UNIT 

TORUS 

ANTENNA 

Fig 1 : ICRH Transmission Lines Block Diagram 

2.3.2 Voltage standoff tests 
After installation, the RF lines began to show a degraded RF breakdown performance. 

The design of the ceramic supports was suspected at first but the problem was later disco
vered to be caused by the tin plating on some line components. Single crystals of tin with 
a diameter of 0.5 um and lengths of up to 8 mm had formed on the plated parts. As the 
crystals grew, they progressively reduced the voltage standoff on some of the lines to as 
little as 16 kV. 

More than 6OO m of line was dismantled and the plated parts removed. At the same time 
most of the disk ceramic supports were exchanged with a 3 rod design. The disk ceramic, 
with an X cross section, was only retained in mechanically critical places such as in the 
telescopic elements near the torus. 

The performance achieved with the lines after these modifications are as follows: 

Voltage standoff for 100 ms pulses + 53 kV 
Voltage standoff for 10 s pulses + 45 kV 
Line loss when matched, at 55 MHz 1.57 dB/km 
Return loss ** 33 dB 

+ Lines pressurised with dry air at 3 bar gauge 
++ Measured on 40 m of line with 3 bends 
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3 . OPERATION 

3.1 Multipactor effects 

Special attention was paid during the design of both the amplifiers and the HV 

supplies to possible multipactor discharge phenomena within the ICRF antennae. Modes 2 

and 4 in Table 1 were specified for antenna conditioning. In order to pass quickly through 

the multipactor "power band", a préchargea smoothing inductor in the HV supply is 

synchronised via the fibre optic link, to permit the RF power delivered to the antenna to 

rise above 1.0 MW within 1 ms [2]. 

In practice antenna conditioning proved to be very straight forward. The use of mode 

2 in Table 1 for one or two hours reduced the top of the multipactor power band to below 20 

kW per half antenna. While the HV inductor precharging system has been tested, its use on 

JET has therefore not proved necessary so far. The ability to drive the antennae at powers 

as low as 20 kW has brought additional benefits as below this level the amplifiers may be 

operated into a load with infinite VSWR. This has enabled the use of power waveforms with 

an initial tuning "porch" and permits the automatic phase control and frequency control 

systems to lock in before the RF power is increased. 

3.2 Antenna matching 

Two types of antenna central conductor design have been tried in JET [3,4,5,6]. Both 

designs exhibit some degree of coupling between the two antenna halves, thus driving the 

halves with phase differences of more than 1 or 2 degrees away from 0 or π phasing, 

strongly influences the match seen by the RF amplifiers. The three antennae in JET also 

exhibit inter-antenna coupling. To the amplifier protection circuits the coupled power is 

interpreted as load reflections and this complicates the amplifier matching problem. 

The variation of power reflected from the antennae back along the transmission lines 

to the amplifiers can be a sensitive indicator of plasma behaviour. In addition to changes 

in plasma density or position, the effects of sawteeth and minority gas injection are 

regularly observed in the fine detail of the reflected power waveforms [6] . 

To increase the transmission line efficiency with low antenna plasma coupling, a 

series of experiments have been performed with prematching stubs connected to the lines 

close to the antennae (Fig 1). These reduced the voltage stress on all but the last 2.2 

metres of transmission line. Non prematched VSWRs of up to 35 are possible in some 

instances, corresponding to a line efficiency of between 67% to 75% and a peak line voltage 

of 57 kV. The use of prematching stubs generally limits the operating frequency range to a 

small portion of one frequency channel and a narrow range of antenna-plasma coupling. 

4. RECENT DEVELOPMENTS 

4.1 Transmission line insulator improvements 

Different designs of ceramic supports with various surface treatments were tested in a 

half wavelength test resonator at 52 MHz. Test pulse lengths were limited to 100 ms by the 

power handling capacity of the coupling loop. A maximum of 70 kW was required for the 

tests. The following points summarise the experiences gained from the tests: 

* 50 Hz AC high voltage tests are of limited use for evaluating the high voltage RF 

performance of transmission line components. 
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* The increase in voltage standoff with pressure (dry air or nitrogen) is less than 

suggested in manufacturer's catalogues and text books. An increase from 0 to 2 bar 

relative pressure improves the voltage standoff at best by a factor of 1.5 compared with 

the often quoted factor of 2. 

* Test results are difficult to reproduce due to the conditioning effect of the 

voltage breakdowns and the results obtained under laboratory conditions do not carry over 

well to large installations. 

* Long pulses of the order of 10s lead to breakdown at lower voltages than pulses of 

100 ms or less. This was experienced consistently on 75 m long lines terminated with a 

short circuit and pressurised with dry air (dewpoint less than  40°C) to 3 bars relative. 

Test resonator breakdown measurements have been made on a number of ceramic insulator 

designs. The disc ceramic with an xcross section withstood approximately 47kV. Better 

test results were achieved with 3rod supports which withstood 59 kV and with conical 

supports which withstood 61 kV. The conical ceramic can take considerable forces (several 

tonnes) between inner and outer conductor, but only in one direction. 

It is planned to replace the remaining xceramics in the JET transmission lines with 

the conical type. 

4.2 Variable capacitance antenna prematching stub 

In parallel with successful experiments using fixed length prematching stubs described 

in 3.2, a stub containing a variable capacitance (Fig 2) has been developed. This will 

confer all the advantages of the fixed length prematching stubs, with increased matching 

flexibility. The capacitor is driven by a remotely controlled stepper motor. Capacitor 

voltage, current and temperature are monitored. The unit is compatible with the remote 

handling requirements of the JET tritium phase. Six units have been manufactured and 

tested (Table II) in the RF testbed at JET ready for installation in autumn 1986. 

Capacitance 

Mechanical adjustment range 

Positioning accuracy 

50 Hz voltage test 

RF peak working voltage 

RF peak current 

20300 pF 

50 tu rns 

60 mm s t roke 

1/12 t u r n 

90 kV 

50 kV 

1000 A 

AMRJFIEH 

w 
VACUUM 
VÛPIA8LE 
CAPAQTCR 

////////, 

3anuMe 
 2 . 2 n 

///////////////, 

/ 

■ :ENT3AL. 

c c K x x T o n 

T O R U S 

Table II : Capacitive Stub Characteristics Fig 2 : Capacitively Terminated Stuö 

4.3 Trombone transmission line phase shifter 

The matching system (Fig 1) requires that both antenna halves are powered with a fixed 

relative phase. So that both antenna halves are matched at the same frequency, the 

electrical length between stubtuner and antenna must be the same to within 0.4°. Such a 

precise adjustment is required owing to the low coupling resistance presented by some 

antenna central conductor designs. 

Measurements of phase delay versus frequency on the installed lines have shown that 

the relative phase delay scatter on a pair of lines is far in excess of this value. The 

phase delay has been found to vary with a maximum excursion Δ a, degrees (eq. 1). This is 
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expressed as a function of line length (L metres) and frequency (f MHz). The measurements 
were made on a line containing the disc ceramics. 

Δφ = 7.8 χ 10"'" Lf (1 ) 

In order to enable the matching system to cope with the lower values of antenna to 
plasma coupling a motor driven trombone phase shifter with an adjustment range of 15° at 
25 MHz has been developed. In some experiments at JET all eight antennae will be used in a 
phase locked mode. Therefore all lines have to have a trombone phase shifter in order to 
achieve proper matching on all operating frequencies. The first phase shifters were 
installed in January 1986. 

4.4 4 MW Amplifier Upgrade 
An installation of ten amplifier units was initially planned for JET, providing a 

total of 30 MW generated power. The design was based on the Eimac 8973 which produces 1 .5 
MW per endstage. 

Tetrodes with an output power of 2 MW have recently become available from a number of 
manufacturers and a prototype amplifier is currently being modified to take the Thomson 
TH525 [7]. 

Modifications to the generators are limited to the addition of an uprated screen grid 
power supply, increasing the current carrying capacity of each endstage crowbar damping 
circuit from 120 A to 172 A, modifications to the endstage tuning network and some minor 
instrumentation changes. Increasing the capacity of the HV supplies will be achieved by 
replacing the HV supplies to the driver stage anodes, currently fed from a centre tap of 
the endstage HV supply rectifier bridge, by a separate driver stage power supply providing 
30 A per tube at 12 kV. Uprating of the power handling capacity of the soda water test 
load from 1.5 to 2 MW will also be necessary. 

The upgrade will permit plant costs and space savings to be made over the requirements 
of the original plan. Eight water cooled antennae will be installed in JET in early 1987 
and the upgrade of the last of the eight amplifier units will be completed later in the 
same year. 

4.5 3 MW Power combiner 
In anticipation of the 4 MW amplifier upgrade, tests are being performed on the 

antenna of octant 6B with the combined output power of two generator units. For this 
purpose two 3 dB hybrid power combiners have been installed with a nominal output power of 
3 MW each (Fig 3). The combiners are of the single section quarter wave coupled line type 
and cover the complete 23 to 57 MHz frequency band without mechanical adjustment. 

The original generator testloads are used as balancing loads. The phase between the 
two outputs of one generator unit is regulated with an electronic phase control system, as 
is the phase between the outputs of the two combiners. Special arrangements had to be made 
to limit the output power of all four endstage tubes simultaneously in the event that the 
automatic protection system of one tube limits its output power. 
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5. CONCLUSIONS 

Plant commissioning and operation on JET have proceeded in parallel to enable the ICRF 

experimental programme to begin approximately 6 months ahead of schedule. With the benefit 

of experience gained through two years of RF operations with JET, a number of system 

improvements and enhancements have been identified. 

Operations continue until the end of 1986 with up to 12 MW RF Power available from the 

amplifiers now connected to the JET antennae. In early 1987 eight water cooled antennae 

will be installed in JET and upgrades of the existing 3 MW amplifiers to 4 MW will begin. 

In 1988 there will be an installed RF power generation capability of 32 MW corresponding to 

an additional heating power to the JET plasma of approximately 16 MW. 
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ABSTRACT 

The JET ICRF A! Antenna Vacuum Transmission Lines will be pumped with individual 

non-evaporable getter pumps. The pump is a cartridge type in an all welded body which is 

heated externally to give activating, operating and regenerating temperatures. The pumped 

Hydrogen is periodically regenerated back into the torus. This will be particularly 

advantageous during the tritium phase of operation. 

The pump is simple and gives a high reliability. It is tolerant of conditions close 

to the torus and can be sited within the volume reserved for installation of the RF 

transmission lines. The all welded system simplifies remote handling. 

Tests on prototype pumps are being conducted to establish operational data and confirm 

oontamination, saturation and embrittlement levels. A getter pump has been installed on 

one of the existing antenna systems on JET, no difficulties have been experienced in 

operating this antenna. 

ι INTRODUCTION 

Eight cooled ICRF antennae are to be installed in JET during the next shutdown [ij. 

Due to the low conductance to the torus, these Aj Antennae require additional vacuum 

pumping of the vacuum transmission lines (VTL). Experience with the prototype antenna on 

JET has shown that the pressure in the VTLs must be less than 10"" mbar throughout the RF 

pulse to avoid multipactor arcs if the voltage minimum is located inside the vacuum window 

(ie, above typically 30 MHz). 

Fig. 1 shows the equipment and vacuum systems associated with one VTL. 

The main parameters of the system are given in Table I. 

TABLE I 

Main Parameters of A 

VTL Volume 

Surface 

Vacuum System Vol 

Surface 

Conductance to Torus 

Conductance 

pump to DCF 

pump to VTL 

pump to gauge 

Pumping Speeds (l/s) 

at pump 

at VTL port 

at DCF 

Vacuum System 

_ 

-

. 

-

. 

-

-
-
-

at nearest SF surface 

at further RF surf 

to torus 

see 

3.1 10"' m
J 

3.7 m
2
 1.7 

2.0 

5.2 10"' m
1 

1.6 m
2 

m
: 

m
1 

HF 

others 

31.5 l/s (measured A0) 

35 l/s (measured A, ) 

HU l/s 

188 l/s 

60 l/s 

Arter 

regeneration 

1 ,500 

167 

■■3 

1 10 

22 

35 

Sefore 

regeneration 

500 

152 

U2 

32 

21 

.5 

JET ICRF Antenna Systems 

with Vacuum System 
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The Getter Pump was chosen for a number of reasons. The Pump is small enough to be 
sited close to the torus, in the shadow of the RF Transmission Lines, with no interference 
with ancillary equipment such as diagnostios and no interaction with the local high 
magnetic field. No roughing or fore line vacuum system is required as regeneration is 
performed back into the torus. This is particularly advantageous in the tritium phase. 
The pump incorporates no moving parts, high voltages, permanent or electro-magnets. 
Compared with turbo-molecular pumps remote handling and maintenance is reduced and 
simplified, and services and control systems are minimal. The getter pump thus gives a 
compact highly reliable system. 

- ί ϊ τ τ τ τ τ τ ^ · , ^ 
Hl* ""ç«^,„ :*« «* 

Fig. 2 Getter Cartridge, 
Pump Body and Heater 

2. MECHANICAL DESIGN 
The Pump (Fig 2) comprises a 
GETTER CARTRIDGE of Pleated Constantan coated with 500 grams of ZrVFe getter alloy [2] 

(St 707 (R) [3]), formed into a cylinder and supported on a central rod with 
radiation baffles 

PUMP BODY of welded stainless steel (304L), with a welded collar of JET standard 
Remote Handling type. 

HEATER of external band type, capable of heating the body above 600°C, insulated. 
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A pneumatic angle valve has been incorporated to prevent overloading of the getter 

with hydrogen when at high pressures OO"
3
 mbar) for long periods (> 6 hrs) during 

discharge cleaning and carbonisation sessions. 

3. OPERATION 

3.1 Activation 

The Getter Cartridge is received passivated with a surface layer of absorbed gases and 

has to be 'activated' by heating under vacuum to approximately 450°C for up to one hour. 

When the surface becomes saturated with active gas products, after operation, 

'reactivation' Is performed in a similar way, to restore the original pumping speed. 

During these processes the active gases are diffused from the saturated surface to the bulk 

of the gettering material. The low pressure required during activation is provided by the 

JET torus pumping through the VTL. 

3.2 Hydrogen Pumping 

During an RF shot, the gas released from a fully conditioned VTL has been measured on 

the RF testbed to be predominantly hydrogen, see Table II. 

The getter material pumps hydrogen isotopes by the formation of solid solutions [)]. 

The hydrogen pressure above the getter surface is a function of the getter temperature and 

sorbed hydrogen concentration as shown in Fig 3. The pumping speed of the pump is between 

1500 l/s and 800 l/s for operation at 200°C (see Fig. 4). 

TABLE II 

Measured Partial Pressures of Gases In the VTL and JET 

Gases 

H, ( D , ) 

H,0 ( D , 0 ) 

CO 

CO, 

Hydrocarbons 

JET 

Normal 

O p e r a t i o n 

3 χ 1 0 " ' 

1 χ 1 0 " ' 

1 0 " ' 

< 1 0 " ' 

15 1 0 " ' 

VTL 

C o n d i t i o n i n g 

3 χ 1 0 " ' 

3 χ 1 0 " ' 

1 χ 1 0 " ' 

3 χ 1 0 " ' 



VTL 

Cond i t ioned 

2 χ 1 0 " ' 

1 χ 1 0 " ' 

7 χ 1 0 " ' 





VTL 

HF P u l s i n g 

2 χ 1 0 " ' 

3 X 1 0 " ' 

2 X 1 0 " ' 

1 χ 1 0 " ' 
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Fig. 4 Getter Pumping Speed 

Characteristics 
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The VTL pressure during the RF shot shows two peaks, one at the start and one at the 

end of the RF pulse as the RF voltage ramps through the multipactor range (typically 0.5 

 2 kV). An additional slow pressure rise is seen, as the VTL heats during long pulses 

(Fig 5). 

10 

0 Ir 

α RF POWER TRANSMISSION 

o VTL PRESSURE VARIATION 

J_ r 

40 ¿5 50 55 

Flg. 5 VTL Pressure Variation 

with RF Power Transmission 

60 

Sec 

The quantity of gas pumped is 1.2 χ 10"
2
mbar l/hr continuously while the valve is open 

and the torus pressure is 10"' mbar, with a measured conductance of 35 l/s between VTL and 

torus. An additional 6 χ 10"
3
 mbar I is typically pumped per RF pulse. These results 

enable the requirement for regeneration to be predicted. The frequency of regeneration 

will be chosen so that a safe working level of 5 mbar 1/g is not exceeded in operation on 

JET. When the quantity of sorbed hydrogen exceeds 20 mbar l/g the getter material 

embrittles and tends to spall in flakes. 

3.3 Active Gas Pumping 

The anticipated volume of active gas generated in the VTL and required to be pumped tiy 

the Antenna Vacuum system, during complete conditioning and operation of a VTL is 

100 mbar I. 

These gases such as CO, C02, 02, N2, H20, chemically sorbed by the getter material 

with an efficiency that increases with temperature. 

Hydrocarbons are pumped very poorly by the the getter (with a pumping speed 1/100 that 

of CO). Hydrocarbon contamination is carefully avoided during manufacture and installa

tion. The angle valve will be closed during vacuum vessel carbonisation. 

The pump provides active gas pumping over 500 l/s with a capacity of 330 mbar I 

between reactivations; 4500 mbar I in total. Cartridge replacement will be necessary 

only after five years due to active gas exhaustion. 

3.4 Noble Gas Pumping 

Noble gases are not pumped at all by the getter system. Such gases, eg Ar from 

atmospheric leakage or He
3
 injected during a pulse for minority heating experiments are 

pumped only by the torus. 

3.5 Operating conditions 

The pump operating conditions have been chosen to optimise the active gas pumping 

during conditioning and the hydrogen pumping when injecting RF power into JET, this 

corresponds to an operation temperature of 200°C. 
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3.6 Regeneration 
The sorbed hydrogen is regenerated from the getter pump by heating, while pumping to 

the JET vacuum vessel through the VTL. 
The conductance of the system between torus and pump has been measured to be 35 l/s 

for hydrogen. 
A regeneration temperature of 500°C on the getter cartridge has been chosen to enable 

regeneration to be performed overnight (Fig. 6), with the same heater required for 
activation. Regeneration would be required at intervals of typically 40 weeks of normal 
operation. In practice regeneration will be incorporated with re-activation regular 
planned maintenance periods, typically every 6 weeks, representing four weeks operation. 
3.7 Control 

The control for the getter pump system has been designed to be minimal, implementing 
the simplicity and reliability of the pump. A Penning gauge head (plus a spare) is 
provided on the pump manifold to monitor VTL pressure. The external heaters are supplied 
only with fixed powers of 56 W and 240 W corresponding to 200°C and 500°C getter 
temperatures. 

REGENERATION OF HYDROGEN FROM ANTENNA VACUUM SYSTEM GETTER PUMP 

GETTER TEMPERATURE will, externai healer 
SORBED HYOROGErl LEVEL alter regeneration at constant temperature 
SORBED HYDROGEN LEVEL regeneration with external healer 
CONDUCTANCE"34.5 I / S -

20 EMBRITTIEMENT 

TIME (HOURS) 

MAIN 
TRANSMISSION 
LINE 

Fig. 6 Regeneration Time for 
Getter Pump 

Fig. 7 Surrogate Getter Pump 
on AQ Vacuum System 

4. TESTS 
Tests have been carried out on a test rig to measure the pumping speed of the getter 

cartridge. The data obtained are shown in Fig 4. The pumping speed for hydrogen at 280°C 
and 25°C is respectively 2000 l/s and 1500 l/s , both higher than the design figures, the 
pumping speed for CO, chosen, as a prototype for active gases, is of 700 l/s at 280°C, again 
higher than anticipated. 
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This rig has also been used to assess external heaters for activation, operation and 
regeneration. It is currently being used to investigate the effect of embrittlement and 
recovery. 

A surrogate getter pump has also been attached to the existing vacuum system on the 
prototype A antenna on octant 2D (Fig 7). 

Measurements performed on the 2D VTL have shown a pumping speed for the getter 
cartridge of about 2000 l/s in agreement with the figures obtained from the laboratory 
tests. No probleems have been experienced in operating the RF antenna with getter pumping 
of the VTL. 

Direct comparisons have been made between the original turbo-pumped system and the 
getter pumped system (Fig. 8). 

Fig. 8 Relative Performance of 
Surrogate Getter Pump 
and Turbomolecular Pump 

a 6B VTL WITH TMP AT FULL SPEED 

X 2B VTL WITH TMP AT STANO BY SPEED 

o 2D VTL WITH TMP AT STANO BY SPEED . GETTER PUMP 
a RF POWER TRANSMISSION 

1.00 

0 7S 

0.50 

0.25 

The RF testbed has been used to measure gas generation and conductance to the vacuum 
vessel (Tab II). Prototype getter pump systems are currently being installed to gain 
further operational experience. 

5. TRITIUM COMPATIBILITY 
The development of the pump design continues with respect to the reduction of tritium 

diffusion through the externally heated pump body. The remaining components of the vacuum 
system have been designed specifically for tritium operation. 

6. CONCLUSION 
A non-evaporable, regenerative getter pump has been successfully used to provide the 

additional pumping required on the vacuum transmission lines of one of the JET ICRF 
antennae. The characteristics of the pump have been measured. Getter pumping systems are 
being installed on all of the cooled Ai ICRF antennae on JET. 
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ABSTRACT 
The electrostatic screens for the A! JET ICRF antennae are required to be water-cooled 

in order to extend the pulse length to 20 seconds. Whilst many features found beneficial 
in the uncooled (A ) antenna have been retained, the provision of cooling, improvements in 
shape and interfacing with the toroidal limiter have much increased the complexity. The 
screens are fabricated in high purity nickel and manufacture has involved the development 
of machining, forming and welding processes to obtain the required mechanical performance. 

Tests of samples, a short proof assembly and a prototype screen have qualified the 
design and manufacturing processes. Magnetic forces during disruptions are reduced by the 
use of resistive electrical contacts, and the screen cooling is also used to cool the 
antenna side protection between pulses. 

Keywords: ICRF, Antenna 

1. INTRODUCTION 
The 8 ICRF antennae, due to be installed in JET from December 1986, are designed to 

launch a total of 15 MW into the plasma for 20 sec. This pulse length requires the At 
antennae to be actively cooled. Three unoooled A antennae have been operational on the 

o 
torus since 1985. 

Each Aj ICRF antenna incorporates an all metal electrostatic screen, as originally 
developed on TFR [ï]. The T-shaped cross-section of the uncooled A screen elements [2], 
and the tilting of the elements at 15° to align with the tokamak field [3] have been 
retained. This arrangement has a transparency of up to 90? [4] and successful high power 
RF transmission [5] [6] [7] has been demonstrated on the A antennae. The screen elements 
are now curved to follow the magnetic field. 

The screens are mounted in series with the belt limiter sectors and are designed for 
remote installation. Each screen carries graphite or beryllium side protection tiles which 
are radiatively cooled by, and mounted off fins pn the screen manifolds. 

The screen is an all welded nickel structure consisting of 79 tubular elements welded 
into 2 manifolds. To each manifold are also welded 86 fins for the side protection tiles, 
and the supports for the side electrical contacts. The screen is fixed to the antenna 
housing with 6 insulated bolts. A section through the screen is shown in Fig. 1 and the 
complete screen assembly is shown in Fig. 2. 
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Flg. 2 Antenna Screen 

A prototype screen has been tested on the JET RF testbed, and manufacture of the other 

8 screens is well advanced. This paper describes the design, manufacture and testing of 

these screens. 

2. DESIGN REQUIREMENTS 

2.1 General Requirements 

The screen assembly has been designed to withstand the disruption stresses and thermal 

stresses and handle 50 kV RF voltage without arcing. The screens will experience a 14 MeV 

neutron flux of 1 0 " n/s for 10s for each of 10" shots, integrating to 10'
β
 η/cm

2
 over the 

life of the system. The screens are required to have a leak rate of less than 10"' mbar 

l/s (He) to use the 12 bar cooling water supply of the toroidal limiter, to be bakeable to 

500°C, and to be installed remotely. 

2.2 Power Dissipation 

During the RF pulse the screen is heated (a) by RF losses of up to 300 kW which is 

nonuniformly distributed giving peak heating of up to 5 χ average and (b) by a further '50 

kW of uniform plasma radiation. An uncooled element would rise approximately 200°C under 

this loading. In addition, a mean power of 2030 kW per antenna has to be removed, due to 

plasma loading of the side protection tiles and radiation from the hot vessel. 

Water cooling at 7 kg/s through the screen gives an overall temperature rise of 15°C 

and avoids boiling at local hot spots. Variations in temperature between adjacent elements 

has to be limited to less than 20°C to avoid overstressing and fatigue at the element to 

manifold joint. Table I summarises the thermal properties of the screen 

Thermal Properties zf Screen 

îlement Material 

Element Mass 

Thermal Capacity 

Hole Diameter 
Hole Surface Area 

Screen Assembly Vaae 

Thermal Caoacity 
Internal Volume 

Nickel 

1.19 
0.5U 

5 
1.! 10" 

2̂ 2 

ι io 

9 

kg 

kJ/"C 

mm 
TT.' 

'<i 
<J/"C 
t 

Tils Thermal Capacity [Total! '55 <J/
9
C !3e) 

uu *J/"C (C) 
Thermal Dtff-jsion Times 

Element Surface to Centre - 3 set-
Element Ί Length 90 min 
Hot Spec -.o Manifold 3 m m 
Manifold Λ Lengch 5 nours 

Total Water Flow 7 kg/s 
Water Velocity in Element 

and Pipe ¡1.7 τι/3 

Re u χ io" 
Heat Transfer Coefficient 2.3 10" W/m* 

Inlet Pressure 6 oar 

Pressure Drop 1.6 3ar 
Water Temo Pise during pulse 

Average 15
3
C 

Peak Local '00°C 
Average Element Surface 53

9
C 
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2.3 Mechanical forces 

The forces experienced by the screen in good electrical contact with the housing 

during a 5 MA plasma disruption in 5 msec are shown in Fig 3. These have been evaluated as 

1 kN radially, uniformly distributed on each element and an average of 14 kN on each of the 

6 location bolts. It is assumed that the screen will have to withstand 5000 such loadings. 

The electrical contact between screen and housing is in practice established by 

slightly resistive contacts described below. These much reduce the mechanical forces (by a 

factor 5-10). 

Torque due Co variación 

of radial field dependant 

on movement of plasma 

Torque due Co B0 crossing iR 
(avoided oy OC connection 

of screen Co houslngj 

Pressure due to Bv crossing 

For Condlt l lons 

9 j -

=v ■ 

τ · 
Β 

3-5 Τ 

0.88 Τ 

5 I 0 " ' a 

L/R Antenna and I.S ms 

Forces on Screen During 

Plasma Disruption 

<11.SkN 

(b) 

le.SkN 

3. SCREEN COMPONENT DETAILS 

3.1 Screen elements 

A total of 1320 low carbon nickel bars 30 mm diameter, 700 mm long were procured from 

the same material melt and were processed in one batch after qualification. For subsequent 

gun drilling, maximum hardness was required. Production from 8 tonne blooms included hot 

forging, warm rolling, brightreeling, 2 cold drawings and finally centreless grinding. All 

material was ultrasonic tested for defects. Table II gives the properties of the element 

material. There is insufficient carbon in this metal to pin grain boundaries. However, 

testing proved that grain growth only occurred above 500°C. 

Due to lack of data, annealed samples were fatigue tested in rotation bending, wet at 

60°C. Better fatigue properties were recorded then theoretically predicted with stress to 

failure at 10' cycles at 50? of ultimate strength. Similar fatigue behaviour to the 

stronger normal carbon nickel 200 was seen, Fig 4. Decrease in strength due to fatigue at 

ultimate stress levels is seen only above 10" to 10
s
 cycles. 
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Table II: Properties of Screen Elements Material 

Designation: 

Specification: 

Pure Nickel 

Cabot Alloy 201 

Chemical Composition: 

Nickel 

Cobalt 

Carbon 

LC Nl 99.2 

BS 307«  3076 Na 11 i 12 

ASME Β 160  163 

DIN 17740, 17750, 17752 

SPECIFIED 

2 99.01 

S I .Oí 

S 0.02Í 

ACTUAL 

99.77Í 

< .05« 

< .Olí 

Hardness before Annealing: 120 HV min 

Annealing Conditions: 815°C, .75 hr, air cooling 

180 HV Surface 

110 HC Centre 

Mechanical Propertles after Annealing: 

0.2Í PS 

0.2Ï PS 

"ult 

°Ult 

Elongation on 50 mm 

Hardness 

Grain Size 

Max inclusions 

Electrical Resistivity 

Tests Ultrasonic 

Eddy Current 

134 MN/m
1
 (514 as drawn) 

78 MN/m
2 

377 MN/m
2 

210 MN/m·
1 

6UÏ 

59Í 

90 HV 

56 

£ .02 mm 

S 8.4 10"*ncm 8.33 10"'.îcm 

No indications on 5 passes; ref 1 mm dia to centre 

No indication on 1 pass ; ref .9 mm dia 3 mm deep 

20°C 

500'C 

20 "C 

500°C 

20°C 

500°C 

20°C 

> 

> 

> 

> 

> 



. 

< 

70 MN/m
2 

59 MN/m
2 

350 MN/m
2 

210 MN/m
2 

40Í 

59Í 

90 HV 

37 

.25 mm 

= 50 

002 

STRAIN 

• MCiSUBS fOB Ni 201 IN ν/ΑΤΗΛ 

C rii :oo IN AIR 

ìli 2 0 0 IN WATEH 

10' 

Flg. 4 Tensile and Fatigue 

Properties of Screen Elements 

The 700 mm long bars were gun drilled in 2 passes of 5.02 and 5.00 mm diameter, from 

one end at an optimized feed rate of 18 mm/min. All drilling was produced within the 

specified tolerances of 1.0 mm run out over length and straightness of 0.3 mm. Bars were 

straightened prior to drilling. No drilled bars were rejected. 
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4. ASSEMBLY 
'1. 1 Kl onion t wold 

The weld between element and manifold is a critical design area [7J. The weld 
preparations and procedures have been developed to give in a weld thickness of typically 
1.5 mm, and not less than 1 mm on the 1.5 mm wall. Over 100 sample welds of the final 
geometry have been sectioned and analysed. The resulting weld (Figs 6 and 7) 
produces a joint withstanding 10 <N axial tension before rupture of the spigot near the 
weld. In compression the spigot buckles at 20 kN without rupture or failure of weld. 

105° 

1-5 1-5 

MANIFOLD 

ELEMENT 

Fig. 6 Element Weld Geometry Fig. 7 Section of Element Weld 

Welding is by hand with DC TIG using Ni 61 filler. Important features of the welding 
are: the 3 mm oastellation of preparation, prior annealing of all material; cleaning 
immediately prior to welding; deep 'V' preparation. 

Some pores are seen but these are not sufficient to affect strength and vacuum 
integrity is maintained. Pulsed TIG welding with He purge and no filler has teen used to 
produce pore-free welds of typically 0.8 mm thickness. It has been found that the time of 
the weld run should be maximised, allowing a certain drop off of weld, of up to 0.5 mm, 
into the tube to produce the largest weld thickness. 

Non destructive testing of the weld could only be effectively performed by He leak 
testing before and after stress relieving and thermal cycling. The manifold shape enables 
individual leak testing of each weld. 
4.2 Proof assembly tests 

A short assembly of 5 elements was made to test the design and manufacturing 
techniques, in particular by cyclic loading to represent the disruptive forces. Initial 
failure in testing led to the development of improved spigot design, weld preparations and 
weld procedure. 
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After drilling, the bars were annealled and machined in a series of operations devised 

to minimized distortion. Particular attention was paid to the method of clamping. 

Radiusing the sharp corners at the end of the profiled section was done with 

electrodischarge machining·. 

The long profile was formed by cold pressing using tools developed to accommodate 

springback. The elements were finally electropolished. 

3.2 Manifolds 

The manifolds are also made of nickel to reduce stress in the element weld. They are 

made of two straight parts, one part machined with weld preparation and the other folded to 

a Vsection. These two parts are then temporarily welded together for rolling to the 2 m 

radius. The parts are separated for electropolishing and welding of elements. 

3.3 Fins 

On each side of the screen 87 nickel fins are welded to the manifold. The fins are 

stamped, grit blasted and coated with a high emissivity Alumina (87Í)  Titania (135) 

mixture by plasma spraying in low pressure N2. 

3.4 Screen fixing 

On each screen are bolted 6 location blocks, electrically isolated from the screen 

with ceramic cones. The screwed location bolts are made of Nimonic 8OA, age hardened and 

coated with Titanium Nitride by PVD to prevent seizing. If incorrectly assembled these 

bolts can exert sufficiently large lateral forces on the threads that galling can occur. 

Tests are continuing with aluminium bronze and titanium alloy bolts. 

3.5 RF contacts 

The side of the screen is electrically connected to the housing by a series of 55 

sprung finger contacts (Fig 5). The contacts have been designed to maximise the DC 

resistance whilst maintaining good RF contact. The fingers are fabricated in the 

relatively high resistivity Nimonic 90, which enables the spring to maintain the ION 

contact force required at high temperature and to accommodate the differential expansion 

of housing and screen. Each finger has 5 urn of silver (half skindepth) electro deposited 

on the antenna side for the required low RF resistance. It is made in the form of a clip 

so it can detach itself, during screen removal, if the contact has welded to the housing. 

Τ 

SCREEN ASSEMtXT 

OUAOPUPOLÊ 
CENTRAL 
CDNOUC10R 

'Fig. 5 Detail of Contacts 

The end contacts are made to the same specification except high resistance is not 

required and the fingers are silver plated to 20 um. 

The contacts have been tested at RF currents up to 30A and 6OA per contact for the 

side and end contacts respectively. 
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The Proof Assembly was centre loaded on each element to 600N with the assembly under 
10 bar water pressure. Helium leak testing was performed at 5000 and 10000 cycles. The 
Proof Assembly successfully withstood this test and also proof pressure testing and 500°C 
helium leak testing. Deformation of the screen under this loading was measured to be 
slightly less than predicted by a simple model. This did not allow for non linear plastic 
behaviour of nickel at low stress levels. The very low notch sensitivity of nickel allows 
initial yielding to better distribute stresses without crack propagation. 
4.3 Assembly procedure 

A substantial assembly jig was used to minimise distortion during welding. After 
welding the elements, and again after welding the manifolds and fins the screen was stress 
relieved still on this jig at 550°C for 5 hours in 3Í H2/Argon gas. The jig material was 
stainless steel 31 OS, the design taking account of the expansion coefficient over the range 
10-550°C of 15 10"V°C compared with 13.3 10"6/°C for nickel. 

The jig remained the main dimensional reference throughout assembly. Fins were welded 
to the manifold referred to the jig, as were the location bolt locations and water feed 
pipe features. 

Pressure proof testing was performed at 20 bar with water. The screen fitted with 
location bolts was test fitted to a Dummy Housing that represents the features of the real 
housing. The finished screen was thermally cycled in a vacuum furnace for 10 cycles 
between 100°C and 500°C. Helium leak testing was performed at 500°C in the final cycle 
with leak rate of < 10"' mbar li/s. Forced gas cooling of the screen at 50°C per hour was 
used to accelerate this cycling. 

5. RF TESTING 
The prototype screen was installed on the prototype antenna in the JET RF Testbed with 

thermocouples were attached to key points on the screen and antenna. 

Initially high voltage testing was performed without cooling. This test was success
fully completed with 50 kV pulses of 10 millisec duration. No arcing was seen. The screen 
temperature profile was monitored using infrared thermography calibration was done using 
the thermocouples but remains imprecise because of the very high reflectivity of the 
electropolished nickel. Hot spots are seen on the manifold at a screen gap due to 
reflections from the hot interior of the antenna. Without cooling, local temperature rises 
of 80°C are seen. Initial water filling was performed with the screen at 80°C. Cooling of 
the screen was uniform. This was an important test as water filling on JET will have to be 
performed frequently. 

With water cooling the RF pulse length was increased to 20 sees at 50 kV at the 
specified duty cycle of 1 shot/10 minutes. The maximum RF power dissipated in the screen 
was 350 kW at 33 MHz for which screen temperature rises of 90°C were seen at hot spots. 
The corresponding tile temperature rise was 300°C. A total of about 80 pulses of 20 sec. 
duration at 42 kV have to date been applied during life tests without failure. These 
initial test results confirm the design of the screen with regard to both thermal stresses 
and RF properties. 

6. CONCLUSIONS 
The watei—cooled A, Antenna Screens are well into manufacture and will be installed in 

the major shutdown of JET statring in December 1986 after à rigorous proving of all stages 
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of design and manufacture. The first screen has been tested, without plasma, and has 
confirmed design expectations. 
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THE JET IN-VESSEL INSPECTION SYSTEM 

T Raimondi, R Cusack, L Galbiati 
JET Joint Undertaking, Abingdon, Oxfordshire 

ABSTRACT 

A viewing system was developed for JET so tha t the i n t e r i o r of the vacuum vessel can 
be scanned without breaking the vacuum. Four i d e n t i c a l TV cameras can be in se r t ed i n to the 
vacuum vessel from the top through symmetrically disposed por t s of small diameter 
(- 60 mm). 

To get round the problem of heat from the lamps in a confined space, high energy xenon 
f lash l i g h t s are used. The TV r a s t e r i s recorded immediately a f t e r the f l a sh t r i g g e r in a 
high speed d i g i t a l memory. A new vers ion for inspec t ion at high temperature i s being 
developed. 

1. INTRODUCTION 
Opening the vacuum vessel to the atmosphere involves a lengthy phase of recondi t ion ing 

for high vacuum, so a system for inspec t ing the i n t e r i o r of the vessel without breaking the 
vacuum seal was r equ i r ed . As pene t ra t ions i n to the Tokamak have to be kept to a minimum, 
the major c o n s t r a i n t on the design was the small s i ze of the por ts through which to i n s e r t 
the viewing probes . Four v e r t i c a l por ts of t r i a n g u l a r s ec t i on at the top of the vacuum 
vessel were a l l o c a t e d . The requirement of preserving the high vacuum meant t ha t a l l the 
o p t i c a l apparatus and mechanisms, as well as the l i g h t i n g source , had to be contained 
within a vacuum-tight viewing probe of 54 mm diameter . The l a rge volume of the vacuum 
vessel which had t o be inspected from only four pene t ra t ions required high i n t e n s i t y 
l i g h t i n g . This posed a severe problem of heat d i s s i p a t i o n in the confined space of the 
viewing probe. The four i d e n t i c a l probes of the In-Vessel Inspect ion System (IVIS) 
(fig 1 ) , f i t t e d at the beginning of 1984, have since been used succes s fu l ly . 

2. SYSTEM DESCRIPTION (Figs 1 and 2) 
Each probe cons i s t s of a s t a i n l e s s s t e e l tube terminat ing in a g lass cy l i nde r . The 

viewing probe i s lowered i n to the vessel by a ca r r i age driven along a guide unit .which i s 
suspended from the magnetic limb by means of a gimbal arrangement and centered with the top 
of the port using a hinge connection. This method of suspension allows the guide unit to 
comply with thermal deformations of the v e s s e l . The viewing probe i t s e l f i s centered with 
the top of the port by f l e x i b l e phosphor-bronze " f inge r s" to allow se l f aligament of the 
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probe during i n s e r t i o n ane reduce shocks cue to v ib ra t i ons of the p o r t . Long v e r t i c a l 
bel lows, with 6:1 compressions r a t i o , allow for the v e r t i c a l s t roke of the ca r r i age while 
forming a vacuum b a r r i e r . A separa t ion valve between guiae uni t and vacuum vessel i s 
opened to i n s e r t the viewing probe a f t e r checking tha t the vacuum in the IVIS system 
matches that of the vacuum v e s s e l . 

A h i g h - s e n s i t i v i t y black and white camera i s s i t u a t e d a t the. lower end of the viewing 
probe. Otherwise r e l ay lenses would be needed to t ransmit the image along the probe i t s e l f 
r e s u l t i n g in o p t i c a l l o s s e s . T i l t and r o t a t i o n of a prism in the g lass viewing cyl inder 
allows a whole quadrant of the vessel to be explored from any of the viewing p o s i t i o n s . 

2 . 1 . Suspension method and alignment 
Alignment of the guide un i t to the port i s very important as c learances between 

viewing tube and port are smal l , in the region of 1 mm. Therefore before i n s e r t i o n a 
survey of the r e l a t i v e angle between guide uni t and port has to be done, and the pos i t ion 
of the hinge point has to be adjusted if necessary , t o l i m i t the misalignment to 
± 10 minutes . A remote readout of the misalignment has now been implemented in both 
t angen t i a l and r a d i a l d i r e c t i o n s and i t has been seen tha t no readjustment i s usual ly 
needed. 

2 .2 . Bellows assembly 
Bellows 3.2 m in length and edge welded with a compression ratio of approximately 6:1 

have been used. Due to the weight of the bellows it was found to be necessary to build in 
a support system to limit the stretching of the top convolution. The bellows are divided 
into three sections each being limited to a predetermined length; this is achieved by 
using stainless steel tapes with a built-in stop. Each tape is attached to a return 
spring, so that when the bellows are compressed the spring will rewind the tape into a 
parked position. 

In the compressed situation the bellows, shaped in corrugated discs, nest into one 
another. Calculations led us to choose the following parameters: 

Outer diameter 
Inner diameter 
Thickness 
Weight 
Maximum elastic stretching per convolution 
Maximum stretching of the top convolution of any of the 3 sections 

108.8 mm 
64 mm 
0.2 mm 
20 kg 
3.9 mm 
3.7 mm 

The bellows were cycled in representative conditions to check that no permanent 
deformation was occurring. 

2.3· Glass cylinders and optics (Fig 3) 
The glass chosen was a borosilicate (trade name Kodial) ground and welded to the steel 

through an intermediate KOVAR collar whose thermal expansion characteristics are compatible 
with those of the glass. 
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After an accident to one of the cy l inders during a commissioning i n s e r t i o n , a s t e e l 
cap held in place by pretensioned rods was added to p ro tec t them. The rods are th in enough 
not to impair v i s i o n . 

The d i s t o r t i o n introduced with the viewing cy l inder i s compensated by a c y l i n d r i c a l 
l e n s , r o t a t i n g with the assembly. A zoom l e n s , s p e c i a l l y designed to f i t the small 
diameter , c o n s i s t s of conventional l enses t e i e scop ica l ly operated through t h i n cy l inders by 
a c t u a t o r s loca ted behind the camera (fig 3 ) . The f i e l d of viewing ranges from 20° , to 
embrace a recognisab le por t ion of the vacuum vessel wa l l , down to 4° to achieve the 
requi red r e s o l u t i o n , of approximately 2 mm at 5 mt d i s t a n c e . 

In these condi t ions the aper tu re i s l imi t ed to 1:11 and severe problems of heat 
d i s s i p a t i o n are encountered s ince in tense l i g h t sources a re needed and can only be loca ted 
in the small volume underneath the te lecamera . For these r easons , high energy xenon f l a sh 
l i g h t s (500 j o u l e ) were used. The TV r a s t e r i s recorded immediately a f t e r the f lash 
t r i g g e r with high speed d i g i t a l memories, known as "frame grabbers" , which are a l so 
convenient for image ana lys i s and enhancement. S ingle frames are recorded every few 
seconds. Glaring r e f l e c t i o n s from the wall under c e r t a i n angles can be avoided by 
r e o r i e n t i n g the r e f l e c t o r s or varying the l i g h t energy. I n t e r n a l r e f l e c t i o n s in the 
viewing cy l inde r s are avoided by using one telecamera while f l a sh l i g h t i s provided from 
the other c y l i n d e r s . 

Due to the very shor t dura t ion of the f l a sh l i g h t (1 to 2 m/sec) i t i s not poss ib le to 
ad jus t the angular pos i t i on of the o p t i c a l a x i s , zoom, focus , i r i s and l i g h t o r i e n t a t i o n . 
Therefore a l l the co-ord ina tes of the o p t i c a l ax i s and o p t i c a l parameters , optimised during 
the t e s t s , are repeated au tomat ica l ly for various angles of viewing. This a l so allows 
s impl i f ied in spec t ion rou t ines by using a pre-recorded l i b r a r y of p o s i t i o n s . 

A very smal l , φ 32 mm, black and white camera i s used for each viewing probe. The 
camera i s equipped with a Newvicon pick-up tube which i s capable of providing a high 
r e s o l u t i o n t e l e v i s i o n p i c t u r e . A usable p ic tu re can be obtained with a face p l a t e 
i l l umina t ion as low as 0.1 l u x . The Newvicon face p l a t e can withstand high power l i g h t i n g 
(10,000 lux) without any damage, and the re fo re lends i t s e l f to using a high energy f l a sh as 
a l i g h t source . 

2 .4 . Control aspec ts 
The following movements are needed for each probe : focus zoom, i r i s , t i l t , r e f l e c t o r , 

r o t a t i o n , v e r t i c a l s t r o k e . Miniature dc motors and incremental encoders for maximum 
compactness are used within the probe with r e c i r c u l a t i n g ba l l screws for the l i n e a r motions 
Limit switches provide a reference p o s i t i o n . 

The movements are con t ro l l ed by on/off servomechanisms which apply prese lec ted 
constant vol tages to the motors, au tomat ica l ly stepped down at prese t th resholds of the 
pos i t ion e r ro r s as the input reference pos i t ion s igna l i s approached. Four l e v e l s of 
voltage are used, to obta in a time response and prec is ion comparable to a l i n e a r r a t e 
cont ro l system, which would have e n t a i l e d use of tachometers . The leve l of f l ash energy 
can a l so be p r e s e t . 
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2 . 5 . Operation 
The co-ord ina tes of the op t i ca l mechanism p o s i t i o n s , including the l i g h t o r i e n t a t i o n 

and l eve l of f l a sh energy, optimised during the t e s t s , a re s to red in the host computer in 
the form of "named pos i t i ons" which ident i fy the various areas of the vessel with 
s i g n i f i c a n t a b b r e v i a t i o n s . 

For example: Feature 

Lim 
(limiter) 

Octant 

2 

Sector 

D LIM 2/D 

Each movement can a l so be con t ro l l ed by a j o y s t i c k , a l loca ted via a touch panel , or by 
keyboarding the des i red c o - o r d i n a t e . 

After c a l l i n g a named pos i t i on , a t r i a l and e r ro r adjustment of the focus value i s 
however necessary due to the i n s u f f i c i e n t r e p e a t a b i l i t y of the reference p o s i t i o n . This 
t iresome procedure can be a l l e v i a t e d by taking a l l the p ic tu res from the same camera 
consecu t ive ly , s ince the co r rec t ion of the focus i s the same. Some adjustment of l i g h t i n g 
condi t ions may a l so be needed from one campaign to the next because of v a r i a t i o n of 
r e f l e c t i v i t y of the su r f ace . I n i t i a l l y very b r i g h t , the vessel has in f ac t been carbonised 
with some shiny and some "matt" a r e a s . These dramatic v a r i a t i o n s of l i g h t i n t e n s i t y and 
g la res are the cause of major d i f f i c u l t i e s in t h i s type of i n s p e c t i o n . With good l i g h t i n g 
the qua l i t y of the p i c tu re s i s qu i te s a t i s f a c t o r y ( f ig 4 ) . 

3 . ENHANCEMENT PROGRAMME 

3.1 The inner par t of the vessel i s now very dark s ince i t i s carbonised and does not 
rece ive d i r e c t l i g h t . 

Even inc reas ing the s e n s i t i v i t y by i n t e g r a t i n g success ive f l a s h e s , the image remains hazy 
because d i r e c t l i g h t impinging on the viewing g lass i s s c a t t e r e d ins ide i t . Present ly a 
modified version of the g lass cy l inder i s being t e s t e d , in which the xenon f l a sh i s in a 
chamber separa ted from the camera so tha t i t can be used with i t s own camera to throw i t s 
d i r e c t l i g h t onto the ins ide wa l l . 

3.2 The present system i s designed to operate at 50°C. The cool ing and r e - h e a t i n g of the 
v e s s e l , together with a p a r t i a l l o s s of the condi t ioning e n t a i l a down time which one would 
l i k e to avoid. A vers ion of the IVIS able to inspect at 300°C i s being developed. 
Prel iminary c a l c u l a t i o n s and t e s t s i n d i c a t e tha t a water cooling j acke t i s f e a s i b l e and 
thermal s t r e s s e s in the g lass cy l inder in the region of the 0.4 kg/mm2 would be a c c e p t a b l e . 
Fatigue t e s t s are being ca r r i ed o u t . 

To make room for the cooling j acke t we s h a l l have to e l imina te the zoom mechanism. 
The r e s o l u t i o n obtained should be s u f f i c i e n t for rou t ine i n s p e c t i o n . When higher 
r e so lu t i on i s needed, a "cold" campaign with the present system wi l l 'nave to be done. 
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As an alternative we considered using a number of relay lenses along the viewing prc'oe 

so that the camera couid be locatec outside. This would have permitted use of a magnifying 

lens at the eyepiece end and of an iir.age intensifier. However the resolution achievable was 

so poor, due to the number of relay lenses required, that this mace such a solution 

unworkable. 

3.5 Enhancement of the images is achievea using the crystal device, proauced by Çuantel, 

that stores in its RAM a complete digitised picture with a resolution of 512 χ 512 pixels 

and 256 grey levels. Several digital filters are available. Particularly important is the 

"antiflickering" filter which averages out successive lines from two interlaced frames, the 

second of which is weaker in intensity. 

3.4 In DT operation, the glass cylinder would be blackened by a radiation dose of 10
s
 rad. 

Tests done by ENEARome have shown that transparency is restored to 805 when the 

borosilicate glass is submitted to heating cycles above 250°C. The TV camera is designed 

to resist 10
e
 rad. The objective lenses cannot be heated as they are in the cooling 

jacket. If we wish to leave the viewing probe permanently on the machine to save time in 

frequent inspections the lenses will have to be remade in radiationresistant glass. 
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Fig 2 Layout of the system Fig 3 Viewing probe 

Fig i\ Image of bellows p ro tec t ing p l a t e with named pos i t i on and parameters 
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REMOTE HANDLING TOOLS FOR JET 

M Wykes 
JET Jo in t Undertaking, Abingdon, Oxfordshire 

ABSTRACT 

Hands-on maintenance of the JET machine includes personnel using too l s to perform 
t a s k s . For remote maintenance, these tasks wi l l be performed by servomanipulators using 
too l s having the same funct ional requirements as the corresponding hands-on t o o l s , but with 
simpler handling requirements to r e f l e c t the reduced d e x t e r i t y of servomanipulators as 
compared to human o p e r a t o r s . 

Many of the remote handling t o o l s tha t wi l l be u l t ima te ly requi red for JET have now 
been designed and procured. They wi l l be ex tens ive ly used by personnel during the JET 
1986/87 shutdown to prove t h e i r funct ional adequacy when opera t ing with ac tua l JET 
components. This poster descr ibes f ive t yp i ca l remote handling too l s present ly being 
prepared for shutdown s e r v i c e . 

1. φ50 EXTERNAL ORBITAL TIG WELDING TOOL 
This tool has been s p e c i f i c a l l y designed to perform the connecting welds in the 

cooling water pipework of the JET t o r o i d a l l i m i t e r s and A1 RF antennae. The pipe mater ia l 
in Inconel 600 with an outs ide diameter of 50mm and a wall th ickness of 2.5mm. The pipe 
ends are square faced and are TIG welded without a d d i t i o n a l f i l l e r m a t e r i a l . Access t o the 
j o i n t s i s r e s t r i c t e d and no propr ie to ry welding tool was a v a i l a b l e to f i t i n t o the 23mm 
r a d i a l c learance and 45mm ax ia l space. There are 96 welds of t h i s s t y l e used on JET. The 
welding tool i s shown in F i g . 1. 

The water cooled e lec t rode holder i s housed in a "Syalon" ceramic arm which' 
a r t icula tes on the orbiting ring gear. This ar t iculat ion accommodates i r regu la r i t i es of 
pipe diameter and maintains a constant arc length. The ring gear has a side cut-out to 
allow i t to be placed and rotated coaxially with the weld jo in t . To maintain a continuous 
drive to the ring gear, two input worm gears are simultaneously driven from a pair of bevel 
gears, driven in turn by a single motor. 

Accurate location of the tool is achieved through a machined trapezoidal section ring 
which forms part of the weldment. 

The tool is hydraulically clamped to this ring which ensures that the tool is 
supported square to , and the electrode is aligned with, the jo int l i n e . The clamping 
mechanism also ensures that the halves of the joint are aligned coaxially. 
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Flg.1 φ50 external o rb i t a l TIG welding too l 

Welding power and sh ie ld ing gas are t r ansmi t t ed to the o r b i t i n g weld head by means of 
a water cooled cable assembly. The copper cable i s 2mm2 in cross s ec t i on and i s f i t t e d 
ins ide a s i l i c o n e rubber hose conveying the cooling water . The cable assembly i s 
maintained under a small t e n s i l e load to ensure t ha t i t winds onto and off the o r b i t i n g 
head in an order ly manner. 

2. CUTTING TOOL FOR INTERNAL FILLET WELDS 
JET standard i n t e r n a l f i l l e t welded j o i n t s cons i s t of two concent r ic s l e e v e s , one 

ins ide the o the r . The inner s l eeve , which has a remote handling groove, i s recessed i n to 
the outer s l e e v e , t h i s recess accommodating an i n t e r n a l f i l l e t weld between the s l e e v e s . 
This type of remote handling j o i n t i s used on JET vacuum windows, port plugs and t o r o i d a l 
l i m i t e r bellows s leeve assembl ies . A family of remote handling c u t t i n g t o o l s has been 
designed to cut away the i n t e r n a l f i l l e t welds thereby enabling s epa ra t i on of the s l e e v e s . 

A sec t iona l view of a t yp i ca l c u t t i n g tool i s shown in F i g . 2. 
The s ing le point c u t t i n g b i t o r b i t s at a constant p r e se t ab l e speed. Automatic ax i a l 

feed i s achieved by a lead screw driven by the o r b i t a l drive through a u x i l l i a r y gea r ing . 
The feed and o rb i t motions can be decoupled by a pneumatic c lu tch to allow fa s t ax ia l 
p repos i t ion ing of the cu t t i ng b i t . 

The c u t t i n g tool i s secured to the weldment by th ree f inge r s which a re pushed i n to the 
remote handling groove by a wate r -hydrau l ic ac tuated pushrod. 

The cu t t i ng speed and ax i a l feed r a t e have been optimised such tha t cuts a re made in 
Inconel 600 mater ia l without l ub r i can t or coo lan t . The c u t t i n g zone i s completely 
enveloped by a shroud which i s evacuated by a vacuum l i n e . The c u t t i n g b i t has a chip 
breaker so tha t a l l ma te r ia l o f f -cu t s are small enough to be sucked from the shroud and 
cap tured . The power uni t i s a p ropr ie to ry e l e c t r i c dr ive motor which has dynamic 
c losed- loop control of o r b i t a l speed. 
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Removable 
Electric Drive 

Fig .2 Cut t ing tool for i n t e r n a l f i l l e t welds 

3 . WATER HYDRAULIC PIPE EXPANSION TOOLS 
For remote handling of the inner and outer s leeved elements of JET standard i n t e r n a l 

f i l l e t welded j o i n t s , the re must be s u f f i c i e n t c learance between the elements to compensate 
for a l l the e f f ec t s of to le rances and welding d i s t o r t i o n and allow easy i n s e r t i o n . In 
p r ac t i c e t h i s r e s u l t s in gaps between the assembled s leeve elements which are too l a r g e to 
weld without using excessive f i l l e r mater ia l and heat i n p u t . In order to reduce the gaps 
p r io r t o welding, a family of remote handling t o o l s i s used to l o c a l l y expand the mouths of 
the various s i z e s of inner s leeve e lements . F ig .3 shows a s ec t i ona l view of a t yp i ca l 
water hydrau l ic expansion tool used on a l l vacuum windows and t o r o i d a l l i m i t e r bellows 
s leeve assemblies in the JET vacuum v e s s e l . 

The head end of the tool contains pawls which move r a d i a l l y to engage with the inner 
s leeve remote handling groove when the pawl l eve r i s r o t a t e d through 90°. The 
double-act ing p i s t on , which i s actuated by d i s t i l l e d water at 200 Bar, d i sp laces the ramp 
r ing a x i a l l y . This r e s u l t s in a r a d i a l motion of the c o l l e t segments with considerable 
force ampl i f ica t ion due to the small ramp r ing ang le . Since the c o l l e t segments bear 
aga ins t the tool head, most of the end t h r u s t i s reac ted within the t o o l . The amount by 
which the inner s leeve i s recessed i n to the outer i s determined by the s t o p - c o l l a r , the 
ax ia l pos i t i on of which can be adjusted using the s t o p - c o l l a r l e v e r . 
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Fig .3 Water hydraul ic pipe expansion too l 

4. HANDLING TOOL FOR TOROIDAL LIMITER BELLOWS 

The t o r o i d a l l i m i t e r φ50 water supply pipes conta in bel lows, both to accommodate 

thermal expansion during opera t ion and to allow displacement of the pipes during remote 

handl ing. A tool i s required to e f fec t t h i s displacement , which i s ±8mm about the f ree 

p o s i t i o n . The tool i s shown in F i g . 4 . 

The leading por t ion of the tool i s in the form of a jaw which f i t s around the water 

p ipe . The tool i s secured to the bellows sleeve assembly by two l a t c h e s which engage with 

the remote handling groove. These l a t c h e s are displaced by a dr ive p l a t e running in a 

slideway in the body. Latching i s achieved by r o t a t i n g the l a t c h dr ive ac tua to r 30° , which 

disengages a peg from ?. d e t e n t . The two drive spr ings push the l a t c h e s i n t o the remote 

handling groove. 

The tool i s secured to the water pipe through two t runnions welded to the p ipe . Two 

leadscrewed jaws are engaged with the t runnions by r o t a t i n g the tool 22° about the pipe 

a x i s . The leadscrews run in trapped nuts onto each of which a spur gear wheel i s c u t . 

Two spur gear t r a i n s connect each geared nut with a common dr ive wheel. The two pinions 

which connect with the common gear wheel contain cone c lu tches so tha t the tool can 

accommodate p l a n a r i t y e r ro r s between abut t ing p ipes . 

The common gear wheel i s driven through a bevel gear se t and a chain d r i v e . The 

bellows are displaced by r o t a t i n g the jaw drive a c t u a t o r , which conta ins a c lu tch to 

prevent overloading of the mechanism. 
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Φ 50 

1 / IP 
Lead-Screwed Jaws Spur Gear Train Body Drive Springs Cone Clutch Latch Drive 

(Two) Actuator 

Latches( 2 off) Latch Drive Plate 

Fig.4 Handling tool for t o r o i d a l l i m i t e r bellows 

5. TOROIDAL LIMITER TILE HANDLING TOOLS 
The p ro tec t ive t i l e s of the t o r o i d a l l i m i t e r s are assembled to t h e i r mating f ins in 

p a i r s . Each t i l e pair has two locking mechanisms conta in ing d isc spr ings which force the 
t i l e s together onto the in te rven ing f i n . These d isc spr ings have to be compressed and the 
t i l e s separated by a c e r t a i n amount before the t i l e s can handled on to or off the f i n s . 
F ig . 5 shows the remote handling tool used for t h i s ope ra t ion . 

Cooling water 
pipe Radiant fin with 

black coating 

Rotor 

Servomanipulator 
grasp. 

Safety latch 

Connecting rods 

Pair of carbon tiles Crank 
Air cylinder 

Tile attachment 
fixture 

Fig 5 Toroidal l i m i t e r t i l e handling tool 
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The tool cons i s t s of two prongs mounted in and f ree to r o t a t e wi thin the t co l body. 
The prongs have cranks which are driven by a r o t c r through two connecting rods . The 
extent of the r o t o r , ana hence the prong, r o t a t i o n i s 'governed by the pneumatically 
ac tua ted safe ty l a t c h . 

During opera t ion the tool i s graspea by the tongs of a servonani pul a tor and the prongs 
guided between grooves cut i n to the inner t i l e f a c e s . 5y r o t a t i n g the prongs the t i l e pack 
opens s u f f i c i e n t l y to allow assembly to the f i n s . When the lower prong i s co r r ec t l y 
loca ted in the f in s l o t , the t i l e pa i r i s in the appropr ia te pos i t i on to be secured onto 
the f ins by the locking mechanism. The upper prong ensures p a r a l l e l s epa ra t ion of the t i l e 
p a i r . 
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OPERATION OF THE MAGNET POWER SUPPLIES. 

RELIABILITY AND IMPROVEMENTS 

M.Huart, A.Moissonnier, T.Eriksson, C.Raymond 

JET Joint Undertaking, Abingdon, Oxfordshire, UK. 

ABSTRACT 

The JET Magnet Power Supply Scheme includes a combination of flywheel generator-diode 
rectifiers and mains driven transformer-thyristor rectifiers for the supply of energy to the 
coils and a switching network with air blast circuit breakers and commutating resistors for 
inducing the high voltage required for the plasma initiation. 

They have now been in operation for three years. During this period, a set of 
information on the reliability of various power supply equipments under pulsed operation has 
been obtained. 

For each equipment is given a list of faults, indicating potential weaknesses, as well as 
the remedies and the improvements that have been applied. The Magnet Power Supplies have at 
present, on average, 6-8 different faults per week with approximately three of them leading 
to loss of operating time. 

1 . INTRODUCTION 

The JET Magnet Power Supply Scheme consists of two sets of dedicated power supplies to 
feed energy respectively to the Poloidal Field Coils and to the Toroidal Field Coils. The 
circuits are shown diagramatically on fig. 1 and fig. 2. The components of these circuits 
have been described in other papers [ï], [2], [3], [4], [5]. 

The Flywheel-Generators, the Ohmic Heating Switching Network and Stage I of the 
Transformer-Thyristor Rectifiers started operation on the JET Tokamak in June 1983. The 
Stage II of these equipments, which corresponds to the duplication of Stage I, started 
operation in June 1984. 

2. ORGANISATION OF THE OPERATION AND MAINTENANCE 

The operation of the JET Tokamak is carried out in two shifts since February 1985. The 
period between major shutdown (- 12 months) is divided among operation week, maintenance week 
and commissioning week. 

A period of six operation weeks is followed by one week of maintenance and one week of 
commissioning. 
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Fig. 2: JET Toroidal Field System 

The operation week is divided as follows. The Monday is dedicated to commissioning, the 
early shift to the machine and the late shift to the diagnostics (with plasma). The Tokamak 
operation takes place from Tuesday to Friday in two eight hour shifts. The Saturday is a 
maintenance day. The weekly maintenance is mainly dedicated to routine maintenance and some 
repair. The maintenance week is used for more extensive routine maintenance as well as 
trouble shooting, repair of faults and introduce improvements. Annual overhaul of equipments 
takes place during the major shutdowns of the JET Tokamak. 

459 



A centralised and systematic system of recording operation faults in the magnet power 

supplies has been introduced in February 1985. The records are taken in the Central Control 

Room by the Power Supply Operation Engineer. These records consist mainly of identification 

of the system affected and the alarm message received in the control room. They are 

supplemented by fault reports written by the Site Technician, if an intervention on the 

equipment has been made. 

The records are then transferred to the maintenance team who will investigate the fault 

in collabration with the various responsible officers and decide upon a replacement, 

modification of design or alteration in the maintenance procedures. 

3. STATISTICS OF FAULTS 

The statistics of failures in the magnet power supplies have been grouped in three 

systems, namely the Ohmic Heating Switching Network, the Flywheel-Generatoi—Convertors and 

the Transformer-Thyristor Rectifiers. The later system includes the Toroidal Field Static 

Units, the Poloidal Vertical Field Amplifiers and the Poloidal Radial Field Amplifiers. 

The data have been presented in the following way. 

The fault distribution is given in pie-chart for two periods of 15 operation weeks in 

1985 and in 1986 to indicate the progress achieved and the most troublesome components (fig. 

3, 5 and 7). The failures are then analysed in terms of their cause (component, connection, 

interference, etc) and in terms of the function affected (monitoring, control, protection, 

etc), (fig. 4, 6 and 8). 

A list of components is then given with their weakness and the remedy applied (tables 1, 

2, 3). 

3.1 The Ohmic Heating Switching Network 

1985 1986 

s o 

6 7 

TOTAL NUI-eER OF FA1ATS : 9 3 
TOTAL NUMBER Of FAULTS : 61 

■ SPARK6AP 

D C0OLIN6 

WATER 

0 CIRCUIT 

BREAKERS 

Β FAST MAKE 

SWITCHES 

S DCCT/OCVT 

Β CONTROL & 

SEQUENCING 

Ξ EARTHIN6 

SWITCHES 

IH UPS 

D L06IC CUBICLE 

D AIR PLANT 

S3 OTHER 

SWITCHES 

Ζ RESISTANCE-UN 

DUCTOR 

Fig. 3: Distribution of Faults (1985, 1986) 
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CAUSE FUNCTION 

Fig. 4: Fault Analysis 

Table 1 : Weakness, Remedy 

Item 

Sparkgap 

Capacitor bank 

Fast Make Switch 

Cooling water 

DCCT/DCVT 

UPS 
Other switches 

Circuit breakers 

Protection logic 

Earthing switches 

Weakness 

mechanical drive 

control 

interlocking ring fracture 

sensitivity of flow 
detector to dirt 

receiver subject to drift 

commutation failures 

reliability of control 

air leak leading to loss of 
control 

spurious intervention 

mechanical drive 

Remedy 

shaft pinned and spring 
softened 

increase immuni'ty to noise 

changed regularly 

change to venturi type 

redesign under progress 

simplify design 

design modification and 
regular maintenance 

increase immunity to noise 

shaft pinned, tolerance 
tightened 
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3.2 The FlywheelGeneratoi—Convertors 
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45 

TOROIDAL FGC (1985) 

ι ι 

2 

■ TEMPERATURE 

MONIT0RIH6 

Q VIBRATION 

MONITORING 

0 οιοοε 
CONVERTER 

Β AVR»PR*SH*DC 

♦33*SP 

S CONTROL iiSEQ 

SYSTEM 

Β LIQUID 

RHEOSTAT 

Ξ TOP BEARIN6 

CD PLU6 BRAKIN6 

CUBICLE 

□ 6ENERATOR 

ROTOR 

D BOTTOM 

BEARIN6 

S EXCITATION 

B COOIIN6 

WATER S AIR 

CAUSE 

Fig. 5: Distribution of Faults (1985, 1986) 
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Fig. 6: Fault Analysis 
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Table 2: Weakness, Remedy 

Item 

Generator rotor 

Liquid rheostat 

Diode convertor 

Excitation 

Plug breaking 

Vibration monitor 

Bottom bearing 

Temperature mon it 

ing 

oring 

Weakness 

wear of low friction 

material 

hydraulic drive 

spurious alarms 

fuse and fuse holder 

mechanical weakness of 

isolator switches 

poor connection 

oil level measurement 

L.P. oil pump starter 

poor connection 

Remedy 

Regular balacing run and 

yearly change 

change type of servo 

valves 

software modification 

changed for appropriate 

type 

modify design 

new termination and wiring 

regular calibration 

change relay 

new termination and wiring 

3.3 The Transformer Thyristor Rectifiers 
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Fig. 7: Distribution of Faults (1985, 1986) 
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Fig. 8 Fault Analysis 

Table 3: Weakness, Remedy 

Item 

Snubber circuit 

Control and monitoring 

systems 

Cooling systems 

Blocking diodes 

Weakness 

Diode failure 

Complexity (overall 2000 

electronic cards) 

Sensitivity to foreign 

material 

voltage distribution 

during blocking 

Remedy 

Change to fast recovery type 

Yearly tests 

 flush water circuit regularly 

 modification of design 

under review 

regular check 

4. CONCLUSION 

The introduction of a systematic system of fault recording, analysis and improvements has 

lead to the improvement of the reliability of the JET Magnet Power Supplies. On average, a 

reduction of 32$ of the number of faults has been achieved in the period 19851986 (see 

fig. 9). 
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The analysis of the faults shows that the faults on the protection system and high power 
hardware have been reduced considerably through regular maintenance/testing and design 
improvements. 

The faults on the control and monitoring systems have not benefited to the same extent. 
For these systems, which are largely relying on electronics, careful selection of components, 
control of the manufacturing process, (soldering, handling of static sensitive devices), and 
extensive testing (Immunity test for interference, running tests under elevated temperature) 
need to be carried out at the procurement stage. This is now being implemented for new 
contracts. 

A large number of faults were caused by poor connections. In this instance careful 
specifications of the type of connections to be used Is recommended. 

TF STATIC UNITS 

TOROIDAL FGC 

POLOIDAL FGC 

PVFA 

PRFA 

OHMIC HEATING 

10 20 30 40 50 60 70 80 90 100 
NUMBER OF FAULTS 

Fig. 9: Global Fault Distribution 
REFERENCES 

[1] M. Huart, E. Beedham, "LARGE FLYWHEEL GENERATOR DIODE CONVERTOR FOR THE JET TOKAMAK", 
Proceedings of 11th Symposium on Fusion Technology, Oxford, 15-19 September 1980, 
pp 931-937. 

[2] M. Huart, "DESIGN, FABRICATION AND ERECTION OF FLYWHEEL-GENERATOR-CONVERTORS FOR THE JET 
TOKAMAK", Proceedings of 9th Symposium on Engineering Problems of Fusion Research, 
Chicago, 26-29 October 1981, pp 382-385. 

[3] P.L. Mondino, "INSTALLATION AND TESTING OF THE JET OHMIC HEATING CIRCUIT", Proceedings of 
10th Symposium on Engineering Problems of Fusion Research, Philadelphia, December 1983, 
pp 2070-2076. 

[4] T. Eriksson et al, "OPERATION AND CONTROL OF THE JET POLOIDAL FIELD POWER SUPPLY SYSTEM", 
Proceedings of 13th Symposium on Fusion Technology, Varese, 24-28 September 1984, 
pp 843-850. 

Í5] M. Huart, "COMMISSIONING OF THE JET FLYWHEEL-GENERATOR-CONVERTOR SYSTEMS", Proceedings of 
13th Symposium on Fusion Technology, Varese, 24-28 September 1984, pp 851-858. 

465 



466 



APPENDIX IV (g) 

JETP(86)32 

Invited Paper at 7th Topical Meeting on 
Technology of Fusion Energy, Reno, USA. June 1986 

The JET Technical and Scientific Performance 
and Future Plans 

The JET Team 

ABSTRACT 

Three years have passed since the Joint 

European Torus (JET) started operation In June 

1983. Phase I of the scientific programme, 

devoted to ohmic heating studies, has been 

completed. Phase II, devoted to additional 

heating studies started in January 1985. 

From the technical point of view JET has been 

entirely successful: Indeed the plasma current, 

an Important figure of merit for a tokamak, has 

reached 5.1 MA for 3s, (exceeding the design value 

of 1.8 MA). Ion Cyclotron Resonance Heating has 

added up to 6 MW to the plasma and Neutral Beam 

Injection has added up to 10 MW. 

The energy confinement time In ohmio 

discharges has reached 0.8s; but degradation has 

been observed with additional heating. Recently, 

combined heating
 <.Pa¿¿ up to 14.5 MW) allowed 

achievement of Ion and electron temperatures of 

7.5 keV at densities of 3 x 10 I9 

in a tokamak 

A hot plasma 

In a large 

Several proposals for improvements of the JET 

scientific performance are reported In the paper 

and summarised in the new development programme. 

INTRODUCTION 

The JET Project la the key experiment of the 

European Fusion Programme, which has, as Its 

ultimate aim, the development of a prototype 

fusion reactor. 

In JET, the plasma is confined 

magnetic configuration, (see Fig 1)■ 

of hydrogen isotopes is contained 

vacuum vessel of toroidal shape and is kept 

thermally isolated from the wall by a rather 

complex axlaymmetrlc magnetic field configura

tion. The main component, the toroidal magnetic 

field, is produced by 32 toroidal field coils 

uniformly distributed around the vessel itself. 

The second component, the poloidal magnetic field, 

la produced by a current flowing in the plasma 

Itself. This current is induced in the plasma 

through transformer action pulsing a current of 

appropriate shape in the primary transformer coils 

wound along the main axis of the machine. Other 

colls (equilibrium coils) are used to produce 

vertical, radial and shaping fields; their 

Interaction with the plasma current controls the 

horizontal (radial) and vertical position as well 

as the elongation and the shape of the plasma. 

The transformer coils and the equilibrium coils 

constitute the poloidal field coil aet. 

* (See Reference [20] for definition) 

VACUUM VESSEL 

TCflCOAL C O t S 

Fig 1 : Cross Section of the JET Tokamak. 

The plaama current has the purpose both to 

heat the plaama and to provide a stable 

equilibrium when below a threahold proportional to 

the main toroidal field and i3 a function alao of 

the geometrical parameters. A aafety factor, q, 

ia defined as the number of revolutions in the 

toroidal direction (around the vertical axia) 

performed by a magnetic line of force to complete 

one revolution in the poloidal direction (around 

the magnetic axia). 

The objective of JET [ï] is to obtain and 

atudy plaama in conditiona and dimenaiona which 

approach those needed for a fuaion reactor. The 

four main aims of the experimental programme are 

ahown in Table I. 

Table I: Objectives of JET. 

1.The acaling of plasma behaviour as parameters 

approach the reactor range; 

2.The plaamawall interaction in these conditions; 

3.The study of plaama heating; 

4.The atudy of α particle production, confinement 

and aubsequent plaama heating. 
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Aim 1 ia normally qualified by the energy 

confinement time τ Ε, that is the figure of merit 

of the thermal insulation of the plaama: it is 

defined as the ratio between the plasma kinetic 

energy and the necessary power input to suatain 

it, in ateady state conditions. 

Aim 2 is normally qualified by the effective 

ion charge of the plasma, Zgffi that is the figure 

of merit of the plasma purity. The impuritiea 

(all particles in the plasma different from the 

hydrogenic apee ies and the fusion products) 

enhance the radiation lo33ea for various reaaons 

and dilute, for a given electron density the ion 

density that ia the important parameter to reach 

reactor relevant conditions. Aims 3 and 4 are 

qualified by the compariaon of the results 

obtained with the parametera needed to reach 

ignition (Lawaon criteria). The three key 

parametera, the ion temperature, T^, the ion 

denaity, n,, and the energy confinement time have 

to aatiafy the following conditiona: 

nj/tg a 3 x 10
2 0
 a m

 3 

T, ä 15 keV. 

Around these valuea the ignition domain in 

the Lawson diagram can be approximated with an 

hyperbola. Therefore only one parameter can be 

uaed, aometimea called fualon product n̂ igTĵ  

that should reach 5010
20
 a m~

3
 keV for a plasma 

to enter the ignition domain. 

The baaic design choice of the JET machine 

defined in 1975 [lj, aimed for operation with 

tritium, to atudy αparticle production and 

heating. As a consequence, the machine has the 

following characteristic features [2], shown in 

Fig 1 and given in Table II: 

 high plaama current; 

 large plasma volume and relatively low 

toroidal field; 

 D ahape for the toroidal coila, the 

vacuum veaael and the plaama; 

 amali aspect ratio (major radiua/minor 

radiua) 

 poloidal coils all external to the 

toroidal magnet; 

 large access ports; 

 modularity of conatruction (octants); 

 life: 10
5
 pulses. 

From the time of conceptual studies, through 

the design phase to the construction phaae, the 

experimental evidence gained with other tokamaka 

and the progress in understanding the physics have 

created a general consenaua in conaidering the 

plaama current aa a figure of merit for the 

performance of a tokamak. It is therefore 

important to atreas that JET has, by far, the 

highe3t plasma current capability among exiating 

tokamaka. 

Aim 4 in Table I had a atrong impact on the 

deaign concept of JET [3]: all aervices to the 

machine including the power suppliea for the 

magneta and additional heating are located outside 

the Torus Hall. Long buabara or cable connectiona 

were therefore neceaaary. 

The two additional heating methods aelected 

were the most advanced at the time when the choice 

was made (neutral beam injection heating in 1978 

TABLE II: Main design parameters of JET. 

Parameter 

Plasma minor radiua (horizontal), a 

Plasma minor radiua (vertical), b 

Plasma major radius, R 

Plasma aspect ratio, R/a 

Plaama elongation ratio, e = b/a 

Flat top pulae length 

Value 

1 .25 m 

2.10 m 

2.96 m 

.2.37 

1.68 

10 3 

Toroidal magnetic field (plasma centre) 3·45 Τ 

Plaama current, circular plaama 

Dahaped plasma 

Voltseconda available 

Toroidal field peak power 

Poloidal Field peak power 

Additional heating power (in plaama) 

Weight of vacuum veaael 

Weight of toroidal field.coila 

Weight of iron core 

3.2 MA 

1.8 HA 

34 Va 

600 MW 

300 MW 

25 MW 

100 tonnea 

380 " 

2700 " 

and ion cyclotron radio frequency heating in 

1981). Beams of neutral particles with very high 

kinetic energy (80 keV for hydrogen, 16O keV for 

deuterium) are required to penetrate the target 

plaama and deposit power In the central region 

( 25Í of the volume). The production of powerful 

beams of neutral particles la rather complex: the 

basic elements of a Neutral Injection Beam Line 

are the ion aource, the accelerating structure, 

the neutralizer, the Ion dump, etc [4]. The 

related power suppliea are alao rather aophiati

cated becauae of the fast responae time and of the 

high voltage required [5]. All components of the. 

Neutral Beam Subsystem are designed for long pulse 

operation (10s). Two injectors are foreseen in 

JET each with 8 aourcea with 4.8 MW of extracted 

ion beam power per aource when operated at full 

voltage. The total power delivered from the two 

injectora into the torus is expected to be about 

15 MW with 10 MW in the full energy beam component 

("high grade power"), both at 80 kV hydrogen and 

160 kV deuterium beams. 

The Ion Cyclotron Radio Frequency Heating 

allows RF waves to be coupled to the plasma with 

large antennae. A wide frequency range waa 

originally chosen (2555 MHz) in order to heat the 

JET plasma at full toroidal field with the 

minority species of hydrogen, deuterium and helium 

3. The flr3t group of antennae, called AQ, are 

deaigned without active cooling for short pulse 

operation (13s) [6]. The two radiating elements 

of each antenna are supplied each through long 

trana miasion linea (83"84m) by 1.5 MW RF 

amplifier. Eight antennae are foreaeen, in total, 

each driven with two RF amplifiers. The 

amplifiera will be upgraded to increaae the power 

output up to 2.0 MW for a total of 32 MW, of which 

16 MW ("high grade power") are expected to be 

depoaited in the plasma centre (25Í of the plaama 

volume) and about 25 MW to be delivered into the 

torus [7]. 

From the electrical point of view, four 

different electrical loads can be identified in 

JET: the toroidal field colls, the transformer 

primary coila, the equilibrium and ahaping field 
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colla and the additional heating equipment. All 

these pulaed loada require aultable current and 

voltage waveforma ao that the power aupply achemea 

will Include AC/DC conversion and power 

modulation. In JET, aa In the majority of the 

exiatlng tokamaka, the magnete are made with 

copper colla, water cooled, ao that their power 

and energy requirement are very high. When the 

additional heating requirementa are added, the 

overall lnatalled power capability ia In exceaa of 

1,000 MVA with 11,000 MJ per 20a pulae at a 

repetition rate of one pulae every 10 minutes. In 

epite of the large capabllltlea of the 400 kV 

aupply line, it was neceaaary to uae a combined 

acheme with two large dedicated flywheel 

generatore that atore energy between pulsea and 

provide a large fraction of the peak power 

required in addition to aeveral AC/DC convertora 

3upplled directly from the maina which are able to 

provide the majority of the energy [β]. A 

detailed deacriptlon of the magnet power aupply 

aystem of JET la reported In [9], where the 

varioua atepa In commissioning and operation up to 

full performance are described. 

THE JET PROGRAMME 

When JET was approved, five years were 

allocated to it3 construction starting In June 

1978, and aeven and a half years were foreaeen to 

perform the experimenta neceaaary to reach the 

main alma 3hown in Table I. The experimental 

programme of JET ia given in Table III ahowing the 

four phases originally planned. 

TABLE III: JET Development Programme. 
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Analyaia of the table ahowa that the 
experimental programme ia performed in parallel 
with a large manufacturing and development 
programme dedicated to: 
- conatructlon of the additional heating 

equipment; 
- development of the remote handling facility 
and of the tritium plant, both eaaential ele 
ment to atart phaae IV of the programme [3]; 

- the progreaaive upgrade of the varioua 
diagnoatlca; 

- implementation of the varioua modiflcatIona 
that the experimental reaulta progressively 
require. 

The first three items can be planned in 
advance whereas the laat item requirea some 
flexibility and re-adjuatment of the programme 
itself. 

Phaae I dedicated to ohmio heating studies 
3tarted In June 1983 according to plan. During 
198U, the magnet power auppliea were progreaslvely 
commissioned up to their full performance. In 
aummary, the 1984 experimenta extended the plaama 
current to 3·7 MA with 5a flat top, the plasma 
elongation to 1.6, with full toroidal field 3.45 T; 
hydrogen and deuterium plasmas were produced with 
temperaturea up to Te~3keV, T1~2.5keV, denaitiea 
up to 3.5 χ 10 ιτΓ^, maximum energy confinement 
time of 0.8a and Zeff. In the range 2.4 - 10. 
During Phaae I, JET operated with 4 graphite 
limitera (total area 1.28m ) and inconel walla, 
"carbonisation" of the veaael walla has been the 
method used to control metallic impurities [10]. 

The planned ahutdown took place between 
October and December 1984, during which two AQ 
antennae were inatalled inaide the vacuum veaael. 
Moreover, its inboard aide waa protected with about 
a thouaand carbon tiles for a height of approxi
mately 2m (total protected area 23m ). Finally, to 
cope with the atreaaea cauaed to the vacuum veaael 
by vertical inatabllitlea (see next aection), 
additional rigid supporta were added at the bottom 
edge of each horizontal port together with ahock 
abaorbera on each vertical port (top and bottom). 

In 1985, the experimental programme waa partly 
devoted to additional heating studies with ICRF, 
(Phaae II). The power depoaited to the plaama waa 
progreaaively increased up to 4.5 MW. A review of 
the results obtained during the early phaee of 
operation with ICRF ia given in [11 ]. 

The development programme waa alao continued 
to achieve the full performance of the machine 
(including IP » 5.0 MA) [io]. Operation with a 
magnetic aeparatrlx was also established up to 2 MA 
[12]. 

The shutdown took place aa planned between the 
mid-June and mid-November 1985. Four additional 
graphite limitera were inatalled increaaing the 
total limiter aurface to 2.56 m with a heat load 
capability of 20 MW. Eight graphite beltà, in the 
poloidal direction, haye replaced the original 

Inconel octant joint protections, (12.9 m ■. A 

small fraction of the outboard wall in Octant 5 in 

the area of the main horizontal port has been 

protected with graphite tiles (3-5 m ) agalnat 

poaslble damage made by the "tangential" beama of 

the neutral beam injector located in Octant 8. A 

third AQ antenna was alao inatalled. 

Since operation atarted, the main effort of 

the development programme was put on experimenta 

with the plaama leaning on the limiter, on the 

inner wall or with the edge determined by a 

magnetic aeparatrlx (magnetic limiter). Moreover, 

ICRF Heating uaed all 3 A antennae. Finally, the 

firat Injector became operational: deuterium 

plaamaa were Injected firat, with hydrogen beama 

(up to 70 keV), and then, with deuterium beams (up 

to 80 keV and up to 10 MW). A review of the 

experimental results obtained ao far la given in 

[13]. 
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A review of the statua of the machine, of the 
experience gained in operation and a detailed 
analyaia of the development and enhancement plana, 
aa dlacusaed within the JET Team, during Autumn 
1985, are reported in [14]. Preliminary 
experimenta with combined heating were alao 
performed. 

The experimental activity will continue with 
the preaent machine configuration up to December 
1986. A major ahutdown will then take place during 
which the activities foreaeen in the JET Programme 
(Table III) will be implemented. During 1987 and 
1988 operation (Phase IIB) the additional heating 
power will progreaaively be increaaed to Its 
maximum capabilities (26 MW of high grade power, 
40 MW in total). 

TECHNICAL ACHIEVEMENTS 
After almost three years of operation, the 

aucceaa of JET from the technical point of view is 

TABLE IV: Comparison between deaign and 
operational parametera. 

Parameter 

Plaama minor radius 
a (horizontal) 

Plasma minor radiua 
b (vertical) 

Plasma major radius 
R 

Toroidal magnetic field 
at R = 2.96 m 

Plaama current 
IP 

Deaign 
value 

1 .25 m 

2.10 m 

2.96 m 

S3.45 T 

<4.8 MA 

Operational 
values 

0.8-1 .2 m 

0.8-2.1 m 

2.5-3.4 m 

S3.45 T 

<5.1 MA 

complete: Table IV shows a comparison between 
design and operational parametera: indeed the 
plaama current, already mentioned as an important 
figure of merit for a tokamak, haa exceeded the 
deaign value: pulsea with I = 5.1 MA with 3s flat 
top have been produced ana with I - 4 MA for 6a 
flat top were performed routinely. 

The plaama current ia controlled by feedback; 
the closed loop ia softly brought into operation 
during 3low riae [l5],[l6J. During flat top, the 
error is normally S3Í with reaponae time -0.5a. 
The horizontal plaama poaition ia controlled by 
feedback acting on the voltage applied to a aection 
of the equilibrium coil P4 (see Fig.1) [15], [16], 
The syatem ia deaigned to control the distance from 
the inboard wall to the last cloaed magnetic 
surface that is touching the limitera at ita 
outboard aide. During the slow riae and flat top, 
the error ia normally S10tnm with reaponae time 
-30ms. The horizontal poaition control ayatem can 
alao move the plaama horizontally, decoupling it 
from the limitera and placing it on the inner wall. 

The plaama elongation and shape ia controlled 
by feedback acting on the current flowing in 

oppoaite directiona on aectiona of P2 and P3 
equilibrium coila [ï 5 J » [l7 ]. Theee currents produce 
a quadrupole poloidal field that helpa In 
elongating the plaama in the range 1.4 - 1.7, at 
full aperture (maximum horizontal dimenaiona) and 
high plasma currenta. During flat top, the error 
in elongation is normally 5$ with reaponae time 
-20ma. 

The plasma vertical position ia- naturally 
unatable becauae of both the quadrupole poloidal 
field neceasary for an elongated plaama and the 
de-stabilising effects of the ion magnetic circuit, 
the two contributions are approximately equal, when 
the elongation is about 1.6. The plaama ia stable 
when the elongation Is below a critical value in 
the range 1.2-1.3. The natural instability (growth 
rate~50-150a"1 ) muat be atabilised by feedback 
control of the radial magnetic field produced by 
current flowing in aectiona of the equilibrium 
coila P2 and P3 (opposite direction in the upper 
and lower coila) [15]. Large vertical forcea on 
the vesael can develop from a failure of this 
control ayatem. Thia problem was somewhat 
under-estimated during JET deaign and became 
evident after pulae 1947 during which a vertical 
force of about 250 tonnea developed on the vacuum 
vesael. Extenaive atudiea performed afterwarda 
were uaed to improve the performance of the 
feedback ayatem, reducing the responae time from 
4.0 to 2.Oma for amali aignala. Plaamaa with 
elongationa up to 1 .9 were experimentally produced 
(and kept vertically stable) [17]. It waa al30 
necessary to atrengthen the vessel (action taken in 
two stepa: the firat already implemented during 
the 1984 shutdown, the aecond will be implemented 
during the 1986/87 shutdown). With the exiatlng 
veasel aupporta, the operating range haa been 
restricted as follows: 

I 2 (b/a - 1.2) < 5.0 (MA2) 
The final vessel supporta will withstand forcea up 
to 1600 tonnea and will allow operation up to 
I = 7 MA at full elongation e = 1.68. 

The toroidal aubayatem (toroidal field colls 
and power supplies) haa reacned the nominal 
performance of 67 kA that correaponds to 3-45 T on 
magnetic axis with nominal I2t = 9 10l0A2s. The flat 
top is 123; (8s are necessary for current riae 
becauae only 8 kV are uaed In order to not atress 
the interturn coll insulation). Longer flat tops 
could be obtained, Increasing the voltage during 
current rise and extracting energy during current 
decay. The limitation on I t could also be made 
lesa stringent using a lower temperature on the 
deminerallsed cooling water (chillers are to be 
installed on the cooling ayatem). 

The poloidal aubsyatem (poloidal field colla 
and related power suppliea) haa been commiaaioned 
up to the nominal capabilitiea of its componenta: 
the nominal flux awing of -34 Va haa been 
produced. 

A dedicated generator la connected to the 
primary tranaformer coils (P1) in which, at the end 
of the premagnetiaation phaae, the current can 
reach the nominal 40 kA. Thia current la then 
diverted through reaistora In order to provide the 
nominal 40kV acroaa the primary winding. 12kV are 
normally produced in the experimenta with 20kA 
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premagnetlaatlon. Thia voltage cauaea the plaama 

breakdown and faat riae, the generator ia then 

reconnected to the primary tranaformer coila to 

ralae 3lowly the plasma current and finally to 

maintain It constant (slow rise and flat top 

phases). At the end of the flat top phaee the 

current In the primary coila normally reachea 40kA 

In the opposite direction (compared to 

premagnetlaatlon). 

In operation, the total flux 3wing available 

to raise and austain the plasma current cannot be 

uaed because the nominal premagnetlaatlon current 

(40 kA) would create stray flelda too high for 

reliable breakdown. Moreover, even aaauming 

aucceaaful breakdown and plaama formation, the 

current derivative would be too high and the plaama 

would ahow an exceaalve diaruptive behaviour 

(probably due to skin currenta). 

The RF aubayatem haa three A antennae 

operational at 3MW each. 

The Neutral Injection aubayatem haa operated 

the flrat Injector equipped with 8 sourcea up to 

70 kV In Hydrogen with 50 A extracted current and 

aubaequently haa been converted to deuterium and 

operated at 80 kV with 40 A extracted current. The 

power ("high grade") delivered to the plaama waa 

10 MW. A new deuterium 30urce haa been teated in 

the JET Teat Bed up to 160 kV with 40 A extracted 

current: thia development ia to be conaidered a 

great achievement both for the aource and the power 

aupply 3yatem. 

The vacuum aubayatem haa been operated with 

the veasel above room temperature (main veaael 

temperature -300°C, main port temperature -150°C) 

The base preaaure before the pulae ia about 

— 7 

10 mbar. During the pulse, the density ia 

progresaively lnoreaaed with feedback control on a 

doalng valve but the syatem becomes Ineffective 

when dega33ing from the walla and/or the limitera 

la too high. A pumping effect from the walls 

(especially the inner portion covered with graphite 

tilea) haa been obaerved but not yet understood. 

ANALYSIS OF SIGNIFICANT PULSES. 

Pulae 7293 gives the record performance in 

terms of plasma current using only 30 Vs of the 

34 Va available. The plaama current (aee Fig.2) 

ri3ea in la to 2.7 MA (fast riae) and in the 

following 6a reachea 5.1 MA (slow ri3e). The 

length of the flat top (3a) ia not enough to reach 

ateady state conditlona. The average electron 

denalty, <ne>, continuée to increaae during current 

flat top and reachea the maximum (4 χ 10 *m~'), 

1.5a after the end of current flat top. Then the 

denaity drops becauae the plaama is moved to the 

inner wall. As uaual the electron temperature on 

ahowa a maximum (-4keV) during alow rise 

current denaity profile ia atill broad. 

Afterwarda, the current denaity profile peaka on 

the centre cauaing q<1 in the region inaide the 

plasma half radiua. Aa a conaequence, a relaxation 

oacillation developa (a phenomenon obaerved in 

aeveral tokamaka and known aa aawteeth). Thia 

characteriatic pattern ia preaent alao on the 

electron temperature on axia, Τ , which time 

average during plaama current flat top ia about 

axia, T e o 
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maximum during flat top (-5 MW), but this number 

should be treated conacioualy alnce the plaama 

denaity profile has not yet reached ateady atate 

condition. Other aignificant parametera of thia 

pulae were: toroidal field Βτ=3.45 T, elongation 

e=1.4, energy confinement time tg- O.63, impurity 

content Ζ ff=-2.5. 
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Fig.5: Pulse 7145: ohmic power, neutral beam 

power, ne average electron denaity, plaama energy. 

Pulse 7220 ahowa the conaequence of 5.5 MW RF 

additional heating power (coupled to the hydrogen 

minority) in a deuterium plaama with 2 MA and 

2.3 T. Fig.3 ahowa the plaama current, the average 

electron denaity, the electron and ion temperature 

on axis. The total power input reachea about 

6.0 MW during the 2a RF pulae during which the 

average electron denaity increaaea (about 30Í). 

Giant sawteeth are clearly vialble on both electron 

and ion temperature on axia. The time average 

temperatures roughly double from the initial ohmic 

level. The key reault ia that the plaama atored 

energy riaea from 0.72 to 1.8 MJ only, whereas the 

total input power rises from 1.5 to 6.1 MW. In 

other words, the energy confinement time tE dropa 

from 0.48a to 0.3a. 

Two different plaama regimea can be esta

blished with NBI according to the time evolution of 

the denaity of the target plaama. The two pulaea 

deacribed in the following are typical of both 

regimea [18]. 

Pulae 7155 ahowa the effect of 5.5 MW NBI 

additional heating power (hydrogen neutrala at 

60 keV) on a low denaity deuterium plaama with 3 MA 

and 2.8 T. Fig.4 ahowa reapectively ohmic and 

neutral beam power, the average electron denaity, 

the plasma kinetic energy and the radiated power. 

The total power reachea a maximum of approximately 

7 MW for 3a and ia then dropped in atepa, the 

average electron denaity riaea more than 50$. The 

central electron and ion temperature riae from 4.1 

to 4.8 keV and from 2.2 to 6.5 keV. Theae reaulta 

are obtained at relatively low denaity ("hot ion 

regime"); in order to achieve thia, the plasma waa 

moved to the inner wall during current riae. The 

inner wall pumping effect enaurea low initial 

density when the injector ia turned on and mainly 

minimum denaity riae during beam pulse. 

Pulse 7145 ia a typical example of a high 

density plasma obtained with the same NBI 

parametera of the previoua pulae on a deuterium 

plaama with 4 MA and 3.4 T which waa leaning on the 

limitera during the beam pulae and waa moved to the 

inner wall during decay. Fig.5 ahowa the ohmic 

input power and the beam power reapectively. The 

drop in ohmic power during beam pulae ia due to 

both beamdriven current and a drop in plaama 

reaistivity because of the electron temperature 

increaae and of the impurity content decreaae. The 

average electron denaity riaea aharply during beam 

pulae from about 2.5 to 4.8 χ 10
1
"m"^ without 

ahowing any Indication of saturation. The ion 

temperature ahowa an increaae of 1 keV. The atored 

plasma energy doublea, reaching 3.3 MJ. 

EXPERIMENTAL RESULTS. 

Fig.6 ahowa the fit of the energy confinement 

time, iE, with a widely uaed acaling law. All JET 

data obtained In 1984 and 1985 (hydrogen and 

deuterium) with ohmic heating only are plotted 

[19]. The atrong influence of the plaama 

geometrical dimension ia clearly indicated by the 

acaling law that confirms the validity of choice 

made In JET of large plaama volume. An increaae in 

density will be beneficial to increaae the energy 

confinement time. The record performance ao far 
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Fig 6: Scaling law of the energy confinement time 

obtained In JET ( T E = 0 . 8 S ) with ohmic heating only 

ahould be noted. The black pointa show the reaulta 

with magnetic aeparatrix: they aeem to Indicate a 

better behaviour of the plaama. 

The degradation of the energy confinement time 

with additional heating already obaerved in other 

tokamak3 is confirmed by the JET reaulta. To 

analyae better thia phenomenon the plaama kinetic 

energy ia plotted (Fig.7) veraua the total input 

power [20]. From preaent reaulta a linear 

behaviour can be extrapolated; an increaae with 

plaama current la to be pointed out. The pattern 

shown in Fig.7 can be represented by the equation: 

w
 "

 τ
Εο

 p
Sto 

T
a
 ( P

T0T 
p

o o > ; 

in other worda the plaama kinetic energy increaaea 

w i t h t w o d i f f e r e n t r a t e a , τ r e l a t e d to the 

d e g r a d i a t i o n of c o n f i n e m e n t la ap p r o x i m a t e l y 

Ta0.3 τ Ε ο . 

Fig 8 [19] ahowa the effective ion charge 

veraua the ratio of denaity to current denaity: 

an increaae in denaity reducea the impurity 

content, aa confirmed by the experiments with 

neutral injection. On the contrary, experimenta 

with ICRF ahow an increaae in metal Impurity 

content coming from the RF antennae. 

Uae of low Ζ materiale for the limitera and 

wall protection haa always been in the JET 

p r o g r a m m e . The two a l t e r n a t i v e s carbon and 

beryllium have both been studied. Tilea of both 

materials are being manufactured ao that the final 

choice can be delayed for the time being. By the 

end of the 1987 3hutdown, 48$ of the total veaael 

area will be covered with low Ζ material. [21]. 

The experimental reaults obtained with many 

different Tokamaks and confirmed by JET ahow that 
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Fig 7: Plaama kinetic energy veraua total power 

input. 

the electron denaity ia limited. JET reaulta 

plotted In the form of the HuglllMurikaml diagram 

are ahown in Fig.9 [18]: the electron denaity ia 

limited for ohmic and RF heating diachargea to 

 10 20 3 

Rq 

With neutral injection heating n, haa been 

increaeed by a 70$ allowing that the electron 

denaity can be increaaed if the plaama la fuelled 

in the centre. 
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Fig 10 [22] ahowa the JET reaulta plotted in 

the Lawaon diagram. The resulta obtained with 

additional heating are only marginally better than 

the ohmic heating reaulta. The increaaea in ion 

temperature and ion denaity due to additional 

heating are, at least in part, offset by the 

degradation in the energy confinement time. The 

highest value of the fuaion product ia 

6 χ 10
 7
a m

 J
keV with neutral beam heating only 

marginally higher than with ohmic heating. 
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PROPOSALS TO IMPROVE THE JET PROGRAMME 

In order to make full uae of the total flux 

awing available (34 Va) the primary transformer 

coila will be increased from 8 to 10, making uae of 

existing apare coils. In thia way, the atray 

fielda preaent inaide the vacuum vessel, at full 

premagnetlaatlon current (40 kA), will be reduced 

to about the aame values that are now produced by 

20 kA. Moreover, the voltage acroaa the trans

former coils will be reduced in steps to decouple 

plasma buildup from the current rise. Proper 

plaama buildup will require high loop voltage 

(40 V, 50ms) for faat multiplication of ionised 

particlea (breakdown) followed by intermediate 

voltage (105 V, 300ms) to provide an ohmic power 

input aufficient to burn through the radiation 

barrier (1300500 kA, TeTi>50 eV). The voltage 

will then be reduced further to meet the 

requirementa on plasma current riae (S 1 MA/a). 

From breakdown onwards, the plaama horizontal 

poaition must be kept under control with a vertical 

field approximately proportional to plasma current, 

requiring a voltage acroaa the vertical field 

colla, P4, to be equal to half of the tranaformer 

voltage. The new nominal valuea are 24 kV for PI 

and 12 kV for P4. 

A non uniform current diatribution in the P1 

coila (about 40 kA in the central aix coils and 

approximately zero current in the upper and lower 

two coila) will cauae a large atray flux in the top 

and bottom area of the vesael when the current in 

P1 (3040 kA) aaturatea the iron. Thia effect 

combined with appropriate current in the ahaping 

coila (aections of P2 and P3) causea a magnetic 

configuration with a aeparatrlx inaide the vacuum 

veaael, for plaama current up to 4 MA [23]. Both 

single null and double null configuration are 

actively atudied: the aingle null aeems more 

attractive at this atage becauae plasma cúrrente up 

to 4.5 MA could be achieved with the Xpoint 0.2m 

inaide the veaael. A plasma, limited by a magnetic 

aeparatrix inatead of a material limiter, ahould 

ahow a transition to Ηmode behaviour with improved 

energy confinement time. Preliminary experimenta 

on a magnetic limiter plaama with neutral beam 

heating have ahown improved plasma behaviour. 

The following technical implicationa are 

carefully analyaed: 

 localised atreaaea on TF coila and on the 

mechanical atructure; 

 power deposition on inner wall near the Xpoint 

(top and bottom of the veaael): additional veaael 

protection with dump platea will be neceaaary; 

water cooled metal plates covered with low Ζ 

material are being conaidered; 

 a new power aupply configuration to allow 

different currenta in the different aections 

of P1 is under atudy. 

Preliminary modificationa will be performed 

during the 1986/87 ahutdown, whereas the full 

configuration should become available at the end of 

the 1988 ahutdown. 

It la expected that standard plaama dlachargea 

in exceaa of 6 MA, posaibly up to 7 MA, are 

feasible in JET. A taak force will be aet up in 

the near future to analyae the varioua aubayatems 

aa built. The aim will be to evaluate how many 

pulaea can be made at increaaing performance, 

taking into account fatigue degradation and built 

in safety margins. Even in thia caae, non uniform 

current diatribution in P1 coila will be 

conaidered. Current higher than nominal (posaibly 

up to 60 kA) in the central aix coila could be 

accepted aince theae coila are compreaaed during 

the pulse by the toroidal coila working at full 

field (an aspect not conaidered in the deaign of P1 

coila ). 

The performance of the TF aubayatem will also 

be reviewed with the aim of increaaing both the 

amplitude of the toroidal field and ita flat top 

length. Theae atudiea ahould be concluded before 

Phaae III starts (devoted to optimiaation atudiea, 

aee Table III). 

It will be neceaaary to increaae the denaity 

at the centre of the plaama well above the preaent 
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level to reach reactor relevant condltlona. 
Experimenta performed with other machlnea (TFTR, 
ASDEX, ALCATOR, PDX) indicate that thia aim could 
be reached with multipellet Injection. 

A staged approach [24] has been choaen, aa It 
flta beat the JET development programme. A alngle 
pellet Injector able to launch pelleta of 2.6 to 
4.6mm diameter at 3peeda of 1.2-1.5 km/a ia being 
Inatalled and will be operational during the aecond 
half of 1986. 

During the 1986/87 shutdown, a multipellet 
Injector will be inatalled: Its main features are: 
- alzea: 2.6, 4, 6 mm diameter (aame length); 
- apeed: 1.5 km/a for all deuterium pelleta; 
- fuel: deuterium, hydrogen; 

number of pelleta per pulae: 10, 8, 6 for 
reapeotlve dlametera; 

- propellant gaa: hydrogen up to 120 bar. 
Finally a development programme haa been 

undertaken to Increaae pellet speeds towarda 
10 km/a. A alngle shot pellet injector with apeed 
in the range 2-5 km/a ia expected for installation 
during the 1988 3hutdown, whereas a multipellet 
Injector with speed in the range 5-10 km/a ahould 
be inatalled during the 1989 ahutdown. 

central electron temperaturea could be reached. 
Radio frequency waves at lower hybrid 

reaonance (-2-4 GHz) have already been used for 
thia purpose in different experimenta. Electron 
cyclotron reaonance (60-100 GHz) ahould produce 
current drive (according to theory), but it haa not 
yet been obaerved. Ion cyclotron reaonance could 
alao be uaed; the JET ayatem ia now being prepared 
to attempt aome experimenta along theae linea: 
phaae locked operation of the 8 A. antennae l3 now 
planned, and will be attempted after the 1986/87 
shutdown. Current drive haa alao been produced 
with neutral Injection. 

Among the varioua optiona, JET ia propoaing to 
make current drive with lower hybrid; 10 MW would 
be produced with 24 klyatrons (phaae locked) at 
3.7 GHz. Such a ayatem would be capable of 
driving 1 MA in the plaama. 

Broadening of the current denaity profile in 
JET would be achieved ualng the two lnjectora 
available (-0.4 MA capability) in counter 
Injection to reduce the current denaity in the 
central region together with the envlaaged lower 
hybrid ayatem able to drive up to 1 MA (poaitive) 
in the outer region. 

An increaae of central denaity ahould be 
obtained without Increasing the edge denaity. 
Therefore, a particle exhauat ayatem la required to 
control the edge denaity during pulsea with 
additional heating and pellet injection. Moreover, 
a controlled pulae termination will be achieved 
reducing the denaity to ohmic lévela at the end of 
additional heating, during which the density 
lncreaaea well above the ohmic level. 

For thia purpoae a development programme [25] 
haa atarted, both of a pump limiter ayatem and of 
pumping panela. Two atepa are foreseen for the 
pump limiter: firstly a prototype will be 
Inatalled In the 1988 ahutdown: the deaign impliea 
a limiter blade movable radially by about 20-30mm 
and able to withstand a power loading of about 
10 MW/m2 for 1-2a. 

Aaauming a density of 10' 
with a time conatant of -14a 

,20m-3 it will decay 
Second, an actively 

cooled pump limiter should withatand -30 MW/m for 
10a. Swirl tubea covered with 2.5mm carbon or 
beryllium will be uaed. inatallation ia foreaeen 
during the 1989 ahutdown. 

Pumping panels have been conaidered because of 
the pumping effect of the JET walla, eapeclally of 
the Inboard wall (already mentioned). A syatematic 
atudy of available data haa atarted, and ad hoc 
experiments will be performed. According to 
preaent estimates, 50 m of pumping panel3, 
radiation cooled, would be required. Inatallation 
la foreaeen during 1988 ahutdown. 

Control of current density profile [26] could 
remove the atrong correlation now exiating between 
the current denaity itself and the electron 
temperature now caused by Ohm's law (J °> Te

J ). A 
flat current profile could keep q > 1 everywhere in 
the plaama, thus avoiding the aawteeth. Higher 

CONCLUSIONS: THE NEW DEVELOPMENT PROGRAMME 
The varioua improvement propoaals integrated 

with the already ambitloua JET programme, could 
clearly not be completed by the end of 1990. So a 
new development programme haa been prepared and the 
neceaaary atepa have been atarted to aeek approval 
from the varioua auperviaory bodiea as required by 
the JET Statutes. 

Table V ahowa the new JET development 
programme [13] that ahould be coneidered 
provlaional, for the reaaona mentioned above. 
Although two yeara longer than the original 
programme (Table III), the new development plan Í3 
very tight. One major ahutdown per year ia 
foreseen, during which all necessary modifications 
needed by the following period of operation, are 
implemented. 

Phaae II dedicated to the additional heating 
atudiea with progreaaive increaae of performance in 
terma of power added to the plaama, will be reduced 
by three montha compared to the original programme. 

Phaae III devoted to optimisation atudiea with 
full additional heating ia now approximately 
doubled and ia divided in two parta A and B with a 
major ahutdown between, during which all neceaaary 
modification for the Tritium Phaae 3hould be made. 

The laat ahutdown in the middle of 1991 ahould 
only be dedicated to further modificationa aa 
required by the tritium operation. 

The Tritium Phaae (IV) ia now envisaged to 
laat for one year. During auch a period, about 
30OO-5000 pu.laea would be performed to atudy the 
alpha-particle production, confinement and heating 
of the plasma. 

A large and aolid data baae ahould become 
available for NET (Next European Torua) [27] that 
will then be the key experiment of the European 
Fusion Programme. 
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TABLE v: JET PROGRAMME - SCENARIO 1 

1983 
M M ! 

1984 
1111111 

1985 
11111111 

1986 
111111 

1987 
1111111 

1988 
1111111111 

1989 
11111111111 

1990 
" ! ! ι | ι 

1991 
n i i n i n 

1992 
JJJ m 

PHASE PHASE IIA PHASE IIB PHASE MIA PHASE HIB PHASE IV 

Ohmic 
Heating Studies 

Additional 
Heating Studies 

Full Power 
Optimisation Studies 

Tritium 
Phase 

Β ® © ® © © © © © © 
FIRST PLASMA OPERATIONAL 

8 C Limiters 

3rd An Antenna 

First NI Box 
(80kV) 

OPERATIONAL 
Belt Limiter 
(C or Be) 

8 A, Antennae 

Second NI Box 
(80 kV) 

ORNL Multiple 
Pellet Injector 
1.5km/s 

Profile Control 
(Preliminary 
System ICRH) 

X-points— 
Additional P1 
Coils 

Vacuum Vessel 
Restraints 

OPERATIONAL 

One NI Box at 
160kV 

Prototype 
Pellet Injector 
2 to 5km/s 

X-points — 
Cooled Dump 
Plates 

Prototype 
Pump Limiter 

Disruption and 
Sawteeth Control 

The encircled figures show approximate durations in months. 

OPERATIONAL 

Both NI Boxes 
at 160kV 

Final Multiple 
Pellet Injector 
5 to lOkm/s 

Profile Control 
(Final System 
possibly LHCD) 

Cooled 
Pump Limiter 

Main Modification 
for Tritium 
Operations 

All Remote 
Handling Systems 

OPERATIONAL 

Final Tritium 
Modifications 

The shaded areas represent shutdowns. 
CRB6 2/:ir.„.28/A/86> 
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ABSTRACT 

One of the main objectives of the JET experiment 
is to reach near ignition conditions using 
deuterium-tritium mixtures so that significant 
heating of the plasma by alpha particles is 
achieved. This objective is reflected in the JET 
development plan which aims at one or two years 
of active operation and a few thousands 
deuterium-tritium shots. This approach, where it 
is believed that a sustained active operation 
period is necessary for a meaningful study of 
alpha particle heating, has had considerable 
design and cost implications on the whole 
project. The paper first reviews the impact of 
the active phase on the general design concepts 
and detailed design of the machine. Buildings, 
auxilliary systems, power supplies and 
diagnostics have also been strongly influenced by 
requirements resulting from the activation of the 
machine or the use of tritium. The paper reviews 
also the development programme which is being 
pursued vigorously in the areas of remote 
handling and tritium recycling, in readiness for 
the active phase. An evaluation of the cost of 
all facilities implemented for the active phase 
in relation to the overall project cost is also 
presented. 

I INTRODUCTION 

The JET experiment, which started operation 
in June 1983, represents the central pillar of 
the European fusion research programme, 
coordinated and supported by the European 

Inner poloidal field 
coil, {primary winding) 

Atomic Community (EURATOM), 
shown in figure 1. 

The JET machine is 

The objectives of the JET experimental 
programme, defined in the EEC Council of 
Ministers decision establishing the JET Joint 
Undertaking, are shown in Table I. 

The firat three objectives are common to 
other fusion experiments, but JET due to its 
parameters and size should substantially extend 
the range of plasma performance beyond the reach 
of most, if not all, the other tokamaks 
worldwide. However, the last objective, calling 
for a deuterium (D) - tritium (T) phaae sustained 

Toroidal 
Held coili 

Fig. 1 The JET machine. 

for one to two years, is unique to JET. This is 
called 'active phase' because thousands of D.T 20 pulses are planned, each producing up to 10 
fusion neutrons. The extensive use of the 
thermonuclear fuel should allow a meaningful 
study of the confinement properties of the highly 
energetic alpha particles resulting from the 
fusion reactions and most important, of their 
contribution in maintaining the plasma at the 
required high temperature. 

TABLE I: OBJECTIVES OF JET 

i) Study of plasma processes and scaling 
laws in operating regimes of interest 
for a thermonuclear reactor. 

ii) Study of the interaction of the plasma 
with the vessel walls, and control of 
plasma purity. 

iii) Study of plasma heating to temperatures 
of reactor relevance. 

iv) Study of the behaviour of energetic 
alpha particles produced by the fusion 
reactions and consequent plasma 
heating. 
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With the above definition of the D.T phase, 

the fourth objective has been the guiding factor 

throughout the whole definition process of the 

JET machine and associated facilities. 

The choice of the tokamak parametera 

(moderate toroidal field, (3-45 T). large plasma 

current (4.8 MA) and volume (150 m
3
! ) , allows 

both a safe mechanical design and easy access to 

the machine with the appropriate remote handling 

tools, while still maintaining a combination of 

these parametera auitable for approaching 

thermonuclear conditions. 

Since the early phase of the design, 

considerable attention has been devcted to the 

reliability of the technical solutions and their 

suitability for unmanned interventions. This 

design philosophy has been applied not only to 

the Tokamak machine but also to auxilliary 

facilities and the lay-out and topology of 

buildings. As a consequence, major design 

options and the overall■design optimization of 

JET differ from that of other Tokamaks and 

additional costs on the machine and auxilliary 

equipment have been substantial, in addition to 

the cost of remote handling and tritium 

handling. 

In the following sections these aspects will 

be described and assessed in some detail. 

II RADIOLOGICAL ASPECTS OF THE JET ACTIVE PHASE 

shut-downs during which important modifications 

or additions to the machine are implemented. The 

planned additional heating power on JET, both 

Radio-Frequency (RF) heating and Neutral Beam 

(NB) heating is shown on table 2. Thia table 

also shows the expected neutron production taking 

into account the enhancement due to beam-plasma 

interactions. Activation levels inside the 

vacuum vessel are also given. -> 

The JET policy is to ensure that personnel 

access inside the vacuum vessel will be possible 

up to the 1990 shutdown for major work. Access 

should also be possible for minor interventions 

up to 1991 immediately before the active phase. 

It ia also the JET intention that even nominated 

radiation workers receive as far as possible no 

more than 5 mSv/year (500 mRem/year). Table 2 

shows how operation could be planned to achieve 

this. 

In order to avoid severe manpower and 

organizational problema, the doae rate inaide the 

veasel will have to be limited to 10 to 20 

uSv/hour during the long 1987 shut-down. For the 

following shut-downs the dose rate will have to 

be kept below 100 uSv/hour aince at thia level a 

worker would receive his annual dose of 5 mSv 

after 50 hours. Thia may involve some 

restriction to the number of high power pulses as 

is implied in table 2. Another poaaibility is of 

courae to operate mainly in hydrogen with only a 

small number of deuterium runs. 

The JET projet development plan includes a 

number of operation phases separated by major 

D.T operation from 1991 onwards implies a 

neutron production of at least 10 and perhaps 

TABLE 2. ADDITIONAL HEATING POWER AND NEUTRON PRODUCTION ON JET 

Period 

1987 

1988 

1989 

1990 

1991 

1992 

RF heating 

15MW 

15MW 

15MW 

15MW 

NB heating 

(a) 

10MW(D)80kV 

5MW(D)80kV 

5MW(D)l60kV 

10MW(D)l60kV 

10MW(D)l60kV 

Gas 

D.D 

D.D 

D.D 

D.T 

Number of 

neutrons/pulae 

6 χ 10
1 6 

10
1 7 

2 χ 10
1 7 

10
19
-10

20 

Total neutron 

production/6 months 

(b) 

IO
19 

2 x 10
1 9 

3.5 x 10
1 9 

24 
up to 10 (in 2 years) 

Dose rate in 

uSv/hour 

(c) 

25 

50 

100 

>5Ό00 

.58 (a) The power includes only full energy species. 
(b) The main long term activation due to D.D neutrons (2.44MeV) comes from Co 3 0 (half life - 71 

days) and decays by about a factor 5 in 6 months. 
With D.T neutrons (14 MeV) the long term activation does not decay significantly over a 6 
months period (Mn =300 days; Co »5.2 years). 

(c) Dose rate inside the vacuum vessel one week after operation. The neutrons are assumed to 
be produced uniformly over the last 6 to 9 months. 

1 Sievert (Sv) - 100 Rem 
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up to IO20 neutrons per pulae. Depending on the 
neutron production, 100 or 10 such discharges 
would raise the activation level inside the 
veaael above 5 mSv/hour and would therefore make 
acceas impoaaible. Therefore full remote 
handling capability Inside the vessel ia 
mandatory from the outaet of the D.T phase. 

During the full D.T phase, access inside the 
vessel will be impossible but some strictly 
controlled access to the torus hall and basement 
beneath the machine could still be arranged. No 
general rulea can be drawn since the activation 
level depends critically on the location of the 
work with respect to the ports of the vessel, or 
with respect to penetrations through the concrete 
floor between the torus hall and basement. The 
dose rate in the torus hall, at a point outside 
the mechanical structure, but not in the line of 
sight of a vessel port, is typically 300 times 
lower than inside the vessel (Table 3)· This 
clearly opens up the possibility of some limited 
manual interventions by careful radiation 
monitoring. However extensive work would have to 
make use of remote handling techniques. 

TABLE 3· GAMMA-RAY DOSE RATES IN mSv/HOUR AT 
SHUT-DOWN.3 

Zone 

Inside vacuum 
vessel 

Outer surface of 
mechanical 
structure 

Inner surface of 
Torus Hall wall 
at equatorial 
plane 

Basement 

1 day cooling 

2.5 χ 103 

8.6 

2.5 

2 χ 10~3 

1 month cooling 

1.7 103 

6.1 

1.8 
-4 5 x 10 

The dose rates are calculated assuming a 
total of 10 D.T neutrons produced 
uniformly over 2 years. This is the 
maximum credible neutron production for 
JET (10 pulses each producing 10 
neutrons). 

Tritium contamination must be carefully 
considered when manual interventions are 
contemplated in the Torus Hall during the D.T 
phaae. Estimates of tritium permeation through 
the vessel walls, assuming full internal cladding 
(see section IV) indicate that the tritium 
concentration in the Torus Hall could be of the 
order of 10 uCi/m^ thus giving a dose rate of 
10 uSv/hour. This takes into account the venti
lation rate and assumes one air change per day. 
Such a concentration of tritium assumed to be in 
the HT0 form would not prevent access to the 
torus hall although some precautions may have to 

be taken, depending on the duration of the work. 

The other area where significant tritium 
contamination might be possible is the west wing 
of the building where the tritium plant i3 
located. Due to the double containment principle 
used for the plant (see section IX) no access 
restriction ia envisaged in normal conditions. 
During maintenance periods however special 
precautions may have to be taken. 

Other areas of the JET site, or outside the 
site ahould not be affected by tritium release 
unleaa a major accident auch as a fire, an 
earthquake or an aircraft crash occurs. 
Estimates of the maximum tritium release can be 
derived from the total site inventory of tritium. 
It will consist of less than 20g in the tritium 
plant itself and less than 1Og firmly embedded on 
the walls of the vessel and neutral injectors. 
The latter quantity is assumed inaccesaible. The 
worst possible tritium release is not considered 
to constitute a serious hazard. These 
considerations are part of the JET safety 
analysis still in progress, and are outside the 
scope of this paper. 

Ill DESIGN PHILOSOPHY IN RELATION WITH THE 
ACTIVE PHASE 

3·1 Design Principles 

The design principles of the machine 
have been deeply influenced by the planned active 
operation. In particular: 

Established engineering techniques have 
been uaed aa far as posaible in order to limit 
the technological risk and reduce the probability 
of failure during the active phase. For these 
reasons, conventional copper coils are used and 
the magnetic field is kept at a reasonably low 
level. 

A modular design was selected for the 
machine, to ease assembly and maintenance 
procedures and consequently reduce the down-time 
when remote maintenance is necessary. The 
modular concept is apparent in the designs of the 
vacuum vesael and mechanical structure, which are 
split into 8 identical octanta. Internal 
components, such as the belt limiter, are also 
made up of many identical segments. 

- The poloidal field coils have been 
located outside the toroidal field magnet to ease 
maintenance. 

- The vacuum vessel has been provided with 
large access ports to allow remote handling tools 
to reach critical welds or components inside the 
vessel. 

3.2 Radiation Resistance 

As regarda the radiation resistance of 
insulating materials, the JET policy has been to 
seek the best materials currently available, 
rather than develop new products. This policy is 
consistent with the short time scale of the JET 
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construction and overall project life time. For 
this reason, the magnet insulation includes well 
proven epoxy systems and it is accepted that the 
life of the magnets may be limited by the deteri
oration of the insulation after exposure to doses 
in excess of 10' Gray (109rad). It must be said 
that such a limit, if it were reached, would mean 
that JET would have been very successful in terms 
of overall neutron production (section 4.5). 
Components on the outer surface of the machine 
are partially shielded by the magnets and the 
mechanical structure and will not receive doses 
in excess of 10 Gray. Materials for cables, 
electrical connectors, rubber hoses etc. have 
been radiation tested to prove their suitability 
for JET. 

For auxiliary equipment, the design rule has 
been to retain on the apparatus itself only 
essential parts. Whenever possible, equipment 
haa been located outside the biological shield 
to allow hands-on maintenance and avoid radiation 
damage. This seemingly simple rule has not been 
easy to implement as will be seen in section 
VIII, since the long distance between the machine 
and systems has had far reaching consequences, in 
terms of design problems and costs. There is, 
however, no alternative to this design rule and, 
of course, the same rule will have to be followed 
for future fusion machines. 

IV DESIGN FEATURES OF THE MACHINE WHICH HAVE 
BEEN IMPOSED BY D.T OPERATION 

3.3 Remote Maintenance 4.1 The Vacuum Vessel and Remote Handling 

Remote maintenance capability is 
essential for JET. Although JET has been 
conceived with remote handling in mind, there are 
some cases where remote handling requirements 
were not given an overriding priority, and 
essential choices were made to optimize the 
design for better performances, rather than ease 
of maintenance. To design JET for complete and 
easy remote repair of any failure which might 
occur would have led to an unacceptable 
escalation in cost and construction time and 
would have represented a major deviation from the 
essential experimental objectives of the project. 
A reasonable balance has been struck by assigning 
priority levels to remote handling tasks. 

A high priority level has been allocated to 
limited interventions on equipment which are 
known to require frequent maintenance or are 
vital for operation. For these tasks, remote 
handling considerations have determined the 
design, and a large effort is in progress for the 
development of special tools and procedures. 
Interventions on components internal to the 
vacuum vessel fall into this category. 

For other tasks with a lower priority level, 
care has been taken to ensure that the design is 
remote handling compatible but only a limited 
effort haa been allocated to develop tools and 
procedures. For example, major interventions 
such as the replacement of a full octant, fall 
into this category. It is accepted that a lower 
level of preparation implies prolonged down-time 
of the apparatus. The worth of a major 
intervention in active conditions would have to 
be assessed against the time required for it. 

3.4 Buildings and Systems Layout 

The design of the building and the 
lay-out of the systems around the machine have 
been determined by considerations related to the 
active phase. The machine itself is enclosed in 
a building, with typically 2.5 metres thick walls 
ceiling and floor, which acts as a biological 
shield (section VII). 

The JET vacuum vessel is an all welded, 
double walled inconel structure made up of 
alternate rigid sectors and flexible bellows. 
For ease of assembly and to make an octant 
replacement possible at all, the vessel is split 
into 8 identical sectors or octants. The octants 
are joined by means of special "U joints" 
featuring a lip weld which can be cut or rewelded 
several times from the inside of the vessel. 

As already mentioned in section III, the 
vacuum vessel has been provided with large access 
ports with dimensions to match the "Mascot" 
servomanipulator, which was selected for remote 
maintenance early during the design phase. 
Remotely controlled cutting and welding trolleys, 
able to run all along the "U joints" between 
octants, have been developed and were already 
used for the assembly of the machine in 1983. 

For all components internal to the vessel, 
the capability of remote repair or replacement is 
mandatory. Tools for the replacement of graphite 
tiles, limiters and RF antennae are being 
developed and will be available for use during 
the 1987 shut-down period. This will enable 
tools and procedures to be experimentally tested 
and validated well in advance of active 
operation. For external connectiona to the main 
vacuum, standard welded lip joints or bolted 
flanges with metal seals have been developed in 
view of remote maintenance and use of tritium. 

Remote leak detection is a daunting task on 
a machine the size and complexity of JET. At 
present the JET vacuum vessel has more than 600 
vacuum connections in the form of vacuum seals or 
welds and this number is not expected to decrease 
although some diagnostics will be removed before 
the start of the active phase (section 5.3). It 
is not planned to develop an internal leak 
detection telescope for JET due to the complexity 
and cost of such a syatem. Remote leak detection 
will be based on conventional helium spraying 
techniques utilizing a servomanipulator and 
preinstalled helium spray tubes. Such spray 
tubea were already part of the original deaign of 
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the vacuum veaael, to enable the testing of 
inaccessible welds. More spray tubes perhaps 
connected to distribution boards, will be fitted 
on the machine prior to the active phase. 

Since vacuum connections have been 
3tandardized, remote repair of leaks will be 
possible with special tools (section 6.2). 

4.2 The Vacuum Vesael and Tritium 

One of the major design features of the 
vessel, i.e. a double walled structure, was 
selected primarily in view of tritium operation. 
The double containment constitutes a safeguard 
against the accidental release of tritium, should 
a leak develop in the first wall. Moreover, the 
double wall reduces external contamination due to 
tritium permeation. Tritium permeating through 
the bellows of the first wall will be contained 
within the interspace and diluted in the hot gas 
which is circulated there to bake the vessel. 
The tritium concentration in the heat transport 
gas will be kept low by a clean-up system based 
on the oxidation of tritium and subsequent 
absorption of the tritium moisture. This system 
will be part of the tritium plant (section IX). 

Permeation rates are difficult to estimate 
and depend critically on the oxidation of the 
metal surfaces. In the case of pressure driven 
permeation, conservative estimates show that the 
quantity of tritium released either in the 
interspace, or directly into the torus hall (the 
ports are single walled) is well within 
acceptable limits. Permeation can however be 
enhanced by atomic or molecular fluxes impinging 
on the walls during plasma shots or glow 
diacharge cleaning. This "flux driven" 
permeation could lead to release rates several 
orders of magnitude greater than that due to 
pressure driven permeation. For this reason, it 
has been decided that the vessel walls which are 
not already protected by graphite tiles would be 
clad with inconel plates. This internal cladding 
is planned to be implemented during the 1988 
shut-down. 

Pumping the torus is achieved by four 
turbo-molecular pumps with a total effective 
pumping speed at the vessel of 8500 1.a" . This 
pumping speed requires a large conductance anc. it 
was therefore necessary to install these pumps or 
the machine itself. 

It is not expected that the turbo-pumps 
should be affected by tritium during the planned 
one or two years of active operation. Tests have 
shown that the change in viacosity of the bearing 
oil 3fter an exposure to tritium comparable to 
that expected on the machine is negligible. 

The roughing and backing pumps have been 
installed outside the torus hall in a service 
area which will remain accessible when the 
machine is active. 

The backing pumps will consist of a set of 
tritium compatible pumps, either dry wobble pumps 
or roots blowers and will compress the gas 
towards the tritium recycling plant. For 
roughing operations, the existing roots and 
rotary pumps are not tritium compatible and will 
normally not be used. Roughing will be done by 
means of Normetex pumps .which will compress the 
gas towards the clean-up and disposal system of 
the tritium plant. 

For the gas introduction system, tritium 
compatible on-off and dosing valves have been 
specially developed. These valves are all metal 
and use metal seals and bellow sealed shafts. It 
is envisaged to use valves of a similar design 
for the tritium recycling plant. 

4.4 The Baking System 

The vessel is baked by means of a hot 
gas circulating in the interspace between the 
inner and outer walls. The baking plant, 
including the blower, the heat exchanger and 
control systems, is located outside the 
biological shield and only lagged pipes carrying 
the hot gas penetrate the active area. 

During planned maintenance periods when the 
vessel is opened, precautions must be taken to 
minimize tritium emissions in the torus hall. To 
this end, prior to opening, the vessel will be 
baked at 300-400°C and glow discharge cleaning 
runs will be carried out with clean hydrogen or 
deuterium. This procedure will reduce tritium 
emissions to a negligible level. The tritiated 
gaa stream from the glow discharge will be 
treated by the tritium plant. 

4.3 The Pumping System and Gas Introduction 
Valves 

The vacuum system is built to ultra 
high vacuum standard and is therefore tritium 
compatible since it uses welded joints or metal 
seals for vacuum connections, and all metal 
bakeable valves. 

So far, air or nitrogen have been used as a 
heat transport gas. For the active phase, helium 
is the preferred gas for the following reasons: 

(a) Helium is a low Ζ gas and relatively 
large interspace to main volume leaks 
would not affect plasma operation. 

(b) Helium is not activated by neutrons, so 
no activity is transported outside the 
biological shield. 

(c) Tritium contamination is easily 
removed from helium by oxidation and 
subsequent trapping of tritium oxide. 

(d) Helium has good heat transport 
properties. 

Tritium permeating through the bellows of the 
vacuum vessel will contaminate the baking loop. 
For this reason, the loop has been built to ultra 
high vacuum standard. The blower and its motor 
will be encapsulated in a metal box so as to 
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contain the unavoidable leaks through the shaft 
seal. 

4.5 Magnets and Water Cooling Systems 

Contamination of the cooling water by 
tritium permeating through water pipework or 
water cooled components inside the vacuum vessel 
has been found to be negligible. 

All JET magnets are copper wound and 
water cooled. Superconductor technology was 
considered too risky in view of the experimental 
objectives of JET. As already mentioned in 
section III, the magnet insulation consists of 
proprietary epoxy fibre glass systems, which have 
been developed and extensively tested for 
particle accelerators. The reduction in the 
mechanical properties of epoxy resins at 
radiation doses in excess of 10' Gray is accepted 
since this exposure would be reached at the inner 
surface of the toroidal field coils after a total 
production of 10 14 MeV neutrons. For the 
poloidal field coils, an insulation system has 
been developed specially for JET and consists of 
epoxy resin, fibre glass and interleaved 
polyimide tapes. Adhesion to copper is also 
improved by means of a special primer. Up to 
exposures of 10' Gray this system has shown no 
significant reduction in shear strength. 

It must be noted that the toroidal field 
coils and the mechanical structure act as a very 
effective radiation shield (Table 3)· To improve 
the shielding effect, the hollow, box like, 
elements of the mechanical structure have been 
filled with boronated concrete. This is 
important to reduce the radiation dose to 
peripheral equipment and the air activation in 
the torus hall, and also to ease future 
decommissioning activities. 

Activation of the cooling water of the 
magnets is significant. The activation is 
essentially due to 0(n,p) N reactions. N is 
a Ύ emittor (6 and 7 MeV) with a half life of 7s. 
Although short lived, the calculated levels of 
activation have made it necessary to locate the 
demineralized water plant within the biological 
shield. An alternative solution using a holding 
tank able to store all the water emerging from 
the magnets during a pulse was technically more 
complicated. In order to allow hands-on 
maintenance, the demineralized water loop, 
including pumps, heat exchangers, valves and 
filters, is in the basement in an area well 
shielded from direct radiation. This arrangement 
also ensures that they will be no activation of 
the primary water coming from external cooling 
towers. The resin beds for the water treatment 
are also within the biological shield but in the 
access cell for an easy replacement (section VI). 
These beds will indeed retain all the activated 
impurities carried by the water. Apart from 
activation problems, the generation of oxygen in 
the cooling water by radiolysis and subsequent 
corrosion, has also been considered. It is 
planned to monitor carefully the oxygen 
concentration and if required use deoxygenation 
techniques. 

Therefore the water system requires no 
significant modification for use during the D.T 
phase. The only precaution will be to monitor 
the activity of the primary site water so as to 
detect any, unlikely, leak in the heat 
exchangers, between the demineralized and site 
water loops. 

4.6 Design Details 

Apart from major design options, there 
are many design details which have been imposed 
by remote handling considerations. These design 
details include features such as welding lips, 
captive bolts, self locating or self locking 
mechanisms. Connectors and flanges for vacuum, 
water or compressed gases have been the subject 
of a special effort which has resulted in 
"Standard" JET remote handling designs for 
general use in the project. Although the 
monetary value of such design details is not 
great, they represent a large investment of 
ingenious design and prototype testing and their 
incorporation in the machine components requires 
a considerable design effort. As an example, it 
has been estimated that the design of the belt 
limiter including specific remote handling tools, 
has required 3 to 4 times more design office -
effort than the same study without remote 
maintenance requirements. 

V OTHER SYSTEMS DIRECTLY CONNECTED TO THE 
MACHINE 

5.1 Neutral Beam Injection Systems 

The neutral beam injectors are 
connected to the main torus vacuum and therefore 
some tritium is expected to diffuse from the 
torus to the injector boxes. Tritium back 
diffusion in each box is minimized by means of a 
fast shutter which is-normally closed and opens 
briefly during beam injection. This shutter is 
not a vacuum tight valve but gives, when closed, 
a low conductance between the torus and the 
injector box. With this arrangement, tritium 
contamination is much reduced but nevertheless 
provisions have been made for full tritium 
compatibility of the injector boxes. In 
particular, all components inside the injector 
boxes have been built to ultra high vacuum 
standards and use exclusively metal seals or 
welded joints. The deflection magnets have been 
lined with stainless steel. Actuactor shafts are 
bellow sealed. Tritiated gasses from the 
injector boxes will be exhausted by 
turbo-molecular pumps and directed to the tritium 
recycling plant. 

The neutral injector systems use large 
cryo-pumps of a novel design. For the reasons 
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explained in section 3.4, the cryo plant has been 
located outaide the biological ahield, 100 metres 
away from the cryo-pumpa and thia made It 
necessary to develop a new type of advanced cryo 
tranafer lines with a low thermal loaa 
performance. 

Activation of the liquid nitrogen u — d in 
the cryo-pumpa has been considered. It will 
require either a closed supply loop or a holding 
system. 

5.2 Radio-frequency Heating System 

The radio frequency antennae are 
located inside the vacuum vessel and the power is 
transmitted through the vessel walls by means of 
coaxial vacuum transmission lines. Since these 
lines are connected to the main torus vacuum they 
have been designed for tritium compatibility 
using metal aeala and bellow sealed valves. The 
pumping system for these lines presently uses 
small turbo molecular pumps but it is planned to 
replace them by getter pumps. These pumps would 
be fully sealed, with no external connections and 
could be regenerated through the main torus 
vacuum. A similar solution is envisaged for some 
diagnostics (section 5.3). 

5.3 Diagnostics 

Some of the diagnostics have not been 
designed to be remote handling compatible as they 
will be disconnected from the macnine before the 
start of the active phase. Active phase 
diagnostics however must be capable of at least 
complete dismantling and in some cases repair by 
remote handling techniques. Those diagnostics 
whidh are connected to the vacuum system must 
also be designed for tritium operation. ' This 
has been achieved by using metal seals or welded 
joints, all metal valves, and making provision 
for system baking. The small turbo molecular 
pumps used for individual diagnostics are all 
tritium sealed but nevertheless it is envisaged 
to replace.them with getter pumps before the 
start of the active phase. Such pumps would be 
fully sealed with no external connections and 
would be regenerated through the main torus 
vacuum. 

Due to the high radiation level, electronics 
will not survive inside the torus hall, so all 
diagnostics designed for the active phase have 
detectora, electronica and components requiring 
maintenance, outside the torus hall. This poses 
problems of efficiency due to signal attenuation 
and problems of radiation shielding. 

The Electron Cyclotron Emission (ECE) 
diagnostic ia an example of a system where the 
signal can be guided along tortuous paths around 
shielding labyrinths. The penalty however, is a 
serious signal attenuation due to the length and 
many bends of the waveguides, before reaching the 
detectors which must be located outside the 
biological shield. (Fig. 2). 

BKXOGICAA. SH*LD 

AA? GfiATlNG S«CTROAAFTER 

Fig. 2. Layout of waveguides for the E.C.E. 
diagnostic. 

The X-ray crystal spectrometer is an example 
of a diagnostic requiring a direct line of sight 
between the plasma and the curved crystal which 
had to be mounted outside the torus hall. 
Shielding is necessary outside the penetration 
window. In this particular case, the problem is 
made more difficult since a direct line of sight 
is also required from the curved crystal to the 
detectors located on the Rowland circle, 15 
metres away from the crystal. Additional 
shielding must contain the scattered radiation 
all along the beam line. For this diagnostic 
alone, over 500 tonnes of concrete and blockwork 
has been erected in the diagnostics hall adjacent 
to the torus hall. 

VI REMOTE HANDLING CONCEPTS AND MAIN FACILITIES 

6.1 General Philosophy 

As already explained in section III, the JET 
policy regarding remote handling has been, 
firstly, to ensure that the design of the 
components is generally remote handling 
compatible and, secondly, to provide general 
purpose remote handling tools able to carry out a 
great variety of tasks. Special tools designed 
to carry out specific interventions are also 
being developed, but only for a limited number of 
'nigh priority tasks. It has been therefore 
necessarv to classify remote handling tasks, as 
follows: 

Class 1 = Tasks essential to keep the machine in 
operation, and which are expected to be required 
during the active phase (e.g. replacement of 
graphite protection tiles, replacement of a plug-
in neutral beam injector). 

Class 2 = Tasks essential to keep the machine in 
operation but which are unlikely to be required 
during the active phase (e.g. repair within a 
neutral 'injection box, replacement of one 
octant). 

Class 3 = Tasks not essential for the operation 
of the machine. A failure may affect operation 
only marginally (e.g. replacement of a non 
essential diagnostic). 
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Class 4 = No remote handling requirement. 

Full remote handling capability, including 
all special tools and procedures, is being 
developed for class 1 operations. For class 2 
operations, the design is remote handling 
compatible, but only general purpose tools are 
available and therefore extensive down time may 
be required to carry out the work. For class 3 
operations, the design has been only marginally 
influenced by remote handling considerations. 

For each component of the JET machine and 
its auxiliary facilities a TCD (Technical Control 
Document) has to be submitted for approval to the 
weekly Design Coordination Meetings. For those 
components expected to be in an active environ
ment, the design shall specify the remote 
handling class. The Remote Handling Manual is 
available to the designers for the definition of 
remote handling requirements, for following 
recommended standards and for choosing appropri
ate "couplings", such as flanges, connectors etc. 

6.2 Equipment 

An overall view of the remote handling (RH) 
equipment is shown in Figure 3·: it includes 
transporters to move components and to position 
various RH tools, end effectors for special 
purpose lifting and, among them, servomanipula
tors to carry out dexterous planned and unplanned 
operations, special tools for planned operations 
in confined spaces and finally an in-vessel 
Inspection system to assess the status of the 
vessel walls without breaking the vacuum. 

There are four main transporters. The 150 
tonne bridge crane, with a remote control 
capability of the hook of 2mm horizontally and 
0,2mm vertically, has been used throughout the 
assembly of JET; the telescopic mast, with its 

articulated arm, and a lifting capability of 3 
tonnes, will be used for difficult operations on 
the outer parts of' the machine; the low level 
transporter will be used to reach components at 
the bottom part of the machine; finally the 
articulated boom, for operations inside the 
vessel, allows the carriage of RF antennae, 
limiter sections etc. with special tools. 

In order to lift equipment onto the 
transporters, a turret truck will be provided, 
and support for transporters will be provided by 
a small tracked vehicle. 

While the bridge crane has been extensively 
used since the early phases of the JET assembly, 
the articulated boom has been successfully used 
during the 1985 shutdown for removing and 
positioning limiters and RF antennae. 

End effectors are: the two force reflecting 
servomanipulators, consisting of two units, 
master and slave, kinematically similar; the 
limiter gripper to be fitted at the end of the 
articulated boom, for lifting and positioning 
limiters; a similar device for the RF antennae is 
also provided. 

Special Tools are required for specific 
operation: it is this area where the imagination 
and the ingenuity of the designers are most 
required, due to the constraints on weight, 
accuracy and operational space. A number of 
automatic cutting and welding devices belong to 
this category, and they are dedicated to vessel 
octant joints, 100 mm diameter circular ports, 
50 mm toroidal limiter cooling pipes etc. 

Finally, a four probe system has been 
developed for in-vessel inspection, under vacuum 
with wall temperatures up to 50°C. Each 60 mm 
probe is terminated with a glass cup and equipped 

-WEST EAST-

Fig. 3- Remote handling equipment overall pattern 
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with TV cameras. The system has already been 

aucceaafully tested to aaaeas the status of the 

vessel walla. 

All remote handling operation will be 

performed from a dedicated remote handling 

control room. 

6.3 Procedurea 

ia 2.25 m thick overlapping concrete slabs with 

an additional 0.04 m thick boronated lining. The 

roof thickness ensures that radiation levels due 

to scattering in the air above the building 

(skyshine) are low in working areas. The torua 

hall floor is 0.8 m thick reinforced concrete 

with an additional 0.2 m boronated screed. The 

basement floor adds another 3 m of concrete 

between the machine and the ground. 

Remote Handling Procedures, describing the 

neceaaary operations, are required and checked 

before a particular component is manufactured. 

These procedures will be used to set up 

intervention schedules to be checked first by 

mock up simulationa and, for aome, on the machine 

itself before radiological activation. 

VII THE JET BUILDING AS A BIOLOGICAL SHIELD 

The JET building has been designed to limit 

the exposure to staff to less than 1 mSv/year, 

and to reduce the level of radiation at the site 

boundary to less than the normal fluctuations in 

background level. The building must provide 

protection against the following hazards. 

a) Direct irradiation by neutrons and 

Xrays during discharges. 

b) Yray radiation due to the activation 

of the apparatus. 

c) Release of air activated during 

discharges. 

d) Release of tritium due to chronic or 

accidental leaks. 

e) Release of activated or contaminated 

water from the apparatus. 

f) Activation of ground water under or 

around the building. 

TABLE 4. DOSE RATES DURING D.T OPERATION 

(Sv/YEAR) (ASSUMING 1 0
2
^ D.T NEUTRONS 

PRODUCED UNIFORMLY IN 2 YEARS) 

Inner surface of Torus Hall wall 

Outer surface of Torus Hall wall 

Control room 

Site boundary 

3 χ 10
5 

3 χ io~
4 

1 χ 10~
4 

2.5 x 10
 6 

The biological shield is shown on Figure 4 

and its effectivenesa ia demonstrated in Table 4. 

In the torus hall, no shielding has been 

interposed between the apparatus and the walls 

and there is full accessibility for remote 

operations. The walls are 2.5 m thick concrete 

plus an additional 0.3 m lining of boronated 

(0.7ÏB)' concrete block work. This inner lining 

attenuates the backscattering of neutrons and 

thus limits the air activation due essentially to 

Ar . The lining also decreases the activation 

of the main wall, and when removed, would 

facilitate decommissioning activities. The roof 

There is a radiation shielded cell between 

the torus hall and the aaaembly hall. Thia cell 

is used presently as a teat cell for neutral beam 

injectora and can be used later as a storage, 

decontamination or repair cell for active compo

nents. Resin beds for the water cooling system 

are also located in this area (section 4.5). The 

main function however of this shielded cell 

is to provide a radiation and air lock allowing 

the transfer of large pieces of equipment, or the 
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Fig. 4. The JET biological shield. 

crane, between the torus and assembly halls. 
Transit of the crane is possible by raising the 
1100 tonnes concrete shielding beams. Crane 
suspended or floor mounted equipment can pass 
through massive concrete sliding doors. The two 
sets of shielding elements must be closed during 
operation. Outside operation periods and when 
the machine is activated, the shielding elements 
can only be operated sequentially. The shielding 
elements are made airtight by means of inflatable 
elastomer seals. 
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A feature of the torus hall is the provision 
of a pit underneath the machine. This pit 
contains large manifolds for air, water, primary 
vacuum and gas, which distribute these services 
all over the machine. Only a small number of 
penetrations is therefore required between the 
pit and the main service basement. 

VIII DESIGN FEATURES OF CONTROL AND POWER SYSTEMS 
FOR D.T OPERATION 

In order to minimize remote maintenance 
requirements, a considerable effort has been made 
to keep all possible auxiliary components and 
subsystems away from the torus hall and basement. 

The main service basement provides a 
radiation shielded route for services, power 
transmission lines and cables. The basement 
contains also the water cooling plant and the air 
ventilation plant which both will circulate 
activated fluids. Some electronics cubicles are 
also located in a well shielded peripheral 
trench. 

Release of activated air or tritium must 
be prevented. To this end, the shielded areas 
are provided with air seals at all penetrations 
and access points so that they can be held at a 
slight under pressure of typically 5 mbar. 
Furthermore a small differential pressure of 2 
mbar is maintained within the shielded areas 
between the torus hall and the basement and test 
cell. With this arrangement, the air leak is 
less than 0.5 irr/s for the whole shielded area 
and the air change in the torus hall is less than 
1 per day. The supply of air-tight penetrations 
for all services, cables and power lines has 
represented a major investment in terms of 
design, planning of installation, supply and 
actual installation work. Penetrations are 
sealed by steel frames carrying tailor made 
rubber packing elements around pipes and cables. 

The building is water tight and includes 
drain systems which collect into an active sump 
where radiation levels can be monitored before 
water disposal. 

A comprehensive radiological monitoring 
system has already been installed within and 
outside the biological shield to measure the 
radiation doses equivalent from X and Ύ 
radiations and neutrons.'' As JET progresses 
towards the D.T phase, tritium monitors and 
detectors for· Ar and Ν -' (air activation) will 
also be installed. The large quantity of data 
from these fixed monitors is computer processed 
to provide on line displays, integrated or 
average radiation levels, alarm levels etc. 

Personnel monitoring will make use of 
electronic dosimeters (geiger counters) for short 
visits in radiation controlled areas. These 
dosimeters can be plugged in to readers at the 
access doors, so that the dose increment during 
the visit and the integrated dose to the 
individual person is recorded by the computer. 
Thermoluminescent dosimeters will also be used as 
a back up system in order to provide the 
integrated Ύ ray dose equivalent to individuals, 
for longer periods up to 1 month. The data base 
and personnel files for this system are also 
computerized. 

8.1 Electronics and Services 

The first rule established was not to have 
electronic cubicles anywhere near the machine, 
for both avoiding radiation effects on the 
electronics and remote handling methods for 
maintenance. All machine and diagnostic cubicles 
are therefore kept between 50 and 150 m away from 
the torus, thus requiring long cables through 
complex penetration paths, to avoid neutron shine 
through. From the electronics cubicles, the 
cables run through airtight penetrations into the 
basement, from the basement to the torus hall 
through airtight penetrations and finally up the 
magnetic limbs of the machine to local junction 
boxes. From there, jumper cables with remote 
handling connectors, connect to the instruments. 
Services such as air, water, compressed air etc. 
are also locally connected by flexible jumper 
hoses with remote handling couplings. This 
arrangement allows an easy disconnection prior to 
maintenance work or dismantling. 

The design implication of the above 
requirement was faced for the first time in 
fusion research by JET. 

8.2 Power Supplies 

Most of the site area is occupied by the 
power supplies and power modulation systems, i.e. 
ohmic heating circuit, neutral injector 
protection and RF generators (Fig 5), which in 
any tokamak are the closest to the machine. 
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Fig. 5. Aerial view of the JET site. 
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Since, for JET, they have to be installed beyond 
the radiological shield, i.e. outside the torus 
hall and basement, the average length of cables 
and tranamiaaion linea waa increased by 100 m. 
Again thia la to avoid radiation damage and 
remote handling methoda for maintenance. 

The design of the DC busbars to the tokamak 
colls is further complicated by the geometry of 
the penetrations into the basement and from there 
to the torus hall. 

There are two sets of tranamiaaion lines 
which, due to their non conventional features, 
have required to solve special technical 
problems: these are the neutral beams (NB) and 
the radio frequency (RF) power transmission 
lines. 

The key features of the NB transmission 
lines are the high operating voltage (160 kV DC) 
and the low capacitance (50 pF/m as compared with 
conventional cables 200 pF/m), in order to limit 
the capacitive energy dissipated in the fault, in 
case of a short-circuit in the neutral beam 
source. However, due to the length of the NB 
transmission lines in JET (90 to 120m), the 
capacitive energy of the transmission line and 
the other atray capacitancea ia still too high 
(-100J) and in order to reduce it and limit the 
fault current to 300A a set of snubber magnetic 
circuits to dissipate the extra energy, must be 
installed near the injectors. Similar 
consideration, although of different technical 
nature, apply to the RF power transmission lines 
and have resulted in a novel design concept. 

The scale of this equipment would have been 
drastically reduced if D.T operation would have 
not'been considered. 

IX THE JET TRITIUM RECYCLING PLANT 

JET will use a recycling system able to 
purify the exhaust gases from the machine and 
separate the hydrogen isotopes for re-use. A 
"once through" system (where the tritium is 
supplied and discarded after use) was considered 
initially but has not been adopted because of the 
high purchase and disposal cost of tritium. It 
must be noted that the total quantity of tritium 
to be used in one to two years is of the order of 
1 to 2 kg (250 mg/pulse). 

are used for gas transfers within the 
purification and isotopie separation 
system. It is hoped that auch a atatic 
ayatem will be essentially maintenance 
free. The batch operation of the 
cryopumps is also well suited to the gas 
chromatography process. 

c) Primary circuit components are enclosed 
in bakeable vacuum vessels which serve 
aa the secondary containment. This 
should virtually eliminate tritium 
emissiona and the need for complex 
clean-up aystems associated with 
classical glove box containment. 

d) Due to the relatively short utilization 
time of the plant, and the low 
throughput, waste handling and diapoaal 
facilities will not be provided on site. 
Wastes will be contained and sent for 
disposal at existing facilities. 

The plant must first purify the exhaust 
gases. To this end, the gases are first directed 
to the accumating panel where the gases are 
frozen and the heavy volatile impurities (H2O, 
C02··) are retained and accumulated over periods 
of typically one month. From there, the gases 
are frozen in a cryopump, which when warmed up, 
compresses the hydrogen isotopes through the gas 
chromatographic columns. Two cryopumps and gas 
chromatographic units, working alternately to 
proceas gas batches corresponding to 
approximately 12 pulses, perform this function. 
The processed gas fractions are then stored in 
their respective tanks and are ready for re-use. 
Gases with a low tritium content coming from the 
neutral injector boxes, pellet injectors or glow 
discharge cleaning gas streams, are also 
processed by the plant. 

A clean up system can remove tritium from 
the gaseous wastes from the plant operation or 
from gases produced during maintenance. It can 
also process tritiated air from the torus during 
pump-down. The removed tritium is fixed as 
tritium oxide on dessicant beds for disposal. 

At present, prototypes of key components 
designed by JET, such as valves, cryopumps, 
accumulating panels, are being performance tested 
in a special rig. The tritium plant is planned 
to be ready for commissioning in 1990, one year 
prior to the .start of the active phase. 

A recycling system appears to be a more 
economical solution. Moreover, the recycling 
plant requires a much lower inventory of 
accessible tritium on site and avoids the 
problems associated with frequent, almost daily, 
deliveries of fresh tritium. 

The engineering concepts of the JET plant 
are as follows: 

a) Gaa chromatography will be used for the 
aeparation of hydrogen isotopes. 

b) Cryopumps rather than mechanical pumps, 

X THE COST OF THE JET ACTIVE PHASE 

Additional costs associated with the active 
operation are difficult to single out since the 
requirements of the active phase have always been 
an integral part of the JET design. The 
additional design and development work in 
particular is difficult to assess. However it is 
certain that a considerable engineering effort 
haa been required, not only within the JET 
division responsible for remote handling and 
tritium, but throughout the entire project. 
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Nevertheless there are a large number of 
clearly identifiable major items, specific to the 
active phase of JET, for which reliable 
additional costs can be given. These costs which 
can be attributed to the active phase are: 10 M$ 
for the buildings (torus hall walls, hot cell, 
sliding doors and roof beams, penetrations 
through the radiological shield, ventilation 
system); 6 M$ for the tokamak itself (RH 
compatible flanges, cable junction boxes, vessel 
large ports and double walls, with helium cooling 
etc.); 5 M$ for the power supplies (transmission 
lines for NB and RF, NB snubbers, length of 
cables and busbars); 11 M$ for diagnostics (14 
MeV neutrons, active phase spectroscopy, signal 
transmissions through the radiation barrier and 
radiation compatibility of the other plasma 
diagnostics required); 10 M$ for the development 
of all the specific RH equipment (see section VI, 
but excluding the 150 tonne crane); 12 M$ for the 
tritium processing plant and finally 3 M$ 
foreseen for handling the tritium waste. 

aim to carry out this study during a sustained 
period of one to two years is unique on the world 
scene of tokamak research today. 

Since the problems associated with a 
sustained D.T operation had to be faced for the 
first time in fusion research it is believed that 
JET has broken new ground in the development of 
some key technologies. The work undertaken by 
JET may prove to be most valuable for the design, 
construction and operation of NET (Next European 
Torus) now in the conceptual design phase, as 
part of the European Community Fusion Programme. 
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Abstract 
During JET's first three years of operation, experiments have been undertaken with up 
to - 7MW of ICRF, - 10MW of neutral beam and - 18MW of total input power during 
combined operation. The latest JET results show many advances made during this period. 
In particular, the especially good confinement {TE up to 0.8s), high temperatures {Te up 
to 5keV) and fusion product <ηίτέΓί> = 1020m~3.s.keV achieved with ohmic heating alone 
have exceeded expectations. Also, very efficient ion heating has been observed 
{Tj> 12.5± 1.5keV) at moderate neutral beam injection power levels (/Va-< 8M W) and at 
low average densities {ñe~ 11.5 χ 1019πΓ3). In addition, a fusion product 
<nLt¡TE> =2x 1020m~3.s.keV has been achieved with a separatrix configuration in JET. 
However, limitations have been encountered in plasma density and electron and ion 
temperatures due to disruptions and sawtooth oscillations. With additional heating, con
finement is degraded, as the electron temperature outside the sawtooth region exhibits on
ly a weak dependence on the input power per particle. As a consequence, additional heating 
has little impact on the fusion product. The consequent developments to provide signifi
cant αheating in JET are described. 

1. Introduction 
The Joint European Torus (JET) [1,2] is the largest single project of the coordinated fu
sion research programme of the European Atomic Energy Community (EURATOM). Its 
main objective is to obtain and study plasmas in conditions and with dimensions ap
proaching those needed for a fusion reactor (ie n = 2x 1020m~3; T a lOkeV, and TE= 12S), 

and is specifically designed to study DT reactions in the plasma. 

This paper concentrates on experiments and advances during the last 2 years (the first 
additional heating phase) using ioncyclotron resonance frequency (ICRF) and neutral beam 
(NB) heating, both individually and in combined situations, and indicates particular 
developments and additions to JET that are planned to improve performance further 
towards the reactor regime. 

2. Technical Status of the Device 
2.1 Machine Conditions 

Machine conditions have been progressively improved during the operational phase and 
all machine systems have now met the stringent design specifications. The achieved 
parameters are compared with the design values in Table I. 

The toroidal magnetic field (Βτ) now operates routinely at its maximum design value 
of 3.45T. The plasma current (± <3%), horizontal plasma position (± £ 10mm), plasma 
elongation e{±5%) and shape are all controlled by feedback circuits acting on poloidal 
field coils. Following considerable work on these systems, stable control has been obtain
ed with elongations in the range 1.21.7. However, the plasma vertical position is natural
ly unstable due to both the quadrupole poloidal field necessary for the elongated plasma 
and the destabilising effect of the iron magnetic circuit. Loss of vertical position feed
back control at higher elongations can lead to large vertical forces on the vessel. Some 
additional vessel support has been introduced, but the plasma current, Ip, had still to be 
restricted within the operating regime given by 7p

2(e1.2)<5.0(MA)2. 

With a plasma elongation limited to 1.4, the plasma current has been increased to 5.IMA 
(for a period of 3s within a 20s pulse) exceeding the design value of 4.8MA. In addition, 
plasma currents have been achieved routinely at 4MA with flattops of 6s duration. At 
present, the full inductive flux (34Vs) is not used as the maximum premagnetisation cur
rent creates stray fields, which inhibit reliable plasma breakdown. Strengthening of the 

493 



Table I 
Principal Parameters of JET: Design and Achieved Values 

Parameter 

Plasma minor radius 
(horizontal), a 
Plasma minor radius 
(vertical), b 
Plasma major radius, R0 

Plasma elongation ratio, 
e=b/a 
Flat-top pulse length 
Toroidal magnetic field 
(plasma centre) 
Plasma current: 

circular plasma 
Elongated plasma 

Flux Drive Capability 

Additional heating power 
(in plasma) 
RF Power 

Neutral beam power 

Design Values 

1.25 m 

2.10 m 
2.96 m 

1.68 
Up to 20s 

3.45T 

a2MA 
4.8 MA 

34 Vs 

1986 Values Full Values 

8 MW 32 MW 
(3 antenna) (8 antenna) 

10MW 20 MW 
(1 box) (2 boxes) 

Achieved Values 

0.8—1.2 m 

0.8—2.1 m 
25—3.4 m 

1.2—1.7 
Up to 20s 

a45T 

3.0 MA 
5.1 MA 

28 Vs 

<7MW 

<9MW 

vacuum vessel, modifying the primary winding and improving the power supply will allow 
an enhancement of the plasma current to 7MA, at the full elongation of e= 1.7. Stable 
discharges with Ip = 3.5MA, BT= 1.7T, e = 1.35 and q+ = 2.2 have been studied to simulate 
7MA operation. 

The vacuum vessel is usually operated with wall temperatures at 250-300°C and with 
a base pressure of 10"7mbar H and 10"9mbar residual impurities. The vessel is conditioned 
by glow discharge cleaning (GDC) in hydrogen and/or deuterium. To reduce the level of 
metallic impurities and oxygen, the torus walls are carbonised by glow discharge cleaning 
in a mixture of hydrogen or deuterium and hydrogenic methane (CH») [3]. 

In most recent experiments, eight carbon plasma limiters have been located symmetrically 
on the outer equatorial plane of the vessel. Since disruptions mostly terminate on the inner 
walls, these have been covered by carbon tiles to a height of ± lm around the mid-plane. 
Similar tiles also protect the frames of the RF antennae, eight octant joints, and the outer 
wall from neutral beam shine-through. Additional tiles have been installed at the top and 
bottom of the vessel to protect the vessel during X-Point (Separatrix) operation. The total 
surface area covered is 45m2, corresponding to -20% of the vacuum vessel area. The in
ner wall tiles used as limiters and those for X-Point protection have provided powerful 
pumping (with speeds up to lOOmbar.l.s"1). This has allowed operation at low density near 
the plasma edge and was used to reduce the density after neutral injection to avoid disrup
tions. Recently, helium discharges prior to normal operation have improved the inner wall 
tiles pumping capacity. 
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In early 1987, it is planned to extend the coverage in the machine and the existing limiters 
will be replaced with two toroidal 'belt' limiters (surface area  15m2), and the existing 
RF antennae will be replaced with eight watercooled models. In late 1987, the belt limiter 
tiles and those from the eight antennae will be replaced by beryllium plates to investigate 
the expected advantages with this low Ζ material. 

2.2 RF Heating System 

Since early 1985, three RF antennae have been installed at the outer equatorial wall. Power 
is transferred to the plasma at a radiation frequency (2555MHz) equal to the cyclotron 
resonance of a minority ion species (H or He3). Each antenna is fed by a tandem amplifier 
delivering up to 3MW in matched conditions. The three units have been regularly operated 
up to 7.2MW for 2s pulses. Experiments with 8s pulse duration have also been performed 
delivering  40MJ to the plasma. Recently, a fourth RF generator has been installed so 
that two generators can be coupled to one antenna [4]. 

When completed, the JET RF system will have eight generatorantenna units initially 
delivering 24MW for 20s pulses. Subsequently, each amplifier unit will be upgraded to 
4MW, using a more powerful 'tetrode in the final amplification stage. New watercooled 
antennae have been built and tested for insertion inside the toroidal belt limiter. 

2.3 Neutral Beam System 

A long pulse (  10s) neutral beam (NB) injector with eight beam sources and one integrated 
beam line system has been operated on JET since early 1986. Η beams have been injected 
into D plasmas with particle energies (in the full energy fraction) of up to 65keV. The neutral 
power fractions were 69%, 23% and 8% in the full, half and onethird energy components, 
respectively, giving a total beam power of  5.5MW injected into the torus. D beams have 
also been injected into D plasmas, with particle energies up to 75keV (injected power frac
tions of 76%, 17% and 7%) giving a total power up to 10MW. Up to 40MJ have been 
delivered to the plasma during a pulse. The second neutral injection box will be available 
for operation on the machine in mid1987. 

2.4 Diagnostics 

About 30 different diagnostics have been installed on JET, allowing cross measurements 
of the main plasma parameters and detailed analysis of some of the plasma features such 
as sawteeth oscillations and MHD behaviour [5]. The ECE diagnostic is the main instru
ment for providing electron temperature profiles and infrared interferometry is the main 
technique for density profiles. The ion temperature is measured by three different techni
ques; chargeexchange neutrals, Doppler broadening of Ni26+ and of resonant charge
exchange lines of light impurities. Flux measurements and spectrometry of 2.4MeV neutrons 
are also used. Z^is measured by visible bremmstrahlung and is in agreement with estimates 
from neoclassical resistivity. 

3. Experimental Results 
3.1 Overall Plasma Parameters 

Experiments have been performed in JET in different configurations: limiter discharges 
on the inner or outer walls and XPoint discharges with single or double null. Various 
heating scenarios have been used ranging from ohmic heating alone to combinations of 
ohmic, RF and NB. The variation of the main JET parameters is presented in Table II. 
Several examples of typical pulses under these various conditions are indicated in Fig.l, 
which show the density (n), electron temperature (7 )̂ and safety factor (q) profiles, with 
ion temperature (T¡) measurements where available. 

Each heating method has its own characteristic power deposition profile. For ICRF, 
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Table II 
Range of the Main JET Plasma Parameters 

Parameter 

Toroidal field (plasma centre) B, 

Plasma current, Ip 

Flux safety factor at edge, q+ 

Volume averaged density, ñ. 

Central electron temperature, fe 

Central ion temperature, f¡ 

Energy confinement time, TE 

Value 

1.73.4T 

15 MA 

2.216 

0.55x10
l9

rrr
3 

27.5 keV 

1.512keV 

0.20.9 s 

it is well localised (half width ~30cm) as shown in Ref. [4], and can be varied across 
the plasma by changing either the toroidal field or the frequency. The NB deposition pro
files are usually less peaked on axis, and are quite fiat at high densities. 

The following parameters have been obtained under different conditions: 
(a) With ohmic heating, peak ion and electron temperatures of 3keV and 4keV, respec

tively, were achieved with a plasma density 4.2 χ 1019m~3 and energy confinement 
times exceeding 0.8s; 

(b) With RF heating, the peak electron and ion temperatures have reached 5.5keV with 
peak ion densities of 3.5xl019m~3. However, the confinement time has dropped to 
T£ = 0.3s; 

(c) Ion temperatures up to 6.5keV at mean densities of 3 χ 1019m~3 have been produced 
with neutral beam heating. At lower peak densities (~ 1.5 x 10i9m"3), ion temperatures 
> 12.5keV have been observed (Fig. 1(e)). Again, there was a degradation in confine
ment time down to 0.30.4s. In addition, with 7MW of neutral beam injection, cur
rent drive of 0.4MA has been observed at a mean density of 2 χ 1019m~3; 

(d) Combined RF and neutral beam heating has coupled power up to 15MW to the plasma 
in a 5MA discharge: the plasma energy content was ~6MJ (Fig. 1(d)). 

The JET impurity behaviour is similar to that observed in other ungettered tokamaks 
with graphite limiters [3]. The main impurities in ohmic and neutral beam heated plasmas 
are carbon and oxygen and principally carbon at high electron density, ne. During ICRH, 
moderate metal concentrations (0.1 % ne) are responsible for 20% of the total radiation 
power losses. These can be prevented temporarily by carbonisation. Radiation power losses 
represent 3060% of the total heating power, Ptoi, during NBH and 4070% of Pt0t for 
ICRH. Most of the radiated power is emitted from the edge plasma. Z.ff varies from 3.5 
at low rie to 2.5 at high ne. With NB injection, Z.ff falls to values of 23 and with pellet 
injection, it can fall to values close to 1 (see Fig.2). 

3.2 Density Limits 

The Hugill diagram for JET is shown in Fig.3, where the operating domain is limited by 
disruptive instabilities. In ohmic plasmas, the density limit is nc (OH)(m~3) = 1.2 χ 1020Βτ 
(T)/qR(m). This limit depends on plasma purity. In RF heated discharges, it is only slight
ly increased, possibly because the effect of the extra power is cancelled by an increase in 
impurities. In neutral beam heated plasmas, the limit is substantially increased, as shown 
in Fig.3, to nc(NB)(m"3) = 2.0 x 1020B7<T)/qR(m). Switching off neutral beams at high den
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sity causes the plasma to disrupt, which indicates that the power input plays an important 
role in the disruption mechanism. Preliminary experiments with a singleshot pellet injec
tor have also exceeded the OH density limit. 

Density limit disruptions are always preceeded by an increase in the impurity radiation 
at the plasma edge [6]. This is seen to cause a contraction of the electron temperature 
profile, which is followed by the growth of coherent MHD activity (principally m = 2, n = 1). 
Alternative theoretical models predict that either the contraction of the temperature pro
file leads to an unstable current profile [6], or that the increased radiation losses at the 
q = 2 surface lead to a thermal instability [7], but it is possible that both of these effects 
may be involved. Both models result in the growth of an m = 2, n= 1 island before the 
disruption. Observations and theoretical considerations both show that the central plasma 
density can be increased by deep fuelling. 

3.3 Temperature Effects 

Sawtooth oscillations occur in almost all JET discharges. As these instabilities, in general, 
limit the peak ion and electron temperatures, and may affect, in certain cases, the global 
energy confinement times, they justify a careful analysis. With central deposition of addi
tional power, sawteeth may develop large amplitudes (up to doubling the central electron 
temperature) and long periods (up to 0.6s) [6]. In some circumstances with combined NB 
and RF, 'monster' sawteeth have been observed (see Fig.4). They are characterised by long 
durations of 0.8  1.2s and strong reduction of the low m, n numbers MHD activity. The 
instability mechanism of the sawteeth is described by a model involving ideal MHD [8]. 

The peak electron temperature 7¡,(0) can be raised significantly above the value reached 
in the ohmic phase as shown in Fig.5(a). The dispersion seen in Te(0) is due to sawteething 

8 

7 

1 1 

Pulse No: 9603 
I 1.05s | 

Γ »I 

T.(0) (keV) 

_L J_ _L 

6 7 8 9 10 11 12 13 14 

Time (s) a^m 

Fig.4: Sawtooth oscillations of the central electron temperature, showing the effects ofNB 
and RF additional heating; 
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and to variations in profile deposition of the additional power. By contrast, the electron 
temperature at the inversion radius (q  1 surface) shows only a weak dependence with 
the power input per particle /fíñ) for a given plasma current and toroidal field (Fig. 5(b), 
and no explicit density dependence. The radius of inversion is independent of P/ñ in the 
range shown (Fig. 5(c)). 

The ion temperature behaviour appears quite different; the peak ion temperature 7.(0) 
(deduced from the Xray crystal spectrometer) is plotted versus P/ñ in Fig. 6(b). Above 
4x 1019MW/m"\ the ion temperature can greatly exceed the electron temperature and 
can reach 12.5 keV in JET. A broadening of the ion temperature profile is also observed 
in cases of offaxis ICRF heating [4]. 
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3.4 Confinement Degradation 

The definition of the total energy confinement time used at JET is r£=W*/ [P,  dW//dt], 
where W* is the kinetic energy and P, is the total input power to the plasma without 
subtracting radiation losses. Reported values of τΕ are quasistationary. 
With additional heating, the confinement time, τΕ, degrades with increasing input power 
(Fig.7(a)), as seen in a number of other experiments. The degradation is independent of 
type of heating, whether RF, NB or combined. The rate of increase in Wt with PK=AWi/ΔΡ,) 
appears to reach a limit of 0.10.3MJ/MW(=s) at high powers (see Fig.7(b)). This suggests 
a lower limit to the global confinement time, τΕ, of 0'.l0.3s in JET, independent of type 
of additional heating. Confinement time depends weakly on plasma density but scales 
favourably with plasma current. 

Since the plasma energy is a function of η,· , T. and Th the degradation in confinement 
time is consistent with the observation that the electron temperature, at the inversion radius 
(q = l surface) increases little with power input and only the central temperature (Te(0)) shows 
an increase dependent on the central input power (see Fig.7(a) and (b)). 

3.5 XPoint Regime 

A better confinement regime with additionally heated plasmas has been observed (Hmode) 
in some Tokamaks with magnetic limiters or divertors. Stable discharges with magnetic 
separatrix (or XPoint) inside the vessel have been maintained in JET for several seconds, 
at plasma currents up to 3.OMA with a single null (Fig.8) and up to 2.5MA with a double 
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null [9]. While interaction of the discharges with the limiters was curtailed, localised power 
deposition on the top and bottom target plates has limited the total input power to 10MW. 
The main objectives of these experiments are (i) to study the conditions of creation of a 
high density highly radiative region at the Xpoint capable of screening and isolating the 
main bulk plasma and (ii) to study the global confinement characteristics in comparison 
with limiter discharges. Evidence exists of the formation of a dense plasma near the X
Point, with average density l2xl02Om~3, corresponding to an order of magnitude higher 
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Major Radius (m) 

Fig. 8 Single-null X-point configuration at IP=2.0MA; 

than the average value of the main plasma density. There is also evidence that up to 40% 
of the total input power could be radiated by a -20cm χ 20cm toroidal annulus around 
the X-Point in the high density discharges with additional power. 

As shown in Fig.7, the increase in total energy content (and hence global confinement 
time) in single-null configurations is observed to be about twice that observed with limiters. 
In these conditions, both average electron and ion temperatures appear to be higher, and 
there are indications of changes in edge plasma suggesting an H-mode. 

3.6 Slideaway Discharges 
A preliminary study of slide-away discharges has also started with a view to decoupling 
currents and electron temperature. In these conditions, a plasma with 3MA and a mean 
density just below 1019m~3 has been obtained with a good confinement time for these 
conditions (-0.6-0.7s). The voltage per turn was 0.2V. When trying to increase the density 
by gas puffing, the discharge reverted to normal conditions. 

3.7 Progress Towards Breakeven 
Neutron yields >2.8xl015s~' have been obtained with D injection, mainly from beam-
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plasma DD reactions. The best ratio of fusion power to input power obtained was 
QDAO=4X10""*, which is equivalent to QDT~0.2 and would have corresponded to a fusion 
power production of 2MW (see Table II). 

Fusion products <ñ¡ TEf¡>  1020m3.s.keV have been achieved in JET (compared with 
the value 5xl021m"3s.keV required in a reactor) in a ohmic discharge at 5MA and a value 
of 2xl020m"3s.keV has been obtained in an XPoint discharge at 3MA current. However, 
additional heating has not yet been optimized into 5MA discharges. Under optimum 
conditions at lower currents, the values are similar for ohmic heating only, RF, NB, and 
combined heating cases, the degradation in τΕ with additional heating offsetting gains in 
other parameters (see Table III). 
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4. Progress in Understanding Heat Transport 
JET data have been used to assess the status of theoretical understanding of heat transport 
[10]. Local fluxes have been derived from measurements and compared with presently 
available theoretical values. No acceptable agreement has been found. However, the scaling 
of global energy confinement time with the dimensionless plasma physics parameters suggests 
that the underlying heat transport is a consequence of resistive MHD instabilities [11]. 
The topology of the magnetic field including chaotic regions and small islands could account 
for the heat fluxes observed in JET [12]. Such a model is also consistent with the existence 
of an Hmode. 

AiS aparticles mostly heat the electrons, it is imperative to obtain better control of their 
temperature, especially inside the q=1 surface (ie sawteeth). A possible approach to increase 
Te(0) is to control the profile of current and achieve a flat current distr" ition (qi> 1, q' =0) 
in the central region, in order to stabilize or at least delay the sawtooth crash significantly. 
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5. The JET Strategy and Future Programme 
The JET strategy is to optimize the fusion product <ñ¡t¡TE>. Attempts will be made to 
maintain τΕ with additional heating near to present values, and to increase the central density 
and temperature. 

In order to obtain higher levels of performance, additional equipment is required on JET. 
Fig.9 shows the plasma profiles which are envisaged. They correspond to an energy content 
of 20MJ and would produce  10MW of αpower. If T£0.30.4S, Q07· should reach 1  2 . 
Such plasma parameters could be obtained in the following ways: 
(i) Sawteeth oscillations should be stabilized or have periods of several confinement times. 

This whould be achieved by flat q profiles (q>l, q'=0) over a large plasma cross

Low shear 
zone Shear zone 

caas 218/4 (rev.10/86) 

Fig. 9: Density (n), temperature (T) and safety factor (q) profiles aimed for within the latest 
JET strategy. The shaded area represents the zone q=2. 
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section, working with a low q boundary and driving part of the current (  23MA) 
in the outer plasma by Lower Hybrid Current Drive (LHCD) (  10MW) and by NB 
injection. The ICRF antennae with proper phase control could also be used to launch 
a travelling wave and provide some additional localised current; 

(ii) Radiation cooling between the q=2 surface and the plasma boundary would be 
minimised to allow operation below the major disruption limit and to provide high 
Te on the edge. Low Ζ material (C or Be) would be used to take advantage of its low 
ionisation potential; 

(iii) Since the temperature at the q  1 surface is higher when the density is lowered, edge 
pumping will be used. Further advantages of low densities in the outer region would 
be the prevention of disruptions and higher efficiency for LHCD; 

(iv) The DT density on axis would be increased up to l2xl020m3 by high velocity pellet 

injection (>5km/s); 
(v) High central temperature ( —1215keV) would be achieved by a combination of 'on 

axis' ICRF heating, NBI at 160keV and current profile control. 
This scheme will be tested in two configurations: (a) with a magnetic separatrix at 4MA 

and (b) with limiters at current values up to 7MA. Such a Iowq discharge has been simulated 
in JET (see Fig.l(b)). 

The main aim of JET operation during the next phase will be to reach maximum 
performance with full additional heating power in deuterium plasmas, before proceeding 
to the final phase requiring the introduction of tritium. The starting date for DT operations 
is linked to the performance reached in the previous phase and is expected in 1991. a
particle production must be sufficient to analyse its effects on the plasma and to answer 
the question whether αparticle heating degrades energy confinement as other heating 
methods. .Although degradation is foreseen, this has direct consequences on the ignition 
margin and on the size of future devices. 

6. Implications for a Reactor 
Present results suggest that a way for a future reactor is to rely upon tight control of current 
and density profiles and intense heating inside the q=l surface to benefit from improved 
energy confinement and high central temperature (as proposed for JET). Alternatively, a 
size and current increase could lead to the required ignition temperature, without additional 
heating. The resulting simplification of the overall system could well compensate for the 
larger size. Scaling suggests that in a Tokamak with a major radius of  X2.5 that of JET, 
plasma volume of  2000m3 and magnetic field slightly higher than in JET, a 15keV plasma 
with a confinement time of 1525s could be reached with ohmic heating alone at a peak 
density  2χ 1019m~3, satisfying the ignition criterion. Then, the thermonuclear power output 
of the DT burner could be increased by injecting fuel pellets: the thermal insulation should 
degrade as the additional heating provided by the αparticles increases without a strong 
variation of temperature. Burn control would be performed entirely through density control. 

7. Conclusions 
The following conclusions can be drawn at this stage: 

(a) Both ICRF and neutral beam (NB) injection methods are effective in delivering power 
into the JET plasma with the expected profile depositions. Large central electron and 
ion temperature increases have been observed; fe and Te have reached values of 7.5keV 
at densities of 3xl019m~3. At lower density (~1.5xl019nT3), T¡=> 12.5keV has been 
measured; 

(b) For both heating methods, plasma energy has increased with input power. About 6MJ 
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energy has been achieved in JET plasmas with  18MW of total power input. However, 
the rate of energy increase with power (AWi/AP.) 0.10.3s is smaller than the 
corresponding ohmic confinement times (τ. ~0.60.8s). The fusion product <n,TEf¡> 
has reached values in excess of 1020m .s.keV, both in ohmic at 5MA and with 
additional heating; the degradation in confinement offsets the gains in density and 
temperature. 

(c) A higher fusion product value of ~2xl020m"3.s.keV has been obtained in Xpoint 
configuration at lower current ( —3MA). Values of τΕ =*0.60.7s and T¡ up lOkeV were 
achieved with neutron production ~2xlOI5ns~' equivalent to a thermal Qoj=0.1, the 
total QDT being 0.15; 

(d) In the central region (inside the inversion radius) between sawtooth collapses, additional 
heating is effective in increasing the electron temperature of the plasma (cf monster 
sawteeth); 

(e) Outside this region, electron heating is poor. The electrons seem to be the main energy 
loss channel, which appears related to confinement properties and not to the heating 
process; 

(0 Good prospects exist on JET for production of several MW of αparticle power at 

a value QDT= 1; 

(g) αparticle heating is expected to behave in a similar fashion to other heating methods. 
Therefore, a reactor must either: (i) work at moderate currents with sophisticated 
control of the central region; or (ii) work at high currents without the need for complex 
control and additional heating. 
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RF Heating on JET 
J. Jacquinot 

IAEA-CN-47/F-I-1 

ABSTRACT 
High power ICRF, P<1.2 MW has been coupled to the JET plasma in a variety of conditions: 
outboard limiters, inner wall, combined operation with neutral beams and pellet injection. 
Long pulse modulation experiments (10s) yield a precise deposition profile which is extreme
ly localised in agreement with expectations. The best heating efficiency is obtained when the 
minority resonance crosses the magnetic axis. With off-axis heating, the ion temperature 
broadens more than the electron temperature profile. A new operating regime, called 'mon
ster sawtooth' has been found during combined RF and NBI heating. The MHD quiet regime 
can last 1.26s and the central electron temperature rises to 7.4keV with a D-»D reaction rate 
of 4xl015s-1. The temperature profile steepens over the entire profile and f. is enhanced by 
a factor of 2.5 for combined power of 10MW. RF heating of plasma fuelled with a single mildly 
penetrating pellet exhibits the normal L-mode behaviour. In combination with NBI, the in
put power reached 16MW and the plasma stored energy reached 5.8MJ at the highest plasma 
current of 5MA. Recent experiments in single null X-point configuration with combined heating 
have shown the transition to an enhanced confinement regime (H-mode). 

1. INTRODUCTION 
Initial ICRF heating experiments on JET have recently been reported [1,2]. Performed at a 
maximum power level of 5MW, these experiments revealed a degradation in energy confine
ment with increased power, following a behaviour previously observed in Tokamaks with a 
cold plasma edge. It appeared difficult to raise the electron temperature outside the q=1 sur
face above the ohmic heating value. 

The heating sources have now been increased up to 7.2 MW using three ICRF antenna-
generator units [3] and to 10 MW with NBI [4]. Combined ICRF and NBI heating to a maxi
mum power of 16MW has successfully been achieved, and a wider variety of operating re
gimes have been investigated. These results are summarised below. Experiments performed 
with ICRF alone are addressed in the first three sections, in which emphasis is placed on pow
er modulation to deduce the deposition profile, on off-axis heating and on the effect of an
tenna phasing. The last sections described specific aspects of combined ICRF, NBI and Pellet 
operation. In particular, injected beam ions appear to be accelerated when the RF is applied 
and, in some conditions, the internal sawteeth are stabilized and a high central electron tem
perature is achieved ('Monster' mode). 

2. MODULATION EXPERIMENT AND POWER DEPOSITION PROFILE 
The power deposition profile can be inferred from the change of slope of the temperature evo
lution during the sharp rise of the applied heating source. A variant is to observe the slope 
of internal sawteeth [5]. The signal-to-noise ratio is generally mediocre and the method could 
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only be applied to heating on axis at high power density. Experiments with long and ampli
tude modulated heating pulses offer the opportunity to use noise rejection techniques, such 
as the boxcar or the fast Fourier transform. The frequency of modulation Pincan be scanned 
across the characteristic energy exchange and transport frequencies to reveal the dominant 
energy channels. In these experiments, VM was between 562Hz, the heating pulse lasted dur
ing 10s and the peaktopeak modulation was about 1MW. The local perturbation of the elec
tron temperature was measured with a 12 channel polychromator. 

When the modulation frequency is high enough, the response of the electron species is adi
abatic and it is possible to deduce directly the power density Pe transferred to the electrons, 
as shown in Fig. la,b. In both cases, the peak response is close to the location of the cyclotron 
resonance and the width of the deposition (FWHM) is  60cm for onaxis heating and ~ 20cm 
for offaxis heating. 

The experimental result is compared with theoretical descriptions using either the ray trac
ing technique [6] or full wave solutions [7], Both models take into account the Dshape cross
section and the actual plasma parameters. These both predict that most of the coupled power 
is first transferred to the minority species, as observed, and is subsequently redistributed by 
collisions according to Table I. In the ray tracing model, part of the power ( ~ 20%) is not ab
sorbed and is assumed lost in the wall or the edge. A very small part ( = 5%) goes directly to 
the electrons and ions. In the full wave model, the pressure anisotropy of the minority is taken 
into account. A significant fraction of the power is directly coupled to the deuterons (10 to 20°7o). 
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Fig. 1 Net power density Pe transferred to the electrons deduced from the adiabatic modula
tion of Te during long pulse ICRF modulation experiments : U MW peak modulation, 12.5 
Hz, H minority. Comparison with theory: 
(a) onaxis heating Βφ= 3.4T, v=47.7MHz; 

(b) offaxis heating Βφ =2.9T, v=37MHz. 

Heating via the minority is demonstrated by comparison with theory. 

Note that electron heating prevails with heating onaxis, but, as the power density decreases 
with offaxis heating ion heating increases. At high power, electron heating tends to dominate 
in all cases. Both models give a good representation of the observed deposition profile (Fig.la,b). 
The agreement is excellent for offaxis heating. Central heating is somewhat broader than 
predicted. 

The observed temperature modulation decreases rapidly with VM(fe<x vM~z). Such a law 
can only be obtained theoretically if the RF power first transits via the minority before reach
ing_the electron species (direct electron heating would imply ft α VM~ '). The measurement 
of fe=î(v\f) has been used to determine the power coupled to the minority. Results are given 
in Table I. 
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Table I 

Power input (Ρ<·) 
1.3 MW 

Onaxis 
Ray tracing 

Offaxis 

Onaxis 
Full wave 

Offaxis 

Onaxis 
Observed 

Offaxis 

Directly to 
Minority Η 

(Pm/Pc) 

0.75 

0.71 

0.80 

0.90 

0.6 ± 0.12 

0.7 ± 0.15 

To electrons 
(Pe/Pc) 

0.42 

0.15 

0.34 

0.25 

>0.31 ± 0.06 

>0.15 ± 0.03 

To deuterons 
(Pd/Pc) 

0.39 

0.60 

0.66 

0.75 

not 
measured 

3. OFFAXIS HEATING 

The importance of power localisation has been studied in two series of experiments. In the 
first [2,8], the minority resonance position is scanned by ramping down the toroidal magnet
ic field during the RF pulse. In the second, the same effect is obtained by varying the wave 
frequency in the same plasma conditions. Moreover, the experiment was carried out after a 
heavy carbonisation to avoid the radiated power increase, when the resonance is far offaxis 
and with long pulses ( = 8s) to avoid transient effects. Both series give similar results, for example 

• Large amplitude sawteeth on both Te and T¡ were observed only when the ionion hybrid 
resonance was inside the inversion radius [2, 8]. The sawteeth do not disappear with far 
offaxis heating, but become small and short 

• The largest increase of central temperature and stored energy was achieved with central 
heating (Fig. 2). The increase of Te was only weakly dependent on the resonance location 

[2]· 
The deuteron temperature profile (from NPA) appears to broaden with heating offaxis (Fig. 

3b). On the contrary, the electron temperature profile is only slightly broadened (Fig.3a) out

side the q=l volume. 
Transport code simulations of offaxis heating cases indicate that the energy transport coeffi

cient, Xe, readjusts itself to try to conserve a similar Te profile, by lowering χβ inside the heat
ing region and by further increasing it outside the heating zone. 

4. ANTENNA PHASING AND EDGE EFFECTS 

Among the three antennas, two are of the dipolequadrupole type [1] and internal phasing 
of the two coupling elements allows the launching of a kn spectrum which is peaked either 
for Jt„ =0 or for k$ =7m_1. In addition, these two antennas, located on either side of a large 
horizontal port, can be phased relative to each other. When the dipoles are out of phase, two 
peaks at kn =2m1 and 7 m1 are emitted; 90° phase difference produces a small portion of 
travelling wave (directivity =5%). AJÍ these phasing conditions have been compared, using 
a target plasma which maximizes the impurity effects with ICRF (low density » <ne> = 
1.1 x 1019 m~3, no carbonisation for several months). The following observations were made: 
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Phasing between the two adjacent antennas, each being in the dipole mode (ArM = 0) did 
not produce any measurable difference on wave coupling, edge plasma or plasma heating. 
Phasing internally in the quadrupole mode produced not only reduced coupling resistance 
[1] but also a marked reduction of specific ICRF effect on the edge plasma. In particular, 
the flattening of scrapeofflayer density and temperature profiles observed with dipoles 
disappears with the quadrupole, and the increase of metallic ions originating from the 
activated screen (Cr for one antenna, Ni for the other [9]) is about halved. The density 
evolution was also different in the two cases: the average density increased more with the 
quadrupole. Despite this higher density, the radiated power Prad was significantly lower 
and the carbon released from the wall was typically χ 23 smaller. The heating efficiency 
defined by the incremental confinement time r/nc = (AW/ΔΡ) was higher in the quadru
pole phasing by typically 25 % for similar plasma conditions. Table II summarizes this 
comparison between the two phasing conditions, in which IM, I O are the intensities of 
Ni XXVI and Cr XXII lines and φ is total neutral flux. 

Table II 
Comparison of the dipole and quadrupole phasing for 

1 MW coupled power and identical 
starting plasma conditions 

Dipole 

Quad
rupole 

Aim 

<nt> 

(sui) 

1.8 

1.2 

Alcr 

<nt> 

(tux) 

3.1 

1.5 

¿¡LPrad 

(MW) 

0.74 

0.57 

Δ Ζ
«/ / 

0.34 

0.14 

Δ nd/ 

(10"ra
2
) 

0.49 

0.79 

Δ0 

(10
21

 S"') 

0.05 

0.58 

Tine 

(s) 

0.17 

0.23 

It is clear from these experiments that the edge modification induced with dipole phasing 
is considerably reduced with the quadrupole. The metallic impurity emitted by the activated 
screen and the insensitiveness of phasing between adjacent antennas suggest that the RF field 
pattern immediately in front of each antenna screen plays a key role. 

5. HIGH POWER EXPERIMENTS : OPERATING REGIMES 

With ICRF alone, it is difficult to couple large amounts of power when the plasma current 
is low (e.g. at Ip=1 MA). The plasma disrupts at only 1 MW, as the density rise during ICRF 
approaches the density limit. At Ip> 2MA, no power limit was found. Combined ICRF and 
NBI operation removed the power limitations at 1 MA. 

Experiments with long pulses (5MW, 8s) have shown that quasistationary conditions are 
reached after about 2s. No serious accumulation of highZ impurity was observed and the 
plasma central temperatures remained constant after the initial rise. 

Neutral beam injection increased the antenna coupling resistance. This increase can be highly 
beneficial; for instance, when the plasma is in contact with the inner wall and 5cm away from 
the antenna, the coupling resistance more than doubled. The technical difficulty of coping 
with large changes of coupling resistance meant that it can be difficult to maintain constant 
RF power when the beams are switched on during a RF pulse. Injecting RF power during a 
NBI pulse is normally straightforward. The variation of coupling resistance with the crash 
of the large sawteeth is often a factor limitihg the power during the pulse. 
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6. COMBINED RF AND PELLET INJECTION 
Combining ICRF with pellet injection did not raise any special technical problems. 6MW RF 
could be applied at the time of injection of a mildly penetrating pellet (3.6 mm, 1km s-1). The 
power was ramped up over 0.5s. The change of coupling resistance due to the pellet was hard
ly noticeable. The ratio of radiated power to input power increased only slightly by 10-20% 
despite a doubling of the average density. The pellet increased the density from 
<ne> =1.9xl019 m~3 to 3.7 χ IO19 m-3. Without RF, the density decayed typically on a Is 
time scale. With RF, the density was sustained at its maximum level and even slightly increased 
for the duration of the RF pulse (2s). The increase of 7](0) and Te(0) with PRp/<ne> was 
comparable with the largest increments obtained in the similar discharges without the pellet. 
The energy confinement during RF was not modified by pellet injection. The incremental con
finement time with the pellet becomes Tinc=0.2s. Large sawteeth appear early in the reheat 
phase. The pellet penetration was not changed by the presence of ICRF. 

7. COMBINED HEATING AND BEAM ACCELERATION 
Generally, ICRF plasma heating on the outboard limiters behaves according to the L-mode 
scaling law [1,2]. Recent combined NBI and ICRF heating up to 16MW has been performed. 
The energy confinement scaling is reported in [10]. Again L-mode behaviour is found, although 
inner wall operation and high -q operation perform somewhat better than the 'Goldston L-
mode scaling'. Both H and He3 minority scenarios have been tested, but the stored energy 
increase is not appreciably different in the two cases. 

In combined RF and NBI heating, the H minority scenario has a distinctive feature: power 
can be coupled to the energetic D beam ions at the harmonic cyclotron resonance. It is calcu
lated [11] that the NBI current drive will be enhanced by ICRF. The beam acceleration also 
enhances the fusion reactivity. 

Figure 4 demonstrates beam acceleration by ICRF. The slope of the energy distribution func-
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Fig. 4 D and Proton energy spectra before and during a 'Monster' sawtooth (PNBI=2.5MW, 
65keV; PRF=7MW). IP=2MA, ΒΦ=2.13Τ, v=31.8MHz. Acceleration of beam injected ions 
up to 120 keV is observed. 
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tion above the injection energy increases from 5keV to 16keV. Simulation by a Fokker Planck 

calculation [12] requires that a substantial fraction of the incident RF power is coupled to the 

beam ions. However, note that the high energy tail of the proton still exceeds the D tail (Fig. 

4) and most of coupled power is still transferred to the protons. The fraction of power directly 

transferred to the beam ions is estimated [13] to be about 10%. It is expected to increase non

linearly with RF power. 

The fusion reactivity in these D *D injection experiments is dominated by beamplasma 

reactions. RF heating increases the reactivity roughly in proportion to the total heating pow

er (cf. Fig. 5) provided the RF power does not exceed the NBI power. Comparison between 

the He3 and H minority shows that a higher reactivity is obtained in the H minority experi

ments (nfí/riD ~ 2 X IO"2). 
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to total additional power. The beam plasma reaction is maintained proportional to the addi

tional power independently of its origin provided PRF/(PNBI+ PRF) £ 0.5. Monster sawteeth 

give a larger fusion yield. 

8 MONSTER SAWTOOTH 

Unusually long sawteeth and high fusion reactivity have been observed in the socalled 'Mon

ster sawtooth' regime in the following conditions: 

— Ip=2  2.2 ΜΑ, ΒΦ=2Λ  2.2 Τ, Plasmas lying on the inner wall. Η minority, RF alone 

or combined with beams 

— Ip=5MA, ΒΦ=3ΑΎ, He3 minority, combined heating 

— 5 MW <,(PRF + PNBÎ) S 15 MW 

— 2χ1019πΓ3 <ñ. < 3.5χ1019πΓ3 

Fig. 6 illustrates such a regime when the RF is applied on top of NBI injection. The internal 

relaxations stop and the plasma is remarkably free from MHD activity for ~ Is. 7^(0) more 

than doubles and a peak temperature of 7.4 keV has been obtained with 10MW of additional 
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power. The Te gradient steepens in the entire profile. The inversion radius appears to expand 
up to midradius. In many cases, the stored energy does not saturate before the crash, even 
after 1.26s (Fig. 7). The incremental confinement time Tinc=ÙW/APRF'IS somewhat improved 
over the usual conditions. Typically, T¡„C=250 ms at the end o f the 'Monster' instead of 200ms 
in normally sawteething discharges. The pressure anisotropy is mild: ßPL = 1.13 ßpK =0.5. The 
crash of the monster releases 30% of the stored energy. Thereafter, the MHD activity is high 
(mostly η=2 modes) and the confinement appears degraded. In these experiments, the poloi
dal beta reached 0.5 and the ion temperature was between 5 and 7keV. 

9. TRA\NSITION TO AN 'HMODE' 

Preliminary experiments with combined heating in a single null Xpoint configuration exhibited 
the change of edge and bulk plasma parameters in the /Asdex Ηmode behaviour. The transi
tion occurred wiht 7 MW of combined heating in the Hydrogen minority regime. After the 
transition, the density rose, the temperature remaining constant, and the confinement time 
increased from 0.35 s to 0.6 s. 

10. CONCLUSIONS 

After a year of operation on JET, ICRF heating has reached record levels of RF power and 
electron temperatures in a Tokamak. Eight water cooled antennas will be installed in 1987 and 
connected to a 32MW power source. Recent results give confidence that JET will demonstrate 
a fusion output comparable to the heating power input. 
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IAEACN47/AII3 

ENERGY CONFINEMENT WITH OHMIC AND STRONG 

AUXILIARY HEATING IN JET 

ABSTRACT 

The energy confinement properties with strong auxiliary 

heating are found to be well described by an offset linear law 

relating the stored energy W to the input power Ρ (W = αΡ + β). 

The scaling of the energy confinement time τ with the non

dimensional plasma physics parameters suggests that the under

lying transport mechanism is resistive MHD. Electron heat 

transport is examined in three different ways and shown to be 

consistent with a local heat flux model with a constant heat 

diffusion coefficient χ. The heating profile and impurity 

radiation are identified as making a substantial contribution to 

the degradation in the global energy confinement time with 

auxiliary heating. 

1. INTRODUCTION 

In this paper the energy confinement properties of the JET 

plasma with intense auxiliary heating are discussed. In 

previous papers [1],[2], confinement in ohmically heated plasmas 

has been reported. The additional heating was provided by 

neutral beams (6075keV D and H) at powers up to 9MW and ion 

cyclotron resonance heating [3] of helium and hydrogen 

minorities at powers up to 7MW. The two heating methods were 

also combined to give a total input power of 16MW which was 

between 4 and 20 times the ohmic input power. The toroidal 

field B, plasma current I and average density <n> were all 

varied over a wide range (B = 1.7  3.4 T, I  15MA, <n>  0.5 

 5 x 10
l9
m
3
) with the geometry kept essentially fixed (major 

radius R  3.0m, horizontal minor radius a = 1.2m, elongation Κ 

= 1.45) so that the dependence of the global energy confinement 

τε (= W/PW) upon I, B, <n> and the heating scheme could be 

assessed. 

The plasma edge conditions have, however, been varied by 

limiting the plasma on the outer midplane limiters, the inner

wall or séparatrices (Xpoints) near the top and bottom of the 

chamber. Generally the confinement time τ degrades with both 

types of heating from its ohmic value  0.5  0.8s down to 

 0.20.4s. The smallest degradation occurs for plasmas located 

on the inner wall or with an Xpoint. 

The remainder of the paper is divided as follows, in 

section 2.1 a simple empirical scaling law describing the 

behaviour of the τ with the plasma parameters is derived and 

then in section 2.2 the scaling of τε with the Connor<Taylor [4] 

dimensionless constraint parameters is determined. In Section 3 

518 



the degradation in confinement is discussed. First the question 

of whether the heat flux is selfregulating to maintain a fixed 

electron temperature profile, or whether it is determined by the 

local temperature gradient, is examined. The latter model is 

found to be more consistent with the data. Then a procedure is 

given, for correcting the input power for impurity radiation 

losses and heating profile effects, and it is shown that these 

can account for a substantial part of the degradation in 

confinement. 

2.1 Scaling of T C with Plasma Parameters 

The plasma confinement properties with additional heating 

can be most clearly seen by exhibiting the data in a total 

(diamagnetic) energy W versus total input power Ρ diagram such 

as that shown in Fig. 1 where examples of power scans with 

combined heating at four different currents and toroidal fields 

are shown. The data in Fig. 1 can be represented by an offset 

linear scaling of W with Ρ in the form: 

W  W(0) ♦ tinc Ρ (1) 

5 10 

Ρ (MW) 
15 20 

Fig. 1 Total stored energy W(MJ) versus total input power P(MW) 

for four different power scans: I » 5MA, Β » 3.4T; I = 

4MA, Β = 3.4T; I = 2MA, Β = 2T; I » 1MA, Β = 2T. 
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where the incremental confinement time τ^ηο and W(o) are func

tions of the I, B, <n>, etc. To make the representation fully 

general a dependence on power Ρ has to be included in tin . The 

reason for this is that, although the data in Fig. 1 appear 

linear with P, the density <n> is increasing with Ρ in all the 

power scans and this could be masking the true power dependence. 

However, by combining data from scans at different starting 

densities we have been able to show that the density dependence 

in tinc is weak. A good fit to the NBI data set has been found 

by use of standard regression techniques; it is 

W(0)  0.225 η°·
β
 I

0
·
5
 B

0
· and tinc  0.047*1 (Units, MJ, 

m~
3
 χ 10"

19
, MA, T). The complete data set (NBI, ICRH and 

combined heating) is shown against this fit in Fig. 2. 

Fig. 2 Total stored energy W versus the fit given in Eq(1). The 

symbols are neutral beam injection heating alone □ , 

Δ including ICRH with Η minority and 0 including ICRH 

with He minority. 

The scatter in the data in Fig. 2 is thought to be mainly 

due to the method of heating (NBI or ICRH) and the type of 

confinement, limiter or inner wall. It is found that the 

fraction of the input power radiated by the impurities is 

significantly larger for ICRH and limiter confinement than for 

inner wall with NBI heating. 
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(kW/m
3
) 

Fig. 3 Radiation profiles for (a) an ohmic discharge located on 

the inner wall (b) an NBI heated (9MW) discharge located 

on the inner wall (c) a discharge with combined heating 

(4MW of ICRH and 5MW of NBI). 

In Fig. 3 the radiation profiles are shown for three 

pulses; (A) a typical ohmic discharge (B) an NBI discharge 

located on the inner wall (C) a combined heating discharge on 

the limiter. Typically 30? of the input power is radiated in 

the central confinement zone (r/a < 0.7) in the case (C) and 

only 8ï in case (B), the source and concentration of the 

impurities is discussed in detail in ref. [5]. The radial 

heating profiles of the two schemes are also very different: 

the ICRH profiles are always peaked, ie, similar to the ohmic 

heating profile, whilst the NBI profile is usually less peaked, 

and at high densities the NBI profile is quite flat. 

The effect on confinement of changing the plasma 

configuration is shown in Fig. 4 where the global τ (diamag

netic) is given as a function of power for the complete 2MA data 

set; also shown on the same figure is the empirical L mode 

scaling of Kaye and Goldston [6] derived from data from previous 

experiments. Although for all configurations and heating 

schemes the τε degrades with power, the inner wall and double 

null X point data with NBI heating are up to a factor 2 above 

the KayeGoldston law. The single null X point data which had 

clear H mode characteristics was up to a factor 3 larger than 

the KayeGoldston law. 
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Ρ,ο, <MW) 
15 

* * * INISERWALL 
O D D LIMITER 

Fig. 4 Energy confinement time τ, 

X X X X POINT D NULL 
Δ Δ Δ X POINT S NULL 

. versus total power Ρ (MW); 
the symbols are χ X-point with double null, S X-point 
with a single null, * inner wall discharges and outer 
limiter discharges. The solid line is the Kaye-Goldston 
fit. 

The majority of the NBI experiments have been made with 
deuterium injection in the co-direction. A few experiments 
with counter injection using deuterium and also hydrogen 
injection in the co-direction have also been made. As far as 
energy confinement was concerned, there Was no apparent 
difference between co and counter injection, and the hydrogen 
injection results which were reported earlier [2] were similar 
to the present deuterium injection data. 

2.2 Scaling of τ with Dimensionless Parameters 
The additional heating data have been compared with the 

Connor-Taylor models [4]. It is found that the low beta models 
cannot represent the confinement time scaling, especially when 
comparison is made with data from smaller devices. The scaling 
invariants originally given by Connor and Taylor were chosen 
arbitrarily to represent density, temperature and magnetic field 
dependences. For the high beta models, it is more appropriate 
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to use the magnetic Reynold's number (S = T R/T. ), the cyclotron 
frequency times the poloidal Alfven time (ω0τΑ_° and the ratio 
of total to ohmic powers (Ptot/Pohm). The latter variable is 
equivalent to the poloidal beta in power law scaling forms and 
is used in order to prevent the energy content from appearing in 
both the dependent and independent variables. This set of 
scaling variables make the relationship between models more 
transparent and ensures that geometrical quantities such as 
safety factor and elongation are included in a natural fashion. 
The energy confinement time for the collisional high beta model 
is: 

τε/τΑρ ^ ωο τΑρ' S . Ρ /Ρ 
rtot/rohm 

) (2) 
The collisionless models are obtained by combining the last 
arguments as (Ptot/Pohm)S-» and the fluid models by dropping ωοτΑρ· Ifc i3 f o u n d that the JET data for (Pfnt./Pnhm)>2 are best 
represented by the resistive MHD model as: 

°·91 Hp (ptot/rW**°·5 S°· 7 5 (3) 
The fit is shown in Fig. 5. Data from other machines can be 
reproduced when the aspect ratio (ε =» a/R) fs included and the 
resulting scaling law is equivalent to: 

J0'5 (ε βρΓ1 

6 X p CRM2Sai7 

Fig. 5 Energy confinement time τ versus the fit from the 
resistive MHD model. 

523 



In view of the surprising simplicity of this form and the 

absence of any significant normalising constant, it might be 

concluded that Eq(4) is indicative of the underlying transport 

mechanism. However this should be qualified by noting, the 

difficulty in varying S and 8 in such a way as to clearly 

confirm the separate dependences in a given device. At first 

sight Eq(3) appears to be inconsistent with the offset linear 

scaling law Eq(1). In fact the implicit dependence of Ponm and 

S on power make the two indistinguishable. 

3. DISCUSSION OF CONFINEMENT DEGRADATION 

There are many possible explanations for the degradation in 

confinement and some of these are examined briefly in this 

section. A current popular explanation is that the heat trans

port is selfadjusting such that the same electron temperature 

profile is maintained ('profile consistency'). The evidence for 

profile consistency in JET data was reviewed by Bartlett et al 

[7], recently. The electron temperature profiles in high 

current (I ¡ì 3MA) discharges certainly exhibit the conventional 

profile consistency features, that is Τ (p)/T (0) is only a 

function of q and the profile is unchanged by additional 

heating, at least at the presently available power levels 

(Ptot/Ponm  4). In low current (I = 1MA) discharges, where 
p
tot

/p
ohm ~

 20
'
 t h e ele

°tron temperature profile appears to 

respond to the changing heating profile. In Fig 6(a), the 

temperature profiles are shown for the two cases of low and high 

current before and during heating and the corresponding heating 

profiles are shown in Fig 6(b). In the low current case, the 

initial ohmically heated profile is substantially broadened by 

the application of NBI heating whilst for the higher current 

pulse the ohmic and NBI heating profiles are rather similar. 

Although the change in both temperature profiles is small with 

additional heating, it is consistent with what is expected for 

the change in heating profile shown in Fig 6(b). Indeed as 

Waltz et al [8] have shown, very large changes in the heating 

profile only produce small changes in the temperature profile 

shape for discharges in which the central q is limited by 

internal relaxations (sawteeth). 

Thus, in summary, there is no really clear evidence that 

'profile consistency' plays a deterministic role in heat 

transport. There is however evidence that whilst the confine

ment time degrades with power input the underlying heat trans

port is independent of the auxiliary heating power. First, the 

fact that the total energy W increases linearly with power P, as 

shown in Fig. 1, means that the incremental confinement time 
T
inc

 = A W / A P d o e s n o t v a r v
 significantly with power level. For 

example, at I = 3MA we have xinc = ab/4cinc~2.9 + 0.6m
2
/s. 

Second, as shown in Fig. 7 the electron heat flux per unit 

density Ρ (r)/nA = ƒ d3xZQ/n/ dA is proportional to the local 
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Fig. 6a Loge (Te(p)/Te(0)) versus ρ for a 3MA discharge before 
heating (curve A) and after 9MW of NBI heating (curve B) 
and a 1MA discharge before heating (C) and during 9MW of 
NBI heating (D). 

1.0 

(x105Wm3) 

Fig. 6b Power input to the electrons (Wnf3) versus ρ for the 
four cases of Fig. 6a. 

temperature gradient. This implies a Xfiux = 
A(Pe(r)/nA)/A(dTe/dr) - 1.8 - 3-3m2/s for the 3MA case. (The 
reason for the large range in χβ is due to the uncertainty in 
estimating the loss through the ion channel.) Finally, and most 
locally, the χ^ρ determined using the heat pulse propagation 
method [9] is found to be approximately constant (for I = 3MA, 
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' Ό 

·' o 

OMA) 
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kW/m
2
 "»"" 

Fig. 7 nVTgíkJ/m") at ρ = 0.75 versus the heat flux (kW/m
2
) for 

a 3MA 0 and 1MA ■ power scans. The dotted lines are 

the best straight line fits to the data. 

a = 1.2, Κ = 1.45) at a value of 2.4 + 0.7m
2
/s, independent of 

the heating power [10]. The fact that these three different 

methods of determining the electron heat diffusivity χ yield 

nearly the same powerindependent value (χ^ηο  Xfiux ~ XHP^ 

implies that the transition from ohmically to auxiliary heated 

discharges may be interpretable in terms of a transport model 

with electron heat conduction characterised by a constant value 

of xe . 

An example of such a model will now be developed and used 

to clarify the heating profile and radiation loss effects. 

First, assume that the heat flux is given generally by heat 

conduction plus convection in the form £ = ηχντ + q^ony· 

Utilising this in the equilibrium heat balance, 

V.£  EQ = Q0H + Qaux  Qrad and assuming that χ and qcony are 

not strongly dependent upon Τ or VT¿ one can integrate once to 

determine the temperature gradient and once more to calculate 

the temperature profile. A further integration over the plasma 

volume gives the total stored energy W, which in cylindrical 

geometry has the form, 
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W (MJ) 
3-

2* 

— * o 
• * β ° 

*Λ 0°° 

i l 
f ΈΡ SV 

Vi 

π — ι — ι — ι — ι — ι — ι — r π ι ι ι r~ 

10 15 
Peff ( M W ) 

Fig. 8 Total energy density versus effective power, symbols (1) 
open before correction for radiation losses and heating 
profile effects (2) solid symbols after correction for 
radiation (3) dotted symbols after correction for 
radiation and heating profile effects; φ ohmic □ NBI 
only Δ ICRH only 0 combined ICRH and NBI. 

w 3/d
3
x n(r)[/ ¿£

r rnx o 

r„ a » Qr 

εχ 
{[P ohm 

/rdrEQ(r)  far 
o r 

co η ν τ 

r ηχ 

aux rad
J
eff conv' 

(5) 

Here, τ  ab/4x and the effective power inputs take account of 
the effects of heating, radiation, density and χ profiles on the 
total stored energy W. For constant η and χ, one obtains 

a 
p
eff

 = c
o 

rrdr
(
1

r,2

/
a2
)Q(

r
) where CQ is a normalising constant. 

The main reason for deriving Eq(5) is that it has the same 
form as the linear offset model Eq(1) used to represent the 
data, the offset being identified as the convected power. 
However, it would be negative in this model indicating a heat 
pinch [11]. An alternative heat transport model without a heat 
pinch (qconv ■ 0) would require a χ which, while constant over 
the usual power input (or VT) range varies strongly at low 
values of VT [12],[13]. From Fig. 7, either of these models 
could fit the present data. 

An example of the use of Eq(5) is shown in Fig. 8 where the 
above profile analysis techniques are applied to an I  3MA, Β » 
2T power scan with combined heating. The data is shown both 
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before correction for the power lost by radiation (the open 

points) and then after correction for the power lost by 

radiation (solid points). Correcting for radiation losses 

reduces the scatter in the data and increases the incremental 

confinement time by 30Ï. Correcting for the differing heat 

deposition profile further increases the incremental confinement 

time (arrowed points) and the degradation in confinement in 

going from ohmic to strong auxiliary heating is then much 

smaller. Now the results in Fig. 8 will depend on the 

assumptions that are made for the radial profile of χ. However 

this example does demonstrate qualitatively that the degradation 

in the confinement time τ could be due to the broader 

deposition profile of NBI and/or enhanced radiation; and a 

change in the basic heat transport mechanism may not be 

required. 

4. CONCLUSIONS 

A simple empirical scaling law Eq(1) has been found to 

adequately describe the energy confinement properties of JET 

with intense additional heating. The scaling of the energy 

confinement time with the dimensionless plasma physics 

parameters suggests that the underlying heat transport is a 

consequence of resistive MHD instabilities. Electron heat 

transport with auxiliary heating has been found by three 

different methods to be describable in terms of a heat flux with 

a constant coefficient (χ  2.5 ± 1.0m
2
/s for 3MA discharges). 

A substantial contribution to the degradation in global 

confinement with additional heating is shown to be due to the 

profiles of radiation and heating. 
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IAEACN47/AIV1 

IMPURITY PRODUCTION MECHANISMS AND 

BEHAVIOUR DURING ADDITIONAL HEATING IN JET 

ABSTRACT 

Impurities in JET are investigated by spectroscopic and 

plasma edge diagnostics. Impurity influxes are measured by 

visible spectroscopy allowing identification of impurity sources 

and conclusions on production mechanisms. Metals and carbon in 

JET plasmas originate mainly from the limiters; physical sputter

ing is the release mechanism. Oxygen originates from the walls, 

presumably by photon or neutral particle desorption. During 

ICRH, antenna screen material is released by a process not yet 

understood. Transport studies yield D * 1 m
2
/s for impurities. 

Ohmic and neutral beam heated plasmas are dominated by light 

impurities (C, 0), in particular by oxygen at high ñe. Moderate 

metal levels (0.1 % ne) during ICRH are responsible for radiation 

losses of * 20Í Ptot· These can be prevented temporarily by 

carbonisation. Radiative power losses are 3060Í Ptot for NBI 

and 4070Í Pt0j. for ICRH. Zeff. ranges between 35 at low ñe and 

2.5 at higher ne. During magnetic separatrix operation, a 

reduction of metals and carbon is observed. The bulk plasma 

radiation drops compared to limiter discharges, but there is an 

additional contribution from the Xpoint regions. To date, no 

accumulation has been observed during. NB counter injection. 

1. INTRODUCTION 

Impurities in JET plasmas are studied by a variety of 

spectroscopic diagnostics from the visible to the Xray range 

[1], by bolometers and soft Xray cameras, and by chargeexchange 

recombination spectroscopy (CXRS). Zeff. is derived from visible 

bremsstrahlung. Hydrogen and impurity influxes, φυ D and φρ are 

measured at various locations in the torus by visible spectros

copy. For this purpose, line excitation rate coefficients and 

intensities of specific impurity lines have been computed 

relating the number of emitted photons to the influx rate [2], 

Surface analysis of collector probes, longterm samples and 

limiter tiles provides information on the status of surfaces in 

contact with the plasma and on the consequences of cleaning 

procedures and carbonisation. Langmuir probes are used to 

measure the plasma edge parameters. The limiter surface 

temperatures are monitored by infrared cameras [3]. 

2. IMPURITY TRANSPORT AND IMPURITY CONFINEMENT 

Emission shells of light impurities and low metal ionisation 

stages in JET are clearly transport dominated requiring a 

diffusion coefficient D » 1 m
2
/s in order to explain their 

position and width [4]. Information about transport was also 
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obtained from accidental injections of iron and nickel. At 

ñ 2.10
1
 V

3
, simulations using D1 m

2
/s agree best with the 

observed rise and decay of nickel line intensities as shown 

in Fig.1 for Ni XXVI. There are indications that D decreases 

with electron density and increases during additional heating, 

Investigations of hydrogen particle transport [5] result in 

similar transport coefficients as found for the impurities. 

Fig.1 

I.U 

0.8 

'S 
c 
3
 0.6 

Φ 

̂* 
>. 
¡Λ 

s °·
4 

ç 

0.2 

< I 

• 

i 

• / V Ν ι ι I I I I I ' I I I 

%K \ 
| ï \ χ ^ ^ D  0 . 5 m

2
/ s 

1 : V
 N 

1 . \ ^ 

1 ' \ \ 
■ \ Ν 

[
l : \ \ 
1 \ Ν 
ι A

 N 
1
 ·· C\ \ 

1 \ Ν 

' \ 
' o \ 

\ " 

II' \ 'N—D=1m
J
/s ^ ^ 

31 / ''·.. o \ ^ 
li / ··.. Ο ^ Λ n 

j,' D=«2m
J
/s "·· ^*—Q—a__c 

nn ι Li—ι 1 1 1 1 1 1 1 1 1 1 1 ι ι L 

1 1 1 1 | 1 1 1 

#3610 6.0s 

Ni XXVI 165.3 Å 

o experiment 

^ 
* · ■ * . ^ 

"~ — ^ _̂  

1
 ■ ■ ■ l » ' , ■ 

* 

■ 



_ 





_ 


 : 
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Time(s) 
2.0 

Ni XXVI intensity after accidental nickel injection 

(ñe210
19
 m

3
, Ip2.8 MA). Simulations using different 

D values are shown (Vp—2Dr/a
2
). Recycling at the 

limiters leads to a finite level after the event. 

D=1 m
2
/s and a drift velocity VD=2Dr/a

2
 are used in 

standard interpretation of VUV and Xray spectra and for 

calculating radiated power losses of individual impurity species 

by means of an impurity transport code [6], The resulting, 

moderately peaked total ion density profiles are confirmed within 

a factor of two by analysis of a number of metal ionisation 

stages at different radial positions (eg Ni XVIINi XXVII). 

Sawteeth, observed on lines of higher ionisation stages, can only 

be partly explained by pertinent variation of electron 

temperature profiles. It must be assumed that impurities are 

expelled from within the q=1 surface during the sawtooth crash. 

Both the radiated power Ρ „d and Zeff1 are roughly 

proportional to the square of tne nuclear charge Ζ and the 

concentration of the impurity species. Therefore, normalized, 

average radiation losses per unit surface area have been defined 

,/A ñV(Zpff1), (1) 

(neglecting hydrogen radiation) where A is the plasma surface 

area. Pnorm has been calculated by the impurity transport code 

for a variety of JET plasma conditions and for the important JET 
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impurities. P n o r m is found to be about 0.4-0.9Ί0" 3 8 kW m" for 
light impurities and about 0.9-1.2·10~38 kW m" for metals. The 
lower end of the range corresponds to peaked n e profiles and high 
T e values, the upper end to flat n e profiles and low T e values. 
The assumption of corona ionisation equilibrium reduces P n o r m by 
a factor of 5-10 for light impurities, because the radiation 
shell is then located in the scrape-off layer at low electron and 
impurity ion densities. A summary of experimental P Q o r m values 
as a function of rL is shown in Fig.2 for JET 1986 limiter 
discharges (500 data points). The vast majority of measured 
values is found in the predicted range. Fig.2 proves clearly the 
necessity of including transport in the plasma simulation. Two 
ASDEX data points [7] demonstrate the validity of the scaling 
with surface area. The detailed behaviour of P n o n n with respect 
to the different heating schemes will be discussed below. 

nomi 
1.5 

1.0 

0.5 

0.0 

-P-JAñ.* (Z...-1) (10-»kW m<) 
o ASDEX 

O, C 

* A A 
0,C Corona 

2 3 
ñ. (10ie/m3) 

Fig.2: Normalised power per unit surface area for 1986 JET 
limiter plasmas. The ranges of P n 0 m predicted by the 
transport code (D=1 m2/s) for 0, C and metals are 
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Impurity particle confinement times, derived from measured 

influxes and concentrations, agree roughly with calculations on 

the basis of a simple diffusion model [2] and D1 m
2
/s, if an 

energy of a few eV is assumed for the neutral particles produced 

at the limiters. A good correlation of impurity influxes and 

densities has been observed throughout the JET operation both as 

a function of plasma parameters and of vessel conditions. 

Occasionally, when a steep increase in the Cr influx was 

observed due to chromium evaporation, the metal concentration in 

the bulk plasma did not change [2]. These slow particles are 

ionised in the immediate vicinity of the limiter surfaces and 

have a high redeposition probability before entering the plasma. 

This observation demonstrates that the usual impurity influxes of 

C, 0 and metals must have a significant kinetic energy to give 

rise to the measured impurity concentrations. 

3. IMPURITY PRODUCTION 

The impurity behaviour of JET limiter discharges was 

dominated by the limiter fluxes (wall contribution =■ 20$ during 

OH). Metal concentrations were only significant (> 0.1$ ne) if 

the carbon limiters were metalcoated after accidental melting 

and evaporation of wall material (Inconel droplets and ^2«10
2l
m~

2 

uniform coverage [8]). Recently, this has been prevented by 

covering large areas of the torus by carbon protection plates. A 

particular metal problem during ICRH will be discussed later. 

The release of metals from the limiters can be explained by 

a combination of sputtering by deuterium and by light impurities 

taking into account the respective surface coverage of the carbon 

tiles (Φ^/Φη ■ 00.02). The metal fluxes decrease with rL and 

increase with I ; they are inversely correlated with the light 

impurity behaviour. These trends, observed before on many other 

tokamaks, are due to the temperature dependence of the metal 

sputtering yields. In JET, gettering of oxygen by chromium has 

been observed to be a further reason for this anticorrelation. 

The carbon concentration in JET has been consistently at a 

level of a few % nQ throughout operation periods. The carbon 

production rate behaves similarly to the metal release, but the 

dependencies are less pronounced [2]. This observation and the 

fact that the produced C particles must have significant kinetic 

energy suggest physical sputtering as the prevailing production 

mechanism. Furthermore, during temperature excursions of the 

limiter surface from 300°C to over 1000°C no change in carbon 

production rate was observed, which means that chemical 

sputtering, expected to manifest itself by an increased yield at 

about 600°C, is not an important process. There is some evidence 

for carbon sputtering by oxygen, but only at unusually high 

oxygen levels [2]. The carbon yields measured (φρ/φρ* 0.050.1) 

can be explained by a combination of deuterium, oxygen and 

selfsputtering at high Te(a) values (>100 eV). 
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The oxygen fluxes and concentrations in JET varied primarily 

with vessel conditions. The vessel walls constitute the most 

important oxygen source and, once in the plasma, oxygen recycles 

at the limiters. This is apparent from the tendency of oxygen 

limiter fluxes to increase throughout a discharge, even if other 

parameters are stationary. If the recycling occurs in the form 

of CO molecules, the 0 atoms must gain energy in FranckCondon or 

chargeexchange processes. Since no dependence of the oxygen 

yield on plasma parameters is observed, the energy threshold for 

the respective production mechanism must be very low. During
 3
He 

discharges, carbon fluxes remained unchanged (ΦΓ/ΦΗ Θ
=
0·13) while 

oxygen was substantially reduced. Therefore, chemical processes 

or CX neutrals must be responsible for the 0 production. 

Due to the above trends, JET plasmas were metal dominated at 

low electron densities, if there was significant metal deposition 

on the limiters, otherwise carbon was the most important 

impurity. At high electron densities metals disappeared, carbon 

was reduced, and oxygen dominated. Oxygen concentrations 

increased particularly close to the density limit due to enhanced 

plasmawall interaction. "Zeff fell steeply with ñe when metals 

were important and was a weak function of ne for metalfree 

plasmas. During discharges limited by the innerwall protection 

tiles, these took over the role of the limiters leading 

essentially to the same plasma behaviour. 

During ICRF heating on JET, screen material (Cr, Ni) has 

been observed to enter the plasma from the ICRH antennae [2,3]· 

The measured chromium flux from a Cr coated antenna 

(10
16
 cm

2
 s

1
/MW) decreased by a factor 5 during five months' 

operation and was reduced temporarily (some 10 discharges) by two 

orders of magnitude by means of heavy carbonisation (15% CHjj, 12 

hrs). In the course of ICRH operation, screen material was 

deposited on the limiters and eroded again by the plasma result

ing in higher basic metal levels during an ICRH campaign. The 

metal coverage of the limiter carbon tiles was removed by a few 

OH or NBI discharges in accord with model predictions [9]. The 

release mechanism of the screen material is not yet understood. 

4. ICRH AND NB COINJECTION 

Both hydrogen and impurity influxes increased during 

additional heating, leading to a substantial increase in ñe, 

unless the plasma was at the inner wall, which appears to have an 

efficient pumping capability. Although the wall fluxes gained in 

importance, the plasmas were still dominated by the limiters. 

The neprofile flattened during ICRH, it was unchanged or peaked 

during NBI. The hydrogen and impurity particle confinement times 

decreased in both cases. 

Due to the higher electron densities during NBI, oxygen was 

the most important impurity. The increase in the 0/C ratio is 

well demonstrated by the CXRS results [10], the trends of which 

are in excellent agreement with the usual VUV spectroscopic 
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results, while they tend to give somewhat higher carbon 

concentrations. Zeff dropped during NBI, but not to a lower 

level than that of OH discharges at the respective higher 

densities. For constant ñe, the radiated power fraction 
p
rad'

/p
tot

 f
"
e11 w i t h

 i
ncr,eas

i
n
g N

61
 power. However, due to the 

pertinent ñeevolution, radiation losses remained around 45$ 
p
tot'

 o n
 average. These radiation losses were caused by light 

impurities, in particular, by oxygen (12$ n ç). Due to the 

latter fact and a tendency to peaked neprofiles during NBI, 

Pnorn]values are at the lower end of the range in Fig.2. 

The metal release from the antennae screens during ICRH led 

to significant metal densities in the plasma (=» 0.1$ ne, contri

bution to Prad =» 20$ Pa.ot, see also [11]) except immediately 

after heavy carbonisation. Zef.f remained essentially at the OH 

value before RF, ie there was no benefit of the higher electron 

densities. For individual campaigns, the radiated power fraction 

increased somewhat with Pop and was generally in the range 4070$ 

Ptot. Hydrogen minority heating led to higher metal densities in 

the plasma than
 3
He minority heating but the difference in Prad 

is within the scatter of the data points. Due to some metal 

contribution and flatter neprofiles, the Pnorm values for ICRH 

in Fig.2 are at the upper end of the predicted range. 

During combined NBI and ICRH, the consequences of the two 

heating schemes essentially added. The metal densities in the 

plasma corresponded to the respective RF power. Basic metal 

levels and limiter coverage built up as during ICRH alone. Zef{. 

and Pra(j/PtQt
 v a l u e

s for OH plasmas and additional heating are 

summarised m Fig.3 for 1986 JET limiter discharges. At higher 

electron densities Zef.f was about 2.5 for NBI, ICRH and combined 

heating, essentially caused by oxygen and carbon. 
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5. MAGNETIC SEPARATRIX 

The magnetic separatrix configuration has been successfully 

generated in JET (Xpoint plasmas [12]). In this case,, the top 

and bottom vessel protection tiles act as Xpoint neutraliser 

plates. Even when these plates consisted of Inconel (June 1985), 

no significant metal concentrations were detected in Xpoint 

plasmas. With carbon plates, the carbon level was reduced 

compared to the respective limiter discharges during the OH 

phase. During NBI, carbon concentrations increased in contrast 

to the behaviour of limiter discharges as demonstrated again by 

CXRS [10]. The behaviour of carbon and metals indicates a low 

plasma temperature in front of the neutraliser plates during OH 

discharges and therefore a low sputtering yield. After argon 

puffing into Xpoint plasmas, no retention of Ar in the Xpoint 

regions was observed, ie the same amount was found in the bulk of 

Xpoint and corresponding limiter discharges, in contrast to the 

Doublet III results [13]. 

The oxygen concentration was not different from limiter 

plasmas (= 1.5$ n e). Since metal concentrations were generally 

low, Xpoint operation resulted only in a minor reduction of Z e f f 

(Zeff  3 at ne = 1.510
19
 m

3
 and Ip  2 MA). The radiation 

losses of the bulk plasma were also Somewhat lower, but there was 

an additional contribution of the Xpoint regions of » 50$ P K , ^ . 

The total radiation losses amounted to  50$ ΡΩ at low densities 

(ñe = 1·10
19
 m

3
) and approached 100$ at higher densities. NBI 

into Xpoint plasmas led to a low level of wall material in the 

plasma, probably due to CX particles hitting the walls. The 

oxygen concentration did not change significantly during NBI. 

6. NB COUNTER INJECTION 

Counter injection both into limiter and Xpoint plasmas has 

been studied for a limited period in JET. The impurity behaviour 

of these discharges was virtually indistinguishable from the 

corresponding coinjection cases (see Figs.2 and 3). Some 

peaking of soft Xray emission profiles was observed and the line 

intensities of higher metal ionisation, stages appeared to 

increase more than the lower ones. However, the standard 

analysis taking into account the respective ne and 

^distributions resulted in the usual impurity ion density 

profiles within the experimental error bars. For the present NBI 

power levels (_< 7 MW) and plasma parameters, no accumulation of 

impurities has been observed. 

7. CONCLUSION 

The JET impurity situation is not significantly different 

from that of other ungettered tokamaks with carbon limiters. 

Metal concentrations in the plasma were very low during OH and 

NBI discharges due to coverage of large areas of the wall by 

carbon tiles. An exception was ICRF heating, where screen 
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material entered the plasma from the antennae. This will be 
prevented in the future by a carbon or beryllium coating of the 
Faraday screens presently under investigation. The carbon 
concentration was high at moderate electron densities, but, due 
to the fact that physical sputtering is the production mechanism, 
it decreased at high densities, which are aimed for anyway. At 
high ne, radiation losses were mainly caused by oxygen. Well 
below the density limit, Prai-/Ptpt w a s typically 50$ radiated 
from the plasma edge, while the bulk plasma was transport 
dominated. A primary aim of future operation must be the 
reduction of oxygen levels, which could be most easily achieved 
by gettering. Accumulation of impurities has not been observed 
in JET. 
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ABSTRACT 

Local thermal fluxes are determined experimentally for 
ohmic, RF wave and neutral beam heated JET plasmas through direct 
power balance calculations and through a modified application of 
"predictive" equilibrium-transport codes. A realistic way of 
describing the RF-power deposition profile has been developed. 
Free boundary plasmas, important for magnetic limiter cases in 
JET, can now be computed fully self-consistently. The 
experimental local fluxes have been compared with available 
analytically derived ones but no acceptable agreement could be 
found. Many discharges can, however, be modelled empirically by 
modifying the electron thermal transport equation so that the 
steady state Te profile is constrained to fit the observed 
canonical shape, with both ohmic or additional heat sources. 

1 . INTRODUCTION 

In this paper we attempt to assess the status of theoretical 
understanding of anomalous transport in JET plasmas. This is 
done by deriving local fluxes from measurements and comparing 
them with presently available theoretical ones which are 
applicable under JET conditions. Sections 2 and 3 present the 
experimental values which are obtained firstly by the usual 
method of the integrated power balance, and secondly by applying 
a full predictive transport code in steady state. The chosen 
cases include JET discharges where the plasma is heated 
ohmically, by ion cyclotron waves, and by neutral injection. 
Those discharges have been selected where a maximum number of 
diagnostics were available with reliable results so that the 
uncertainties on the fluxes could be minimised. In Section 4 a 
number of proposed theoretical formulae are reviewed and checked 
against JET data. Finally, in Section 5, an empirical approach is 
outlined by which also the plasma evolution in time is modelled 
successfully. The highlights are summarised in Section 6. 

2. FLUXES FROM INTEGRATED POWER BALANCE 

If V. denotes the volume inside a chosen magnetic flux 
surface S., we define the average primary electron thermal energy 
flux density at time point t as 

V*·«' y ί (|ne Te*e + %\ α3ψ (1 > 
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consisting of a convective and a conductive term. We prefer this 
quantity f rather than χθ (or χ^) because it is closer to the 
actual measurements and avoids special assumptions and errors 
connected with local gradients. The flux is calculated as a 
function of ψ from the power balance 

fe(<l»,t) = - {- L·. f I ne T_ dV 
3ψ 3t νψ 2 e e 

Τ -Τ-
- ƒ Prad dV - ƒ ne -2—i dV (2) V r a a V e t νψ νψ &eq 
+ I nj 2 dV + ƒ PRF dV * ƒ p N B I dV}. 

Ψ Ψ Ψ 
An analogous equation holds for f¿(i|>,t). Additional possible 

terms (e.g. ionisation, adiabatic compression etc.) were 

estimated as negligible. The geometry, i.e. ψ, S. and V. are 

taken from solutions of the GradSchlClterShafranov equation 

which agree with outside magnetic probe measurements. These 

solutions also provide the ohmic heating term. The bolometer 

array signals deliver the radiation loss term after the charge 

exchange neutral share is computed and subtracted. 

The power deposition from ion cyclotron heating is calcul

ated with the global wave code LION [ï]. This code calculates 

wave propagation for the magnetosonic wave in toroidal geometry, 

assuming the plasma species to be Maxwellian. In the case of on

axisheating of hydrogen minority at its fundamental cyclotron 

resonance, the distortion of the velocity distribution of the 

heated minority ions, as calculated with the FokkerPlanck code 

BAFIC [2], becomes strong. Finite gyroradius effects impose a 

limit on the absorbed power, proportional to the minority 

density. Since the coupling is usually dominated by the presence 

of eigenmodes this effect can be included by reducing the power 

density on axis to this limit and then renormalising the power 

deposition profile outside this region to account for the total 

power. At low density, the heating of the minority species away 

from the magnetic axis is still high enough to produce strong 

Doppler broadening of the resonance. This further broadens the 

power deposition. The power transfer to the electrons and ions 

from that absorbed by the minority ions is calculated with a 

FokkerPlanck code. Direct electron heating has been neglected. 

At high temperatures, significant ion heating occurs due to 

second harmonic absorption by the deuterons. Due to the weaker 

absorption to
 3
He minority heating the power deposition extends 

all along the cyclotron resonance but is still peaked at the mid

plane. 

Also the power deposition from neutral beams cannot be 

measured directly and has been computed by MonteCarlo or pencil 

beam codes, with the total power, temperature and density 

539 



profiles, and ZeJ,f, as measured input [3]. A major source of 

uncertainty is the ion temperature profile which we took from the 

neutral particle analyser diagnostics [n] when available. 

These profiles suffice to determine the remaining terms in 

eq. (2) if the equilibration (ton) is assumed to be classical. 
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Fig. 1 Local power balance (integrals over magnetic flux surface volume inside rjfor 
a JET pulse during (a) ohmic and (b) RF heating. IP=2MA, Bt=22 Τ, Η minority 
(nH/nD~2%) heating in lb. 

Figure 1 shows the single terms of eq. (2) for an ohmically 
(1a) and an RF heated (1b) JET plasma. The average minor radius 
r is used here as a flux surface label, i.e. it specifies S^ and 
V. . The integrated ohmic input power is denoted by ΡΩ, the RF 
input by PRF, the power exchanged between electrons and ions by 
Pg£, the radiation loss by Ppa(i, and the temporal change in 
thermal (electron) energy content by Eg. The result of the 
balance is Fe = fg'S^. 

These cases have been chosen because Fe is a significant 
term (i.e. not only a difference of large numbers) over the whole 
cross section. 

In order to set off the difference between ohmic and 
additionally heated plasmas the figures 1 to 3 refer to two 
different time slices of the same discharge with a total plasma 
current L » 2 MA and a toroidal field (on axis) of 2.2 T. 

Figure 2 presents a typical result obtained through the 
above procedure for the ohmic case. Figure 2a shows the measured 
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plasma characteristics, i.e. density, temperature and q-profiles 
while the local mean thermal fluxes are given in Fig. 2b. 
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Fig. 2 Measured surface averaged thermal fluxes f for electrons and ions (b) for the 
ohmically heated JET plasma as Fig. 1(a), plasma parameter profiles (a). Scaled down 
theoretical prediction (by factor of 15) from dissipative trapped electron mode (DTEM) 
for electrons and ion temperature gradient instability (ITG) for ions are added in 2b. 

The error margin for these fluxes is assessed by varying the 

terms in eq. (2) within the experimental errors. 

3. FLUXES FROM EQUILIBRIUM/TRANSPORT CODES IN STEADY STATE 

Our second method to obtain measured fluxes uses a full 

equilibrium/transport code (in ip(R,Z),t) containing more detailed 

physics. For example, this code has been restructured to allow 

fully consistent free boundary equilibrium transport calculations. 

The mathematical methods have been published recently [5]. The 

code interacts with the external coils, which is especially 

important for magnetic limiter cases in JET. In the interpret

ative application it is, of course, used to reproduce the 

measured magnetic (probe, loop) signals, thus checking whether 

the equilibria are consistent with (transport) pressure and 

current density profiles. In addition, it contains detailed 

modelling of impurity diffusion and radiation, neutral atom 

distributions, the sawtooth region, and boundary conditions. 

The present method of application is as follows: The 

measured basic plasma parameters (densities, temperatures, 

fields) are inserted as initial values. The measured complex 

quantities such as radiation losses, neutron yields, charge 

exchange neutrals, are examined immediately through the models 
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for their consistency with the basic parameters; this leads 

either to corrections or to an assessment of error bars. In the 

spirit of "shooting methods" an ansatz for the desired fluxes is 

guessed and programmed; for example, the result of the previous 

(cruder) power balance method could be chosen, or any function of 

the basic parameters and their derivatives. The code is then 

stepped forward in time, and, in stationary state, must reproduce 

the input initial value profiles, provided that our ansatz for 

the fluxes was suitable, otherwise it is to be modified. This 

method lends itself readily to sensitivity studies by determining 

those terms which predominantly cause deviation from steady 

state. 

The method can, of course, also be applied to nonstationary 

conditions, except that then several sets of measurements at 

consecutive time slices are required. 
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Fig. 3 Surface averaged thermal fluxes f,as derived in Sec. 3, for electrons and ions 
(b) for an RF heated JET plasma characterised by plasma parameter profiles (a). The 
uncertainty off is enhanced within the sawtooth region (dashed in 3 b). The electron 
heat fluxes predicted for the DTEM and microtearing modes MT (scaled down) are 
shown in (b). 

Figure 3 presents the fluxes for an RFheated JET plasma 

evaluated by this method. 

We have analysed many other cases which are being collected 

with some attempts at "scaling" for a forthcoming JET report [6]. 

4. COMPARISON WITH THEORY 

Expressions for the anomalous transport, derived 

analytically for different instabilities, have been evaluated for 
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JET parameters and compared with the measured fluxes. Space does 
not permit these expressions to be reproduced here, they may be 
found in the references quoted. The notation here is the same as 
in the references. 

a) Electron transport 

A significant level of agreement has recently been achieved 
[7,8] between the global energy confinement times measured on 
several tokamaks and prediction based on the dissipative trapped 
electron mode (DTEM). However, when the predicted local thermal 
diffusivity [8], including Zeff in the collision frequency vei, 
is compared with the experimental value in JET, the predicted 
value is typically an order of magnitude too high within the 
region where the DTEM should be dominant (see Fig.2b). Because 
of the strong dependence of the diffusivity on temperature ( χβ -
T e

7 / z for the DTEM and χβ - Te
3/2 for the collisionless trapped 

electron mode) and on the characteristic lengths rn and rT, the 
global confinement time is sensitive to the temperature profile, 
and cannot be adequately expressed in terms of the peak or mean 
temperature. 

It is questionable whether the temperature in JET is low 
enough, even in the edge region, to satisfy the criteria for the 
rippling instability [9]. In any case, the predicted diffusivity 
turns out to be too low by about two orders of magnitude. 

The microtearing mode (MT) [10] could develop under JET 
conditions for mode numbers m such that 

r r_n B̂ , Ζ 
m < 10 

5/2 

-11 η14 "T ^eff 
Te 

in MKS units and eV. The predicted electron thermal diffusivity, 
Xe - Tg7/2/n Ζ rT

2 B2, has a parametric dependence similar to the 
DTEM, and is larger in magnitude. Close to the plasma edge in 
JET its value is comparable to the experimental value, but as one 
moves into the plasma it exceeds the experimental by a rapidly 
increasing factor, as illustrated in Fig. 3b. 

Collisional drift wave transport [13] could occur in the JET 
edge region; however, the magnitude of the flux comes out too 
small by 1-2 orders of magnitude. 

Stochastic transport due to electrostatic trapping in drift 
waves has been proposed in Ref [14J. ' It could occur within the 
operating range of JET. However, as most of the other models, it 
reproduces neither the spatial dependence nor the scaling with 
global parameters obtained in JET. 

b) Ion transport 

The neoclassical ion heat diffusivity [15] is a factor 1-8 
below the experimental value in JET. For example, in Fig. 3b 
best fit was obtained with once neoclassical. 
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The observed saturation in τΕ at higher densities has been 
reproduced in several tokamaks by including in the transport code 
the diffusivity derived for the ion temperature gradient 
instability (ITG) [7,8]. However, the predicted thermal 
diffusivity for this mode in JET is more than an order of 
magnitude higher than the experimental value (see Fig. 2b). 

5. EMPIRICAL FLUX DESCRIPTION 

In view of the obvious lack of satisfactory transport theory 
the development of empirical prescriptions has been pursued 
further. 

A widely applicable prescription is based on the experi
mental finding that, largely independent of additional heating 
and radiation losses, two parameters suffice to describe the 
electron temperature profile Te(p) in all steady states (for 
qb < 7) by 

Tg(p) - Tg(pb) exp{cx[l-(p/pb)2]}, (4) 

or an expression with similar profile characteristics. 
The flux surface coordinate ("radius") pb lies towards the 

inside of the radiation dominated layer, for most JET discharges 
close to the limiter radius. The parameter α can vary between 

1.5 < a < 2.2 

with a strong peak around o = 1.9, and no clear dependence on 
other plasma parameters. 

All rigorously derived transport equations are based on such 
assumptions that the parameters of the system tend towards 
thermodynamic equilibrium, e.g. flat profiles for vanishing 
sources. It is possible to restructure the balance equations so 
that the parameters, here Te, always approach prescribed equili
brium profiles, e.g. the ones given above in formula (1). 

Such apparent neglect of thermodynamic principles might 
indicate that not all important parameters are computed self-
consistently, i.e. that we are dealing with an open thermodynamic 
system. 

A physically consistent model to solve this problem, based 
on partial ergodisation of the magnetic field, is being developed 
by P.H. Rebut et al. [12,16]. 

A restructured balance equation for the electron thermal 
energy does, of course, allow for temporal deviations from the 
given equilibrium profiles. In comparison with the experiment it 
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must satisfy two constraints: 

a) The equilibrium profiles for T e(ρ), obtained from 

— (— nQTQ) = 0, i.e. (integrated once over p) from 
3t 2

 e e 

0 = ρ fg(p) + /(nj
2
 ♦ pRF + pNBI  p r a d  pei) ρ dp (5) 

must coincide with formula (4), and 

b) f should reproduce the observed rate of relaxation towards 

the given equilibrium profile (or the maximum deviation from 

it for given sources). 

It is not clear whether these requirements lead to a unique 

solution, nor is a sufficiently wide data base available yet for 

point b. 

An application of this procedure to particle transport is 

given by the popular anomalous inward particle flux term [17,18]. 

Several practical approaches to solve the above problem for 

Tg have been reported [19,20 ], and the connections to widely used 

empirical formulae have been pointed out. Our method [20J has, 

in the meantime, been successfully checked against a number of 

JET discharges with strong additional combined RF and neutral 

beam heating. The example in Fig. 4 shows practically complete 

agreement with the measurements. 

R[m] 

Fig. 4 Comparison between measured and empirically modelled (evolving) Tt profiles 
for combined ion cyclotron and neutral beam heated JET plasma (IP=2MA; Bt=2J2 T). 
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6. CONCLUSIONS 

Measured local thermal fluxes in JET plasmas are presented. 

As a vital ingredient for RFheated plasmas a new prescription 

for the RFpower deposition profile has been developed. 

The application of predictive transport codes to obtain 

experimental local fluxes is outlined. The JET code now allows 

fully consistent free boundary equilibrium/transport 

calculations. 

Available analytically derived anomalous fluxes have been 

compared with locally measured ones. No acceptable agreement has 

been found. 

Empirically even the temporal evolution of discharges in JET 

can be reproduced by a prescription which enforces a certain 

shape of the TQ profile in ohmic and additionally heated steady 

state plasmas. 
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ABSTRACT 

The recent observations of sawtooth oscillations having a 

very fast collapse phase call for a reexamination of the 

theoretical description of sawtooth behaviour. One possibility is 

that the instability involved is an ideal m»1 "quasiinterchange" 

mode [1]. A calculation of the stability of this mode shows that 

flattening of the q profile reduces the critical 3 required for 

instability. Thus, contrary to previous expectations the ideal 

mode can be unstable even at the low values of β_ observed 

experimentally. Nonlinear simulations show the predicted 

cellular convection. The distinction between the behaviour of 

the quasiinterchange and a tearing mode is described and a 

comparison is made with experimental results from JET. Finally 

attention is drawn to a fundamental difficulty in explaining the 

rapid collapse in precursorless sawtooth oscillations. 

1. INTRODUCTION 

With the advent of larger tokamaks it was found that the 

sawtooth collapse time did not increase as expected from the 

Kadomtsev scaling [2] and attention was drawn to this discrepancy 

by Campbell et al. [§]. An explanation of the observed behaviour 

was proposed by Wesson [ï]. This predicted an mhd timescale for 

the collapse, in reasonable agreement with the experimental 

results. The model follows from a simple calculation showing 

that if the q profile is flat after the sawtooth collapse then it 

will remain quite flat during the resistive diffusion of the ramp 

phase. Configurations of this type were shown to be unstable to 

an ideal m=1 mode. 

A further prediction of this model was that the form of the 

instability would not be a "rigid shift" of the plasma core, as 

predicted by previous models, but would be a cellular convective 

motion. This would then lead to the formation of a cold plasma 

bubble at the centre of the plasma. The magnetic field would not 

reconnect on this fast timescale but reconnection would occur on 

a longer, resistive timescale after the collapse. 

These predictions were confirmed by subsequent experimental 

studies on JET. Tomographic analysis of the soft Xray emission 

from JET [4] indicated a broad convettive motion and the forma

tion of a plasma bubble. The existence of decaying "postcursor" 

oscillations after the collapse seems to conform to the predict

ion of delayed reconnection. 

In this paper we report further work on this model in the 

following areas: 



i) Mhd stability and its implications for the plasma 

motion, 

ii) Nonlinear simulations of the sawtooth collapse, 

iii) Distinction between ideal mode and tearing instability. 

Finally, attention is drawn to a fundamental problem in 

understanding the trigger for the sawtooth collapse. 

2. STABILITY OF THE IDEAL m1 MODE 

In reference [1], numerical calculations were presented 

showing the crucial dependence of the stability of the ideal m=l 

mode on the flatness of the q profile within the'q1 surface. 

These results can also be obtained analytically. In the large 

aspect ratio expansion the potential energy <5W given by Bussac et 

al. [5] may be written in the form 

ÓW  a + bß + cß_
2 

where 
2u0R

2 

°__ Γ
 1 
(dp/dr) r

2
dr, (1) 

1 "φ 

r. is the radius of the q1 surface and the coefficients are 

determined from the solution of a differential equation which 

gives the toroidal coupling to the m2 component. Taking the 

model illustrated in Fig.1a, for which 

J - J, 1 riW r > r, j 
2B. 

Rq, 

¿Β M mml 

-± 1  2(1qn)r_ r < r 

where jc(2B,/R)(21/qQ)(1(r
2
/a

2
))

υ
, the coefficients of eq.(1) 

were calculated and the criterion for instability was found to be 

β > ( 13 2 A g _ * 

M 44 àq * 2Aq*J 
% <

 1 
8p > 0, q 0 >

 1 (2) 

where Aq=»1q0 and Aq*( vr,
2
/2a

2
) is the Aq which would have 

occurred without flattening. 
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03 

02 

1 

01 

.„^Analyt ic 

N u m e r i c a r \ \ 

STABLE 

UNSTABLE 
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Ho 

Figure 1 (a) Form of assumed j and q profiles. (b) Stability 

diagram giving critical g_ against qQ. 
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It should be noted that in both cases there is a q«1 surface 
at r*r< . The stability boundary for criterion (2) is shown in 
Fig. 1b for -v-1 and r-/a = 0.3 together with the result of a 
numerical calculatipn. It is seen that the toroidal stabilising 
effect is much reduced for a flattened q profile and furthermore 
that if q0 > 1, while retaining the q-1 surface, the m-1 mode is 
unstable for arbitrarily small ß_. 

It was pointed out in reference [ï] that for flattened q 
profiles with |l-q0| sufficiently small the calculation becomes 
invalid. The principal, and important consequence of the changed 
ordering of 1-q is that the plasma flow associated with the 
instability is completely changed. The "rigid" displacement of 
the conventional case is replaced by a convective flow in the 
reduced shear caseA The two types of motion are illustrated in 
Fig.2. The physical basis of this distinction is that, for the 
more strongly sheared, unflattened q-profile the energy of the 
instability is inadequate to bend the magnetic field whereas for 
small shear the magnetic field is carried with the fluid, 
preserving the flux surfaces but playing a negligible role in the 
mechanics. This type of behaviour could be called 
quasi-interchange." 

1o=10 
/ 

/ 
\ I 

/ 

\ 

till 
~i I \ w y / 
/ 

Figure 2 Flow p a t t e r n of quasi-interchange (qQ-1.0) and "r ig id 
shift" (qo=0.8) 

3. SIMULATIONS OF SAWTOOTH COLLAPSE 

A full simulation of the sawtooth collapse would require a 
toroidal calculation. However, the essential dynamical features 
of the present theory should be seen in the simpler case of 
cylindrical geometry. To this end, calculations have been 
carried out using a cylindrical, non-linear, incompressible, 
mhd code with various q profiles. The code has finite resist
ivity but for the simulations reported here the unstable modes 
are ideal and the resistivity has no significant effect. 

To demonstrate the effect of a flattened q profile, simula
tions have been made using constant Bz and a model current 
profile given by 

const, r S r' (c-r2/a2)2 
so (c-r'2/a2)2 r > r' 
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This means that q is constant for r < r', and then rises 
monotonically for r > r'. The runs described here had S=105, 
r'/a=0.3 and c=1.26. In these calculations the higher modes 
m/n=2/2, 3/3·· · are unstable with growth rates comparable to that 
of m-1. 

(a)q0=iO¿ (b)qo=1005 

Figure 3 Development of flux surfaces for (a) qQ-1.04 and 
(b) q -1.005, together with associated soft X-ray 
emission. 

For a relatively large q0 the plasma is displaced a small 
amount by the m-1 instability as shown in Fig.3a for q =1.04. A 
small bubble forms but does not penetrate fully because of the 
magnetic shear. This may represent the behaviour of a partial 
sawtooth collapse. 

As q0 is reduced the instability is more able to sweep the 
fluid into a full cellular pattern. Figure 3b gives the result 
for q -1.005 showing deeper penetration of the bubble. 

The corresponding time development of the X-ray emission can 
be calculated for a given initial profile on the assumption that 
(given the rapid collapse) the emission is convected with the 
plasma. The calculated profiles are shown in Fig.3 for the case 
of an initially Gaussian emission profile. The general form of 
the development is very similar to that observed in the JET 
experiment [4J. A further comparison of theory and experiment is 
made in the following section. 

4. DISTINCTION BETWEEN QUASI-INTERCHANGE AND RESISTIVE 
INSTABILITY 
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The characteristic form of the radial displacement eigen-
functions for an ideal quasi-interchange mode and a tearing mode 
are shown in Figs.4a and 4b. The general characteristics of 
these flows persist into the non-linear regime. The ideal mode 
leads to a convective flow on the scale of the radius of the q-1 
surface. The tearing mode leads to a Kadomtsev type reconnec
tion, the core of the q < 1 region moving almost rigidly to one 
side and the return flow taking place in a very narrow resistive 
layer. 

(a) (b) 
quasi -
interchange 

tearing 

( i 1 quasi - interchange (ii) tearing 

(iii) intermediate' 

Figure 4 Eigenfunctions ξρ(τ) for (a) quasi-interchange and (b) 
tearing mode together with diagrams showing the 
contrasting non-linear topological development for 
these cases. 

The flux surfaces which would develop in the two cases are 
illustrated in Figs.4(i) and 4(ii). The contours of equal temp
erature and equal X-ray emission would have a similar topology. 
The distinction between the two cases is quite clear. It is 
possible that the type of behaviour will depend upon the plasma 
parameters and size. If there is a continuous transition from 
quasi-interchange (4(i)) to tearing (4(ii)) then an intermediate 
case would take the form shown in 4(iii). 

The distinction between the quasi-interchange and the 
tearing mode is brought out most clearly by considering the 
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azimuthal displacement eigenfunction Çg(r). For R/r,>>1 this is 

related to ξρ by ξ„   ̂ (rç.,). The functions Çg(r; correspon

ding to the cases illustrated in Fig.4 are shown in Figs.5a and 

5b. Experimental forms for ξρ and ς„ have been derived from the 
X-ray emission at an early stage of a JET sawtooth collapse. The 
radial displacement is calculated from the initial emission 
profile and the profile after 50usec. The function ξρ(τ) and the 
derived ?Q(r) are shown in Figs.5c and 5d. Comparison of Fig.5d 
with Figs.5a and 5b gives clear evidence that the displacement 
has the form of a quasi-interchange. 

•quasi -
interchange 

10 tearing 

(b) 

experiment 

r(m) 

Figure 5 Eigenf unction ÇQ(r) for (a) quasiinterchange and (b) 

tearing mode together with experimental forms for (c) 

Çp(r) and (d) C6(r) from the JET experiment. 

5. A FUNDAMENTAL DIFFICULTY 

In addition to the features described above, the model 

proposed by Wesson [ï] also offered an explanation of the trigger 

for the rapid sawtooth collapse. Further examination of this 

problem shows that not only is the proposed explanation 

inadequate but that there is a fundamental difficulty for all 

models of "precursorless" sawteeth. This difficulty, which is 

associated with the rapidity of the onset of the collapse, is 

described below. 

If the collapse time is τ α, it is necessary for a growth 

rate γ  τ α
_ Ι
 to develop on a timescale TC. Let the change in 

central q necessary to produce this γ be 6q. If this change in q 

results from resistive diffusion, then 

öq  X Aq (3) 

where Aq is the change in q during the ramp phase, the duration 

of which is approximately the sawtooth period τ« The magnitude 

of this Aq can be estimated from the resistive diffusion of the 
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current [ ï ] and i s given by 

A q  Ä l l a (4) 
T TR 

where ΔΤ/Τ is the f ract ional change in the temperature during the 
s a w t o o t h , and t h e r e s i s t i v e d i f f u s i o n time xR  u Q r , 2 / 4 n . 
Relations (3) and (4) determine the expected change 6q during the 
collapse time. I t i s then necessary that the required in s t ab i 
l i t y growth ra te can be switched on by th i s 6q. 

Typical JET values are ΔΤ/Τ  10~l and T S / T R  10"1 giving 
ûq  1 0 " 2 . Then s ince τ 3  100ms and τ 0  100μ3, r e l a t ion (3) 
gives the required sharpness of the switchon of the i n s t a b i l i t y , 
<5q  10~3.10"2  10 _ s . 

Even allowing for the uncertainty in the estimation, t h i s 6q 
seems to be improbably small . We can make an estimate of 5q 
required to switch on the quasiinterchange mode as follows. Let 
the growth r a t e for zero shear be YQ, then the de s t ab i l i s i ng 
ene rgy d e n s i t y a v a i l a b l e for the i n s t a b i l i t y i s  /4ρΥ 2 ξ 2 . 
P u t t i n g άξ/άΓ-ξ/τ the s t a b i l i s i n g energy d e n s i t y [ 1j i s 
- ( 1 - q ) 2 ( Β 2 / 2 μ ) ( ξ / r ) 2 . Thus the d i spers ion re la t ion can be 
characterised by 

Ύ2 - γ* - (1 - q)2 τΑ
2 where τ Α - r./(BQ/(\iQp ) * ) . (5) 

Although the Initial switch-on, dY/dq, at Ύ-0 is very rapid, 
it is necessary for γ to grow to give a value (in JET) of Y"1 -
100usec. Now for the ideal m=1 mode YQ - εβρ/τΑ, where ε-r./R 
- 10_l, β - 10"1 and τ Α - Ipsec. Thus YQ

l - 1OOysec and this is 
of the order of the required growth time. Consequently the 
change in q necessary to produce the required growth rate is 
given by equation (5) to be 

*q - γ ο τ Α· 

Hence the theoretical switch-on width in q is <5q - 10~2, and this 
is orders of magnitude greater than the required experimental 
value of 10"s. 

The problem is even more severe for tearing modes where the 
theoretical value for the 6q necessary to provide a growth rate γ 
is [7] 

oq - Υ'/2 τΑ V 2 . 
The typical JET values given above with T R - 1sec give oq - 1 to 
be compared with a required switch-on 6q - 10~s. 

It is clear therefore that a fundamental element is missing 
in our theoretical understanding of fast precursorless sawteeth. 
Thus although the experimental evidence on the flow behaviour 
seems to support the quasi-interchange model, the validity of 
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this model cannot be accepted while we still lack an explanation 

of the rapidity of the onset of the collapse. 

6. CONCLUSIONS 

(i) A flattened qprofile inside the q1 surface allows 

instability of the ideal m1 mode which would otherwise be 

stable at low g . 

(ii) Nonlinear simulations of the instability illustrate the 

quasiinterchange behaviour. The broad convective flow 

takes the outer plasma into the centre to form a colder 

"bubble". 

(iii)The behaviour of the quasiinterchange is quite distinct 

from that of a tearing mode and is in better agreement with 

experimental observations of sawteeth in JET. 

(iv) The sudden onset of the collapse in precursorless sawteeth 

presents a fundamental problem for all existing models. 
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ABSTRACT 

The behaviour of magnetohydrodynamic phenomena associated 
with sawteeth and major disruptions has been studied for a wide 
range of discharge conditions with ohmic, neutral beam and ion 
cyclotron heating. The sawtooth collapse has been investigated 
in detail and found to be inconsistent with models based on 
resistive reconnection. Disruptions set limits to JET 
operation at low q and high density, and the detailed evolution 
of disruptions at these limits has been studied. A hard 
operational limit is found at q,=2.0 ±0.1. The highest value 
of the Murakami parameter achieved in ohmic plasmas is nR/Bj = 
7.2 10l9m~2T-1, but neutral beam heating leads to a substantial 
increase (-50Í) in the density limit. Finally, during high 
power neutral beam heating combined with ion cyclotron heating 
"monster" sawteeth are observed in which mhd activity of modes 
with low m and n becomes quiescent for periods -1s. 

INTRODUCTION 

556 

Sawteeth and disruptions are well known phenomena in all 
tokamaks and define the limits on the mhd stability of the 
discharge. They have been studied extensively in JET and there 
are some important new features in the results which will be 
reported here. 

Our studies of these phenomena have used all of the JET 
diagnostics, but in particular we have made detailed 
measurements of the mode structures using: magnetic pick-up 
coils and loops outside the plasma boundary; electron cyclotron 
emission to measure local electron temperatures; and orthogonal 
arrays of X-ray diodes combined with tomographic analysis to 
measure the soft X-ray emissivity. 

SAWTEETH 

Sawteeth are observed in almost all JET discharges. Their 
general features which have been discussed in earlier papers 
[1,2] will only be summarised here. In ohmically heated 
plasmas the modulation of the central electron temperature is 
up to 20Í and the period is between 30 and 250ms. In 
discharges with ion cyclotron heating (Fig. 1) or co-injected 
neutral beams the modulation is increased up to 50? and the 
period extended up to 600ms, whereas with counter injected 
beams both the modulation and the period are reduced. With 
combined ion cyclotron and neutral beam heating we have 



Time (s) 
1 0 3*5 4.0 

Major radius (m) » . 

Figure 1 Central electron and ion temperatures showing the 
increase in sawtooth modulation and period with 5.SMW of ion 
cyclotron heating. The electron temperature profiles before 
and after a sawtooth collapse are 3hown. 

sometimes seen "monster" sawteeth lasting for more than 1s. We 
have attempted to determine the scaling of the period with 
various tokamak parameters, but the only clear trend is that in 
ohmic discharges the period increases with plasma density. 
Most JET sawteeth show a compound structure with one or more 
partial collapses occur ing between the main collapses. 

As we have reported elsewhere [1] the main collapse of 
sawteeth in JET occurs on a much shorter time scale (typically 
- lOOps) than would be consistent with resistive reconnection 
models. In ohmic discharges the collapse usually occurs 
spontaneously without any precursor oscillations but often we 
see successor oscillations. The behaviour is very similar in 
ion cyclotron heated discharges, but with neutral beam heating 
we usually see a precursor either as a growing oscillation or 
sometimes as a saturated mode. When there are precursors, the 
main collapse appears to be a continuation of the precursor. 
This suggests that the precursor and main collapse are the same 
instability, but this hás not been proved conclusively. 

The collapse mechanism appears to be the same in all JET 
discharges despite these differences in precursor activity. 
Detailed studies [3] with the X-ray and ECE diagnostics show 
that the collapse has an m=n=1 structure and involves the 
displacement in minor radius of the hot central core of plasma 
(Fig. 2a). The displaced core spreads poloidally around the 
magnetic axis into a crescent shaped region (Fig. 3) and at the 
same time there is a rapid outflow of plasma energy. The 
successor oscillations are seen to be the rotation of a 
residual asymmetry in the collapsed state. The soft X-ray 
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Figure 2 Temperature contours (each line representing an 
interval of 0.2keV) during (a) a main collapse (b) a partial 
collapse. The displacement of the core is seen in both cases, 
but is smaller for the partial collapse and does not lead to a 
complete cooling of the core. 

emission profiles after the collapse are sometimes slightly 

hollow. The time scale of the collapse and the detailed 

displacement and spreading of the hot core are in agreement 

with the predictions of the model by Wesson [4] where the 

sawtooth collapse is an ideal mhd instability. A magnetic 

signal with n=1 is detected simultaneously with the collapse 

[5]. 

Central 

Channel 

,100ns, 

A(l=0. P„4.2) 

Figure 3 Contour plots of X-ray 
emissivity (at relative times t 
in LIC) during a main collapse. 
The displacement of the core is 
seen in frames A and B and the 
poloidal spreading in frame C. 
The fall in peak emissivity 
Pm (kUrT') between frames C and 
D corresponds to the rapid cooling 
of the core. Frames E and F 
show -the residual asymmetry at 
times 2.4 and 4.9ms after the 
collapse. 

2 3 4 

Major Radlus(m) 

8(1100. Ρ,Α.4.2) C(l130. P„4.2) 

E(l2540. Pm2.4) F(l5040. Pm2.6) 
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Partial collapses show a wider range of behaviour in 
precursor and successor oscillations and are more difficult to 
classify, but there appear to be at least two general types. 
One is similar to the main collapse, with a sudden (-100ys) but 
smaller displacement of the hot core (Fig. 2b), and the 
subsequent propagation of a heat pulse outside the central 
region. The second type is a much softer relaxation on a 
longer timescale - 10ms with an m - 1 oscillation which shifts 
inwards but does not lead to a central collapse. Both types of 
partial collapse have very little overall effect on the central 
temperature. 
MONSTER SAWTEETH 

In discharges with combined ion cyclotron and neutral beam 

PRF=5MW #10363 
PNB=10MW 

4 > + 
mhd activity amplitude (all n) 

, Λ Ν -

7.4 7.8 8.6 9.0 

Figur e 4 

8.2 
Time (s) 

Evolution of central electron temperature Te(0), line — ^ «* — c- e ' 
integral of electron density fnedl, total plasma energy from 
diamagnetic measurements Wj-ia, and the amplitude of total mhd 
activity during a SMA discharge with a monster sawtooth lasting 
1.2s. 
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hea t ing some sawteeth have very long d u r a t i o n (up t o 1 .26s) . 
These were f i r s t seen in r e l a t i v e l y low cu r r en t d i scharges ( I 
- 2MA), but s i m i l a r long d u r a t i o n ("monster") sawteeth have now 
been seen in d i scha rges with an i n t e r n a l s e p a r a t r i x ( I - 2MA) 
and a t h igh c u r r e n t s ( I p = 5MA) as shown in f i g u r e 4. These 
are not simply sawteeth with p a r t i c u l a r l y long p e r i o d s , as they 
a r e c h a r a c t e r i s e d by low l e v e l s of coherent mhd a c t i v i t y 
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Figure 5 After the monster sawtooth collapses at time A a 
large amplitude n=2 mode persists until the end of ~ne neutral 
beam heating pulse at time B. 
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suggesting that the m1 mode has been stabilised. However 

after the sawtooth collapse the plasma remains in an unstable 

state characterised by a large m = 3, n»2 mode which oscillates 

for several seconds and often persists until the end of the 

neutral beam pulse (Fig. 5). This seems to prevent the growth 

of a second monster sawtooth in the same pulse, although there 

may be several normal sawteeth. The conditions for monster 

sawteeth have not yet been fully explored, but simultaneous ion 

cyclotron and neutral beam heating appear to be required. The 

ratio of ion cyclotron to neutral beam power does not appear to 

be critical but there does appear to be a threshold of total 

additional power which increases with plasma current. A 

possible explanation is that the current profile is modified by 

the beam driven current which may be enhanced by the ion 

cyclotron heating. 

LOW q DISCHARGES AND DISRUPTIONS 

Reproducible, stable ohmic discharges with I  3.5MA, 

BT  1.7T. R = 2.97m, a = 1.2m, b/a = 1.35, q,, = 2.2 and 
qc=(5 10

6
 abBT/RI )1 .59 have been studied to simulate the 

planned operation of JET at I  7MA and BT  3.4T. The 

sawtooth inversion radius is 0.55a. The global energy 

confinement time of 0.45s is consistent with normal JET 

scaling. These discharges reach the highest value of the 

Murakami parameter ñ R/BT = 7.2 10
19
 m~

2
 T

_1
 obtained for JET 

ohmic plasmas (Fig. 6). 

When q. is lowered either by raising I , lowering BT, or 

by reducing a or b/a, a lower limit to stable operation is 

always found at q^ = 2.0 ± 0.1. These low q disruptions are 

initiated by a sawtooth collapse and have precursors only on a 

time scale shorter than the sawtooth period. The total 

radiated power remains less than the ohmic power input and 

there is no contraction of the current profile. 

DISRUPTIONS AT THE DENSITY LIMIT 

Disruptions at the density limit in discharges with q. > 3 

are preceeded by signs of deterioration for up to 1s before the 

final energy quench. The radiated .power rises to equal the 

total power [6], and' although the ohmic power increases due to 

increased plasma resistance, it fails to keep pace with the 

radiation. The discharge contracts until just before the 

quench there is virtually no current flowing outside the q=2 

surface. Combining these observations with the assumption that 

all the energy loss outside q=2 is due to low Ζ impurity 

radiation gives an expression for the density limit in JET. An 

earlier calculation [7] has now been extended to include the 

effect of additional heating and a more accurate model [8] of 
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Figure 6 Hugill diagram summarising the limits of stable 
operation in JET. The preliminary results of single pellet 
injection into ohmic discharges which did not disrupt are also 
shown. The low q limit is more consistently plotted in terms 
of q^ as shown in the upper figure. 

the impuri ty r a d i a t i o n . The p r e d i c t e d high d e n s i t y l i m i t for 
low Ζ dominated d i scharges with gas r e f u e l l i n g i s 

H c r i t = 3.5 1 0 " 
PQr 

( Z e f f  1 ) Rab(q c 2a /b) 
m 

where Ρ is the total power input (watts). This model clearly 

breaks down when Ζ a·, is close to 1 and other cooling 

mechanisms become important. There is good agreement between 

this expression and observed density limits for disruptions 

during the current flat top [6], but disruptions during the 

current rise and decay phases generally occur at lower and 
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higher densities respectively than the predicted values. The 

model also indicates that the weakness of the increase in the 

density limit with ion cyclotron heating is due to the observed 

increase in Zeff.with increasing power, whereas the substantial 

increase in the density limit with beam heating is slightly 

assisted by the reduction of Ζ ^ by the beam particles. 

DETAILED STUDIES OF DISRUPTIONS 

Detailed studies are being made of the sequence of events 
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Figure 7 Contours of electron temperature (at lOOeV 
intervals) versus time during the magnetic activity which 
preceeds a disruption. The lower traces show (a) the electron 
temperature at R=Z.95m (r/a ^ 0.8), and the amplitudes 
(b) of the m=2, n=l oscillation (c) of the locked mode. 
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which preceed a density limit disruption [9]. In a typical 
case (I = 3MA, BT= 3-4T, q.=5.7) the significant magnetic 
activity, shown in Figure 7, starts about 700ms before the 
energy quench with a mode which is predominantly m=2, n=1. 
This activity grows for about 30ms. The mode then stops 
rotating and locks in a fixed toroidal position when B. at the 
wall is 10~3T. During the locked phase the mode continues to 
grow in amplitude. ECE measurements show that the temperature 
profile shrinks before the start of the mhd activity. After the 
mode locks the temperature profile flattens slightly at a minor 
radius of 0.95 m which is close to the calculated position of 
the q=2 surface. This is consistent with the growth of a 
non-rotating magnetic island (the ECE diagnostic views close to 
the calculated position of the '0' point) and there may be 
similar evidence from the soft X-ray emission, but the analysis 
is at a preliminary stage and there could be other 
interpretations. The spatial resolution of the-ECE diagnostic 
(at present 40mm in the radial direction) is not quite 
sufficient to determine whether the '0' point is colder than 
the surrounding plasma as predicted by the thermal instability 
model of disruptions [10]. 

899B 

Figure 8 X-ray emission during 
the la3t 5ms before a disruption. 
The left hand part of the figure 
shows contours of the line 
integrated emission versus time, 
and the tomographiaally inverted 
contours at various times are 
shown on the right. The 
development of the m=l mode is 
clearly seen. 

2 3 4 
Ma|or Radlut(m) 

The locked mode persists for several hundred ms until the 
final energy quench. This has been studied in detail for the 
last few ms before the energy quench using the soft X-ray diode 
arrays. A contour plot (Fig. 8) of the X-ray emission from the 
vertical camera shows that 2ms before the quench the central 
core of the discharge is eroded. The emission following the 
final termination is probably due' to contact of the plasma with 
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the walls and limiter. Tomographic analysis of the X-ray 
emission shows the growth of a large m=1 asymmetry in the 
plasma centre. This structure appears to be locked in a 
specific toroidal phase for most disruptions which suggests 
that it is n=1 and coupled to the locked m-2 mode observed 
magnetically. 

MAGNETIC FLUCTUATIONS 

The magnetic pick-up coils detect incoherent fluctuations 
as well as coherent mhd activity. These incoherent fluctua
tions have a broadband spectrum over the whole measured 
frequency range from 5 to 60kHz. 

During typical conditions the frequency dependence of the 
spectrum is Γ 1 6 ± 0 2 and the total normalised fluctuation 
amplitude is B. /B„ -10~s. The magnetic fluctuations have a 
short growth and decay time. A strong correlation is observed 
in the direction parallel to B. The normalised amplitude is 
seen to increase with additional heating power which may 
indicate a possible link with reduced confinement [11]. 

CONCLUSIONS 

Detailed studies of sawteeth, disruptions and magnetic 
fluctuations are being made in JET with the aim of improving 
our understanding of these phenomena. The detailed mechanisms 
involved in the collapse of sawteeth have been investigated and 
found to be in agreement with an ideal mhd model of the 
collapse. A new regime which appears to be stable to low m and 
n modes for more than 1s has been observed with combined ion 
cyclotron and neutral beam heating. The operational limits to 
stable operation at low q and high density have been explored 
and the detailed mechanisms leading to disruptions have been 
studied. This work is proceeding with the objective of fully 
understanding the nature of disruptions and attempting to 
stabilise them by various means. 
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Magnetic islands and chaos induced by heat flow 
P-Η. Rebut 

ABSTRACT 

A t h e o r e t i c a l model i s presented which addresses the 
problem of confinement degrada t ion in tokamaks with i n c r e a s i n g 
input power. I t w i l l be shown t h a t , when f u l l account i s taken 
of the magnetic f i e l d l i n e topology, the a d i a b a t i c inva r i ance 
cond i t i ons and the p a r t i c l e motion equa t ions in the guiding 
c e n t r e approximation allow us to r e l a t e the heat flow to the 
l e v e l of magnetic p e r t u r b a t i o n a s soc i a t ed with l a r g e (M - 15) 
po lo ida l mode numbers. I t w i l l be shown t h a t s u b s t a n t i a l power 
can be t r a n s p o r t e d ac ross the plasma by low l e v e l magnetic 
f l u c t u a t i o n s and one p o s s i b l e mechanism for the s e l f - s u s t a i nm en t 
of the magnetic i s l a n d s i s i n v e s t i g a t e d . 

1. INTRODUCTION 
The degradation of confinement in tokamaks when a 

substantial amount of heating power is applied is generally 
ascribed to anomalously high electron losses. 

In this paper we show how low level broad band magnetic 
perturbations (§/g - 3·10"") associated with large poloidal 
mode numbers (M - 15) are sufficient to account for the losses 
observed experimentally. To achieve this result it is necessary 
to take full account of the topological properties of the 
magnetic field lines. 

The calculations are carried out for low collisionality 
plasmas in steady state regime neglecting curvature and finite 
Larmor radius effects. The low collisionality assumption is 
justified by present experimental conditions; for typical JET 
parameters [1] the electron mean free path (S 10"m) is much 
longer than the plasma toroidal length (- 20m). 

2. MAGNETIC TOPOLOGY 
The magnetic field in a slab geometry (Fig 1) is described 

by the components of the vector potential A(x,y,z): 
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Fig. 1 Schematic diagram of the slab model. 
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where q' is the shear term, e the virtual island half width and 

ï the overlapping parameter of the different chains of magnetic 
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islands;' — and 2TTR are the periodicities in the y and ζ 

directions respectively. Eq (1) corresponds to N0 chains of 

magnetic islands [2]. 

The different chains of islands can be mapped into each 

other through a translation by Δ (distance between two chains of 

islands) and a rotation due to the shear. Consequently they are 

all equivalent and the full slab topology can be deduced from 

the detailed knowledge of the properties of a single chain.of 

islands. In Fig 2 the (x,y) Poincaré map is shown for five 

chains of islands with an overlapping parameter γ = 1.0. The 

onset of stochasticity affecting neighbouring chains of islands 

appears at perturbation level above a threshold value Y ü .8 . 
c 

For .8 < Y < 1.5, islands with closed magnetic surfaces are 

embedded in a chaotic region. 
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Fig.2 Poincaré map computedfor the field distribution ofEq(l) withy=1.0. Satellites 
(secondary islands) are visible around the main magnetic island structures. 
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With reference to Fig 1, the normalised cross-sectional 
area σ of the tube of flux associated with a chaotic field line 
and-crossing one chain of islands is given by: 

(2) σ(Ύ) = £//ϋί(γ)Η(Β„)Η 
SJJ Bz cross dy dz ·ƒƒ dy dz 

where Η cross 
r 1 when the field line crosses the island chain 
0 otherwise 

Similarly H(B ) is the Heaviside function for Β . 
χ x 

Following the same formalism we can define the fraction 
α(Ύ) of the flux tube which crosses the next chain of islands 
and the normalised cross-section of the island. Results of numerical computations are shown in Fig 3 for ct and the quantity α σ 
1-α' 

a (o) 
ÛLPL (.) 

1α 

1.0 

0.8 

0.61

0.4 

0.2 

F() 
τ3 

1.2 1.4 1.6 1.8 2.0 Ύ 

Fig. 3 Plots of a, 
a, a 
I-a 

and F as a function of the overlapping param ter -' y. 
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The behaviour of the field lines in the chaotic zone 
corresponds to a diffusion process through neighbouring chains 
of islands according to an equation of the type: 

(3) L0 II  1 Δ
2
1 ^ ; L..?£Ü2 llM! («I) 

3L 2 ax
2 σ(Ύ) Mq'A 2 

where F(L.x) is the probability of finding a field line at χ 
after a path length L and L0 is the required path length for a 
field line to cross an island chain; and where S (Y) is the 
cross-sectional area of the chaotic region (normalised). 
3. PARTICLE MOTION 

The following equations are written in a reference frame in 
which the magnetic islands are at rest and where φ is the 
electric potential which ensures the plasma quasi-neutrality. 
The electric field satisfies the symmetry invariance of the 
magnetic field. 

Taking into account the constancy of the magnetic field in 
the chosen frame, the particle adiabatic invariants are: 

(4) 
U. = 1 m w2 
1 2 x 

un - \ m W1Ï + <ΪΦ 

where subscripts 1, II refer to the field lines. The motion 
equations in the guiding centre approximation are: 

dr w . Β 
(5) — - = = Β + v0 

dt |B|2 

They correspond to a motion along the field lines and a perpen-
E χ Β 

dicular drift with velocity v0 = , where E =» -νψ is the |B|2 
electric field. 

From conservation of the number of guiding centres, the 
total current j associated with them satisfies the equation: 
(6) V . ig = V.Qeg ♦ i i g) = V.ÍJ.. ge,, ♦ (q^i + qeneJv0] = 0 

when perpendicular diffusion is neglected. 
In conditions of quasineutrality and taking into account 

that the parallel plasma current j.. equals j.. , we have: 

(7) V.(jn e|( )  0 

Defining a scalar λ by: 

Ju e„  λ Β 
we get: 

(8) B.V λ = 0 
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Eq(8) shows that the parameter λ is constant on every field 

line. In particular, λ is constant on a magnetic surface. 

When the parallel resistivity η is taken into account, λ 

is defined by: 

J o n
" 

λ j di - L 1 J L 

Β 2*R 

where L is the field line path and V is the loop voltage. Eq(9) 

can be solved using Eq(3). 

A particular case arises from Eq(8), when all field lines 

behave similarly; in this case λ is single valued over the whole 

region [3]· 

In the chaotic region field lines with different paths have 

different values of Y, which depend also on the boundary 

conditions. At a given location, an average value λοη can be 

defined statistically over three classes of field lines: field 

lines connected to each boundary (\lt λ2) and linking both 

boundaries (λ3). On the contrary, the field lines in the 

magnetic islands remain localised and have in general a 

different λ^ (Fig 1). The guiding centre trajectories can be 
calculated simply by referring to pseudo field line equations. 

In the particular case when φ » φ(χ) =» E0x the guiding 

centre equations become: 

A  w.. h 
dt '■ Β 

(10) 
ζ 

«   Waa V Χ 

dt " Bz 

where Χ = χ + — u s — , Y = y. For a given w,. the guiding centre 
B
o'

w
l. 

trajectories have the same behaviour as the field lines and the 

topological properties summarised in section 2 apply to the 

particle motion. 

The effect of the electric field, is smallest for fast 

particles; when Ε0/Βο^.. < Δ particles follow closely the field 

lines, while drift effects dominate when E0/B0'w(| > Δ (slow 

particles). 

4. PARTICLE AND ENERGY FLOW 

To maintain temperature and density gradients as particles 

are crossing the various chains of islands, suitable sources and 

sinks have to be introduced at the boundaries of the slab. 

These will be schematically represented by hot and cold "seas" 

of particles with Maxwellian velocity distributions Fj. and Fç 

respectively at temperatures and densities TH, nH and Tc, nc(Fig 

1). 
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Taking into account the symmetry properties of the magnetic 

islands and the adiabatic invariants (4), it can be shown by 

recurrence analysis that the electron flow ψ through N0 chains 

of islands is given by: 

( 1 1 ) Ψ α σ 
Ν0 (1α)+1 •»V? exp(

qP<f> 

KT 
■ ) 

Η 

/2KT~ 

"·Υ=Γ 
IM £ l Δ2 

where φ0 (φ„  Ε0Ν0Δ) is the potential difference between the 

hot and the cold sea and 1 is the slab dimension in the y 

direction. 

In order to maintain quasineutrality conditions the 

electron flow has to equal the ion flow. Assuming similar 

temperatures for electrons and ions we get: 

(12) exp (■ 
qe<¡> 

KT 
Ό ^c (^j*2 + £β)* 
Η Ή LH m. 

In the approximation (nig/n̂ ) 

(13) E0 

Ϋ2 

^H ( V + ι Vj 
Ή lH 

which shows that the velocity v0 of the chosen reference frame 
follows the diamagnetic velocity of the electrons, a result 
already obtained for microtearing modes [4]. 

Similarly, thè heat flows are given by: 

(14a) 

(14b) 

P
Heate

P
Heati+ 

α σ 

N0(1ct)+1 

α σ 

Νβ(1α)+1 

"G 

n
iHl 

/8KTC 

V ™e 
/8KTiH 

/ »«, 

(KTH  KTC) IM S. Δ 

The electron distribution function in the chaotic region at 

the Nth chain of islands is: 

(15) FN = FH(w..) ♦ J (Fc(w„)  FH(w„)) H[ 1 mew
2
  ( M ) ^ * ] 

Ν Ν, 

which shows' a linear combination of the Maxwellian distribution 

functions describing the hot and cold "seas". 

SELFSUSTAINMENT OF THE PERTURBATION 

The necessary condition for selfsustainment is found 

through the determination of the relative difference 

ρ = UcnA^)/<λ> between the values of λ associated to the 

chaotic zone and to the islands respectively. In presence of 
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perturbations with a range (ΔΜ) £f poloidal mode numbers around 
an average value M such as (ΔΜ)/Μ = μ, the mean separation Δ 
between chains of islands in toroidal geometry is: 

(16) Δ  L·. L· . i! ; q  rIl 
2μ M

2
 q* RB 

Ampere's equation and the definition of the overlapping 
parameter Y leads to the relation: 

_  B 

(17) /2μ . M . ρ  F(Y) 

where j is the average current parallel to the magnetic field at 

the minor radius r and where F(Y) depends on the shape and 

crosssection of the islands. As shown in Fig 3, F(Y) has a 
minimum close to 0.5 for Y  1.1  1.2. 

Then by using the definition of λ, the safety factor q0 
and current density j 0 on the axis of a Tokamak we get the 
necessary condition of selfsustainment of the perturbation: 

(18) WTV. ¡ L . S l >1 ; 6  J A  j, 
4o Jo 

where 6j is the default of current inside the islands with 
respect to the chaotic region. 

Substituting Eq(l6) into Eq(l4a) the heat flow can be 
written as: 

<19>
 P
Heat  = ~ ^ KVTJ(3_)

3
 ¿_ {£)\vQ ; vc JEU 

neatg ._α 2μ M
5
 q'

 c c c
 W m& 

Eq(19) shows that the heat flow is strongly dependent on the 
average poloidal mode number M. which defines the number N0 of 
chains to be crossed, and on the temperature and density of the 
cold "sea". 

Combining Eq(17) with Eq(19) leads to: 

2/s 3/s_ 1/5
 P

Hear */* 

(20) ρ = (1_) (1) F(Y).(IlH) . JiSi.(, q·
2
 Ë ) 

2μ 3 a a jq 2ΙΤΓ nc vc 7KT 

The minimum value of ρ occurs at Y » 1.2. 
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By reference to Section 3, the average electrical 

resistivity η along a field line depends upon the relative 

length of its path in the different plasma regions including the 

two "seas"; and on the local distribution function given by 

Eq(15). In case of "infinite seas" the current density in the 

chaotic zone can be written as: 

( 21 ) 
N j p ♦ (NoN)j 

'ch 
Η 

N0 2ÏÏR n c n 

 3 / 2 

As η = Τ , j n h is larger than the current density of a plasma 'ch NT„ + (N0N)TH 
with temperature TQh =  . The determination of 

ja, the current density in the°islands, requires to calculate 

the local distribution function by integrating the particle 

trajectories including the _E χ _B drift. 

For small temperature and density differences between the 

hot and the cold sea, it can be shown that· 

ρ  ,·
 (T
H

T
=
J1 

T
2 

1
 ch 

where ν is a numerical coefficient, the value of which depends 

on the details of the collision and on the relative value of the 

radial electric field. Using Spitzer conductivity and a Krook 

collisional model ν is found to be in the range 0.1  0.3· A 

rough estimate of (THTQ)/Tchbased on the relative plasma 

volumes at high and low temperatures leads to a selfconsistent 

ρ value of a few percent. 

It must be noted that a full treatment should take into 

account the ion Larmor radius when it is only marginally smaller 

than the island size. We should also remark that the crash of a 

sawteeth can also contribute to ρ as the current expelled from 

the central region of the plasma should flow preferably in the 

chaotic zone. 

6. Preliminary comparison with JET experimental results have 

been carried out. Inserting JET data into Eq(20) for q = 1.5 we 

get ρ = ¿2. > 2.5 x 10"
2
 and a band of M numbers extending from 

j 

10 to 20. The corresponding magnetic perturbation B/B has an 

amplitude of 310
H
 and the chains of'islands are separated by a 

distance Δ  10
2
m, i.e. only a few times larger than the ion 

Larmor radius. From Eq(22) with ν = 0.3, ^
T
H~

T
c^

/T
ch ~ °'^ a n d 

the number of chains of islands between the two "seas" would be 

in the range 15 to 20. 
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7. CONCLUSION 
The topology of magnetic field lines is a dominant feature 

affecting the properties of magnetically confined plasmas. 'An 
equilibrium could exist (Y - 1.2) between undestroyed magnetic 
islands and chaotic regions. 

This topology may be the key feature which explains the 
"anomalous" confinement in tokamaks, by allowing transport along 
field lines linking different regions of the plasma. This 
transport is affected by the plasma density and temperature at 
the edge. The reverse field pinch configuration could represent 
an extreme case of this model. 

The current perturbation and then the topology may be 
self-sustained by the difference of resistivity between chaotic 
zone and islands, resulting from the field line path and the 
presence of hot electrons in the chaotic zone. The islands have 
a phase velocity close to the electron diamagnetic velocity. 

Other effects, not taken into account so far, like finite 
ion Larmor radius, perpendicular diffusion and field curvature 
could play an important role in the self-sustainment of such a 
topology. 

When the model is applied to JET, the observed heat fluxes 
can be accounted for by perturbation levels in the magnetic 
field B/B - 3 = 10-t* and in the current 5../J - 3%, corresponding 
to average poloidal mode number M - 15. 
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ABSTRACT 

The main objectives of the experiments described are (i) to 

compare the global confinement characteristics of separatrix and 

limiter discharges and (ii) to study the conditions for the 

creation of a high density, highly radiative, cool plasma region 

near the Xpoint capable of screening and isolating the bulk 

plasma. Compared to similar limiter discharges, the thermal 

energy content of single null Xpoint discharges (SN) is roughly 

a factor of two higher. Plasmas with even modest separation 

between Xpoint and target plates show typical signatures of 

Ηmode discharges. Multichannel infrared interferometer 

measurements provide evidence of the formation of a high density 

diverted plasma with average density 10
20
m"

3
, an order of 

magnitude higher than the main plasma. Measurements with a 

bolometer camera array show that, in high density discharges 

with additional power, up to 40Í of the input power is radiated 

within a 0.2x0.2ra
2
 toroidal region around the torus. 

1. INTRODUCTION 

The main aim of JET is to study plasmas under conditions 

approaching those needed for a fusion reactor. At present, in 

limiter discharges, confinement with additional heating is low 

(Lmode). Better confinement (Ηmode) has been observed in 

tokamaks with magnetic limiters or divertors. In JET, a 

magnetic configuration with a separatrix inside the vacuum 

vessel can be created [1]. Two ("double null configuration", 

DN) or one ("single null configuration", SN) poloidal field 

nulls are then produced near the top and/or bottom of the vessel 

as shown in Figs. 1a and 1b. 

In these configurations the plasma is detached from both 

the limiter and the inner wall and recycling occurs in an open 

divertor region near the Xpoint. Experiments have been carried 

out with plasma currents up to 2.5MA in the DN and up to 3.OMA 

in the SN configuration. A maximum additional power of 9MW has 

been injected (D° into D
+
). 

2. FORMATION OF A MAGNETIC SEPARATRIX 

A magnetic separatrix can be formed within the vacuum 

vessel of JET using the multipolar field normally used to 

control the elongation and triangularity of the plasma 

crosssection. In the DN configuration, the present poloidal 

field equipment allows operation at plasma currents up to 2.5MA. 

The resulting plasma has an elongation of 1.8; the vertical 
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Fig. 1a 

1b 

40 

R(m) 

Flux plot of a double null configuration, 

current - 2MA, toroidal field - 2.8T, 

density = 3.10
l9
m~

3
, poloidal beta - 0. 

elongation - 1.8. 

Flux plot of a single null configuration. Plasma 

current - 2MA, toroidal field =■ 2.2T, average electron 

4.0 

R(m) 

Plasma 

average electron 

,44, plasma 

density =■ 3.10 'm poloidal beta - 0.6, plasma 

elongation - 1.65, (#10237 t - 13.5s). 

position is unstable with an open loop growth rate of 150s~
l
. 

The separation between the X-point and the graphite target 

plates.is a linear function of the currents in the shaping 

coils. For the configuration in Fig.1a the separation is -0.1m. 

In the SN configuration, plasma currents up to 3.0MA have been 

produced with an elongation of 1.65; the growth rate of the 

vertical instability is substantially 'smaller than for the DN 

configuration. 

The maximum separation between the X-point and the target 

plates obtained so far at 2MA with SN is -0.13m and may be 

increased by displacing the magnetic axis below the midplane. 

the radial position of the null point is held constant during 

the discharge, to within a few centimetres. The distance 

between the separatrix and the antennae for ICRH is finely 

controlled by the radial position feedback system and this can 

allow good coupling of ICRH to the plasma. In both DN and SN 

configurations, Langmuir probe measurements give the e-folding 

length for decay of density and temperature as 0.06m and 0.10m, 

respectively. 
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The location of the separatrix has been corroborated to 
within a few centimetres by observations with a bolometer camera 
array and TV cameras and by the separation between the erosion 
marks on the graphite target tiles. The magnetic configuration 
is only slightly sensitive to changes in internal parameters, 
such as the poloidal beta and internal inductance. 

3. HIGH RECYCLING IN THE X-POINT REGION 

The formation of a magnetic separatrix within the vacuum 
vessel produces a significant change in the discharge 
characteristics. For separations between the plasma and the 
limiter larger than 0.07m, deuterium recycling (monitored by DQ 
signals) shifts from the limiters to small regions near the 
X-points. Both the D monitors and TV observations in the near 
infra-red show the formation of bright regions (-0.2m across) 
coinciding with the X-points. In high density DN discharges, 
only one bright region is observed. The application of a radial 
magnetic field shifts the toroidal plasma column vertically and 
the bright region moves correspondingly, indicating that the 
formation of only a single bright region is not connected with 
slight up-down asymmetries in the poloidal field. 

Simultaneous with the shift in recycling characteristics, 
stronger gas-fuelling is needed to sustain the average plasma 
density, Zeff is reduced and the bolometer camera array shows a 
decrease in bulk plasma radiation and a large increase in the 
radiation from the X-point region. As shown in Fig.2a for a 
series of ohmic DN discharges, the total radiated power is in 
most cases between 70 and 100$ of the input power and the power 
radiated in the X-point region increases with plasma density 
more rapidly than the total radiated power. SN discharges show 
similar behaviour with the power radiated from the X-point 
region, following approximately a density-squared dependence. 
The size of the highly radiative region in the vicinity of the 
X-point can be estimated to be £0.2x0.2m2. 

The far infra-red multichannel interferometer suggests a 
similar small region with high electron density near the 
X-point. When one of the vertical channels of the 
interferometer passes through the X-point region, the fringe 
count for that channel shows a substantial increase over the 
other channels. This can be interpreted as a measurement of the 
local X-point line density. In Fig.2b, the difference between 
two adjacent channels of the interferometer has been plotted 
against the line average electron density. Assuming that the 
size of this high density plasma region corresponds to that of 
the highly radiative region the density in the X-point region is 
estimated to be -1020m~3. No data are available for average 
plasma densities larger than 2x10l9m~3 because the channel of 
the interferometer intercepting the X-point loses fringes. 

579 



15 

Ρ 
(MW) 

1.0 

0.5 

A(/nedl) 

(10
l9
rñ

2
)r 

1 

0 

1 

a) 

,Α77 /χ/ , 

'T Ι //Λ'" χ * ** 

11*ίη, 
χΧ 

χ 

XX 

χ „Φ 
Χ Χ 
χ 

χ* 

χ χ 
χ χ 
χ 
χ* 

Λ* 

4r 
• ··· 

J L· 
b) 

ïï (1019m"3) 
Fig. 2a Radiated power versus line average electron density 

for ohmic double null configuration. The dots 
represent the power radiated from the X-point, crosses 
the total power radiated from the plasma. 

2b Difference in line density between two adjacent 
interferometer channels one of which intercepts the 
X-point. 
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Assuming that the thickness of the high recycling region 
corresponds to the mean free path for neutrals, λ°, the 
interferometer data provides a measure of [2] 

nt λ° * τΐντ 
where v° is the effective speed of the emitted atoms and <σν> is 
the effective rate coefficient for ionisation. Assuming a 
single temperature, Ta., for electrons, ions and neutrals, the 
right hand side of this equation is only a function of Ta.. 
Ta.-5-10eV is obtained for ñg>1x10

l9
m~

3
. The density, nt, may 

also be estimated from a zerodimensional model which balances 

the power flow from the bulk plasma with sonic flow at the high 

density region in the scrapeoff layer. For ne>1x10
19
m"

3
, 

nt4x10
l9
m~

3
 is obtained, in reasonable agreement with the 

estimates made earlier. 

This trend towards high recycling is further corroborated 

by Langmuir probe measurements which suggest that the Mach 

number of the flow parallel to the magnetic field decreases with 

increasing plasma density. 

4. IMPROVED CONFINEMENT WITH ADDITIONAL HEATING IN THE SINGLE 

NULL CONFIGURATION 

DN Xpoint discharges show an energy confinement time some 

2030Í higher than similar limiter or inner wall discharges. 

However, no clear Hraode transition was identified as the power 

levels available. Recent experiments have therefore 

concentrated on the SN configuration. First results show a 

substantial improvement of energy confinement in SN Xpoint 

discharges compared to similar limiter or inner wall discharges. 

The experiments have been carried out with neutral beam 

injection heating with up to 9.0MW power. Ion cyclotron heating 

has been applied in some of the shots with a power of up to 4MW 

(but keeping the total input power,
 p
tot

=P
i.

+P
NBI

+P
RF^

20MW
)· 

In Fig.3 the variation of the total plasma thermal energy 

content with total input power P^0^ for two series of SN Xpoint 

discharges at plasma currents of 2MA and 3MA is compared with 

the corresponding data sets for limiter discharges. While the 

separation of the Xpoint and the target plates is 0.13m at 2MA 

this is reduced to 0.5m at 3MA and is then rather close to the 

wall. For either plasma current the energy content of the 

Xpoint discharges is up to a factor of 2 larger than that of 

the corresponding limiter discharge with the same additional 

power. In general, the trend with increasing heating power is 

also similar in all cases. 

As shown in Fig.4, the electron temperatures (and also the 

central ion temperatures for such an Xpoint Ηmode plasma are 

substantially higher than for a limiter plasma with the same 

parameters of plasma density, plasma current, toroidal field and 
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Ptot. It should be noted that the electron temperature profile 

is broader, with the edge temperature at R=»4.0m being some 2.5 

times higher. 

As pointed out already the SN discharges at 2MA exhibit 

clear indications of a transition into an Hmode [3]. As shown 

in Fig.5 the edge D signal (f) drops and the line integrated 

electron density (d) increases more rapidly. These events occur 

shortly after the crash of a sawtooth when the edge temperature 

(e) increases abruptly. The power flow to the target plates (b) 

is substantially reduced. This phase is subject to an abrupt 

termination when the average density reaches some limiting value 

(as evidenced more clearly in other JET Pulses where this event 

is not obscured by the end of additional heating). The average 

density, temperature and thermal energy content (c) fall in 

about 40ms, accompanied by a spike in the Xpoint radiation. 

During the Ηphase the plasma density profile broadens with 

steep gradients developing at the edge. 
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Electron temperature profiles a) X-point (#10237 
t = 13.5s) and b) Limiter discharge (#7709). Central 
ion temperature for SN (X) and Limiter (L) discharge. 

Impurity radiation from the plasma edge (0 VI, C IV) falls 
by about a factor of two at the transition to the Η-regime. At 
this time the ICRH power ceases to be coupled to the plasma 
(probably due to the changed edge conditions) and the nickel 
influx from the antenna screen falls to zero. Nevertheless, the 
total nickel content as observed from the Ni XXV and Ni XXVI 
line intensities remains constant indicating substantially 
improved confinement of metals in the interior of the plasma. 
As indicated by the soft X-ray radiation profiles, however, this 
does not lead to accumulation of impurities. 

A preliminary analysis of transport properties comparing SN 
X-point with limiter and inner wall discharges has been done 
with the transport code Jetto [4]. Using the transport models 
described in [5] good simulations of all the relevant measured 
quantities (ne, Tg, radiation profiles, central ion temperature, 
Zgff.) have been obtained in the ohmic phase of these three types 
of discharges. With additional heating, however, a degradation 
of the coefficient for the electron energy transport must be 
introduced for the inner wall and limiter case but not for the 
X-point discharge. The radial profiles of ne χΘ (Fig.6) show 
that these differences hold over the whole plasma 
cross-section. 
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inner wall with NBI heating (#8899), with larger input 

power but lower energy content than b). 

5. CONCLUSIONS 

Separatrix operation appears to induce substantial changes 

in the plasma behaviour compared to limiter operation. This is 

possibly a result of the high shear at the boundary of the 

plasma. Even with a modest separation of the Xpoint from the 

target plates, a high recycling regime has been observed in this 

region at high plasma densities. With additional heating the 

stored energy increases substantially above that for 

corresponding limiter discharges. A further increase in stored 

energy is observed for both 2MA and 3MA discharges leading to 

global energy confinement times in excess of 0.6s, about a 

585 



factor of two higher than for the corresponding limiter 

discharges. These discharges also exhibit other signatures 

(e.g., reduced edge recycling) normally associated with 

Hmodes. 
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ABSTRACT 

Pellet fueling experiments have been performed on JET using a 

singleshot pneumatic injector giving 4.6mm (4.5x10
21
 D atoms) 

and 3.6mm (2.2x10
21
 D atoms) diameter cylindrical deuterium 

pellets with velocity 0.8^V(km.s"
l
)á1.2. Zeff<1.5 with nD/ne1 

on axis has been achieved. In configurations with a magnetic 

seperatrix, peaked electron density profiles with ne(o)/ñe2 are 

obtained, with ne(0)1 .2x10
20
m*

3
 and Te(0)=1keV. Separately, 

high value of nD(0)xc:Ti(0)=1 .3x10
20
m~

3
.s.keV at Ti(0)=6.5keV 

has been obtained with pellet fueling followed by NBI heating. 

1. INTRODUCTION 

The main objectives of pellet injection experiments on JET 

are (i) to explore if pellet fueling gives access to regimes of 

higher plasma density, increased plasma purity, improved 

confinement characteristics, and improved ICRF and NBI heating, 

(ii) to diagnose plasma behaviour, and to model the measured 

response in order to develop predictive methods. 

The experiments were performed in different configurations, 

with plasmas limited by (i) the carbontileprotected inner 

wall, (ii) the outer carbon limiters, and (iii) a magnetic 

separatrix formed during singlenull xpoint operation. Both 

ICRF and NBI heating power were applied to the plasma, during 

and after pellet injection. The plasma parameters were: major 

radius R3m, minor radius a1,2m, elongation k1.4 and 2.1áBx(T) 

S3.'t. 3SIx(MA)<5, with target plasma density 0.6<ñ (10
19
 m~

3
jS3 

and peak électron temperature 2.3STe(keV)^6. The total electron 

content of the target plasmas was 0.6áNe(10
2l
)S3. Immediately 

after pellet injection this increased by ΔΝβ=3.2(±0.3)χ10
21 

(4.6mm pellet) and ΔΝΘ=1.8(±0.2)x10
21
 <3.6mm pellet), represent

ing 71 ï and 82$ of the pellet mass respectively. Most of the 

pellet mass was deposited at 0.25£r/a£0.5, with some pellets 

penetrating to within 0.1m of the axis. We present here a 

survey of the major findings. Fig.1 shows the temporal evolu

tion of a typical pellet fueled limiter discharge with OH alone. 

2. PLASMA EDGE BEHAVIOUR AND DENSITY LIMIT 

Flux of deuterium at the plasma edge, its recycling and 

confinement properties have been studied before for gas fueled 

JET plasmas [1,2]. Outer limiter discharges fueled by a 3.6mm 

pellet show a large reduction in the influx of deuterium com

pared to a gas fueled plasma of the same electron density. The 

global particle confinement time τρ is thus larger in pellet 587 
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2.1T, Ιφ  3MA, ohmic heated plasma in deuterium, 

3.6mm pellet injected at 47s. The small increase in 

Ιφ at pellet injection is preprogrammed to provide 

additional power. This feature is not essential. 

fueled plasmas, as shown in fig.2. The particle recycling 

behaviour is also markedly different. Fig.2 also shows (1R) 

plotted against ñe, R is the recycling coefficient measured 1s 

after pellet injection. Whereas for gas fueled cases (1RKO, 

with pellets (1R)>0 for several seconds after injection. This 

corresponds to a net removal of particles from the system, a 

pellet induced pumping. 

Reduction is also observed in impurity influxes at the plasma 

edge following pellet injection. However, both the ratio of 

impurity to deuterium fluxes, and the bolometrically measured 

total radiated power normalized to the square of the electron 

density do not show any marked deviation from thebehaviour of 

588 



0.6
 J 

 0.4 

0,2 

0.1 

(1R) 

i 1 1 1 1 1— 

0 0.5 1.0 1.5 2.0 2.5 

< ne > 10
19
 nf

3 

f 0 

0.02 

3.0 

FIG.2 Tp and (1R) for limiter plasmas. 

O and Δ for gas fueled discharges, · and A for pellet 

fueled ones. 

gas fueled plasmas. Thus pellet injection effects a reduction 

of Zçff. by reducing the influx of all species, and by diluting 

the impurities already present. Zeff<1·5 have been obtained in 

limiter plasmas (see fig.2 of [3])· The values are derived from 

bremsstrahlung measurements taken 0.5s after pellet injection. 

Eventually, on a timescale of 4s, recycling establishes the 

higher "ZQff concomitant with edge fueling. 

The favourable edge behaviour also helps in accessing higher 

plasma density (see fig.3 of [3])· Both 4.6mm and 3.6mm pellets 

have been used to probe the limit. The largest increase, by 

nearly a factor of two above the OH highdensity limit in 

deuterium, was obtained with the 4.6mm pellets at qcv^=3.6. The 

highdensity limit in JET is discussed in [4] in terms of column 

contraction when the power radiated outside the q^2 surface 

exceeds the input power. With pellet fueling higher ñ"e can be 

achieved for a given ne(q>2). 

3. DENSITY DEPLETION AND WALL PUMPING OF THE PELLET FUELED 

INNER WALL PLASMAS 

Gas fueled plasmas placed against the largearea carbon tiles 

on the inner wall are characterised by a decay of the electron 

density with a 1s time constant. Increased wall pumping is 

evident in the postpellet phase of the plasma. This is an 

important feature for multiple pellet injection strategies. 

Pellet fueled inner wall (PFIW) discharges have shown two 

distinct modes of density behaviour, fig.3. Some show smooth 

decay in which the volume averaged electron density <ne> does 

not return to its prepellet value, eg.#9226. This behaviour is 

similar to that for OH gas fueled innerwall discharges. In 

most PFIW plasmas, <ne> returns to its prepellet value in a 
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TIME (S) 
FIG.3 Tñe two modes of density decay for inner-wall plasmas: 

(a) slow and smooth as in #9226 (b) rapid as in #9238, 
with mini disruptions at q=2 and corresponding 
temperature spikes at the edge. 

'scallop-like' fashion of -200ms period, eg.#9238. 
The decrease of <ne>, whether slow or rapid, depends on tran

sport of plasma ions to material surfaces and then absorption of 
these ions by the surfaces. The plasma transport process is 
clearly different in the two modes of behaviour for the PFIW 
discharges. Tñe scallop-like density decay is synchronous with 
minor disruptions at the q=2 surface, at R-3.85m, as determined 
from the magnetics data. A simultaneous decrease in Te occurs 
at R-3.8m(q<2), whereas spikes of ATe-100eV occur at R-4.1m(q>2) 
(eg.#9238 at t=50.2, 50.4 and 50.6sec, for pellet injection at 
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50s). This same behaviour is shown also in soft x-ray emis
sions. Interferometry shows a concurrent density increase at 
large radii. The rise in both n_(a) and Te(a) increases the 
flux of deuterium to the carbon inner wall tiles. Thus minor 
disruptions give rise to rapid transport of plasma from 
r-(a-40cm) to r=a. At the edge the particles acquire higher 
energy due to increased sheath potential, enabling deeper 
penetration into the wall and thus stronger pumping. During the 
temperature spikes the Da emission from the inner wall tiles 
decreases by a factor of four, showing reduced recycling. Dis
charges with a smooth decay of <ne> (eg.#9226) do not exhibit 
such behaviour. 

The ability of the 20m2 of inner wall carbon tiles to absorb 
all the deuterium which impinges on it, throughout as many as 20 
successive discharges with pellet fueling, is not explicable in 
terms of the Local Mixing Model [5] of deuterium trapping in 
graphite. Studies to clarify this are in progress. 

4. A PELLET INDUCED OSCILLATION AT THE q-1 SURFACE 
Soft x-ray imaging arrays have revealed the presence of a 

unique phenomenon, the 'snake' oscillation, fig.4. It 
frequently appears when a pellet is injected, and manifests 
itself as a small region of enhanced x-ray emissivity with a 
m=1/n=1 helical symmetry at the q=1 radius. Analysis has shown 
that this increased emission is due to a density increase in the 
'snake', by up to a factor of two, above the background density, 
as well as a drop of -20Í in Te compared to the surrounding 
plasma. In contrast to the short-lived m=1/n=1 perturbation 
rotating in the electron diamagnetic direction observed 
previously [6], the 'snake' in JET lasts for many hundreds of 
milliseconds and occasionally up to -1.5s, it rotates at varying 
frequencies in the ion diamagnetic direction, it sometimes comes 
to a complete standstill and then resumes rotation. Sawtooth 
disruptions occur during this activity, without dissipating the 
'snake'. 

One plausible hypothesis for the 'snake' is that an m=1/n=1 
magnetic island is created by the high density ablation cloud 
from the pellet as it crosses the q=1 surface. This island then 
traps the excess density, forming the helical 'snake'. If this 
hypothesis is correct, the radial location of the 'snake' is an 
accurate indicator of the radius at which q=1. We thus infer 
that the q=1 region expands by 35$ during the sawtooth ramp. 

5. ELECTRON DENSITY PROFILES AND RELATED TRANSPORT 
Immediately after pellet injection, the electron density 

profile is hollow (dne/dr>0). ng(r) recovers to a centrally 
peaked shape in -200ms. The evolution towards a peaked profile 
is discontinuous when sawteeth occur. An analysis of profile 
evolution of pellet fueled plasmas using a model of electron 
particle flux re= OVne+Vne indicates that the diffusion 
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s> SAWTOOTH 
'SNAKE' STOPS 

ROTATING 
FIG.4 A: Plot of line-integrated soft x-ray fluxes showing the 

'snake' oscillation after pellet injection. 

B: Tomographic reconstruction showing contours of equal 
emissivity, and localization of the 'snake'. 

C: Plot as in A showing a 'snaker that has stopped 
rotating, and survives a sawtooth crash. 

coefficient D(r) and convection velocity V(r) fall in with those 
for gas fueled ones [7,2], which showed a large scatter, but no 
dependence on ne, L·,, Bx or heating mode. Analyses of indi' 
vidual pellet injection cases show that in the puter limiter 
configuration, V/D increases from '0.2m'1 before pellet 
injection to -0.4m'"1 immediately after, reverting to Ό.2πΓι 

1.5s later, as evidenced by the more peaked density profile 
after pellet injection, which subsequently returr- to its 
original form. In the single^null x-point configurations, V/D 
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FIG.5 A comparison between the measured penetration, A(cm)-exp, 
and the calculated one, Δ(cm)-cale. The data set 
includes 4.6mm and 3-6mm pellets, with OH, OH+ICRF 
heating at PICRF^4.6MW, and OH+NBI heating at PNBI<4MW. 

increases from '0.3m'1 before pellet injection to -0.6m'1 after, 
giving a very peaked density profile that is maintained for a 
long time. Eventually V/D decreases to '0.4m'1. 

6. PELLET ABLATION MODELLING 
Accurate determinations of penetration of the pellet into the 

plasma and ablation rate are made using a combination of a soft 
X'ray camera and Da detectors viewing the pellet trajectory. As 
shown in fig.5, the penetration of the pellet into the plasma 
for all the data considered is successfully modelled with a 
neutral gas shielding model, modified to include attenuation of 
the electron heat flux by a cold ionized plasma surrounding the 
neutral gas [8], Also included are a multi'group treatment of 
the incident electrons, plus self'limiting ablation in the 
collisionless plasma limit. With present heating power levels, 
the pellets traverse regions with fast ion density nfi=3x10l8m'3 
for NBI heating, and nfi<10l8m'3 for ICRF heating. No 
additional ablation processes associated with such a fast ion 
population during ICRF or NBI heating have yet been identified. 

7. ICRF HEATING OF PELLET FUELED PLASMAS 
An important limitation of ICRF heating in JET is the 

uncontrolled density increase during the RF pulse. Influx of all 
neutral species from the limiters and wall increases roughly in 
proportion to the applied power, and Zef^ and the ratio PraCl/Pin 
remain nearly constant. As a result the density limit during 
ICRF heating is at most 10% higher than the corresponding value 
for ohmic heating alone. We have probed this limitation by 
applying ICRF heating immediately after pellet injection. We 
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have observed that the initial density increase effected by 
pellet injection can be maintained with ICRF heating and the 
high-density limit for OH+ICRF heating can be extended. Both 
4.6mm and 3.6mm pellets have been used. The resulting increase 
in temperature, for both electrons and ions, in the 3He minority 
heating mode are consistently slightly larger than values 
obtained with gas fueling under similar plasma conditions and 
for the same normalized ICRF power. Our future work with 
multiple pellet injection will further explore and optimize ICRF 
heating of a densified plasma core. 

8. SUMMARY 
Deuterium pellets have been injected into plasmas with OH, 

OH+ICRF and OH+NBI heating. Plasmas with different magnetic 
configurations were probed. It is shown that pellet fueling 
gives access to regimes of higher plasma density and increased 
plasma purity by modification of edge behaviour. Also, pellet 
injection modifies the electron density transport in the bulk 
plasma, most markedly in the single-null x-point configuration, 
giving very peaked density profiles. These effects persist for 
several seconds. Careful modelling of pellet ablation and 
penetration measurements has been performed. At present levels 
of auxiliary heating power, no additional ablation processes 
associated with application of ICRF or NBI power have been 
identified. A 'snake' oscillation characterized by an island of 
dense cooler plasma at the q=1 radius is observed. Its small 
dimensions (Alr-15cm, Alg=25cm), and long lifetime (τ-0.2+1.5s) 
imply greatly reduced energy and particle diffusion compared to 
the surrounding plasma. 

A critical issue is whether profiles obtained with pellet 
injection have better confinement properties than those produced 
by gas fueling [9,10,11,12]. With single pellet injection in 
JET the behaviour of energy confinement is unclear. In the 
transient period immediately after injection of a pellet, the 
confinement time is much larger than the corresponding value 
with gas fueling, as observed in other experiments employing 
single pellet injection. However, the duration of the period of 
apparent improved confinement is shorter than xg. The 
significance of this observation is being investigated. An aim 
of our future work with multiple pellet injection will be to 
explore the feasibility of effecting a sustained improvement in 
confinement properties. 
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