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Foreword 

This is the third JET Progress Report which covers the 
second 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. 

These previous Progress Reports provided good 
reference documents of JET developments and results 
during the early operation period, before these 
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. In addition, the staff effort required for 
preparation and compilation of the text was 
considerable and in many cases produced a duplication 
of material already published. Consequently, it was 
decided to change the format of the 1985 Progress 
Report, so that it provided an overview summary of 
the scientific and technical advances during the year, 
supplemented by appendices of detailed contributions 
(in preprint form) of the more important JET articles 
produced during that year. This Report represents an 
experiment in this respect, and comments from 
recipients would be welcomed. 

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, since the Project Team structure was changed 
during 1985, these changes are detailed, as it is within 
this structure that the activities and responsibilities for 
machine operation are carried out and the scientific 
programme is executed. 

1985 was marred by the sudden and untimely death, 
on 30 June, of Dr Hans-Otto Wüster, the then Director 
of the Project. We shall always be indebted to him for 
his leadership and contributions to the formation and 
success of the Project. Many tributes to his memory 
came from all over the world. Fusion in Europe and 
the world has lost a great man, but, above all, everyone 
within the JET Project has lost a great friend. 

As the new Director, it will be a difficult task to 
follow such a leader as Dr Wüster, but with the 
dedication, enthusiasm and skill of all Project staff, 
I am sure that this obstacle will be surmounted and 
we will continue to meet with confidence the 
tremendous challenges offered by the Project. Other 
changes in the Project included that of Dr R J 
Bickerton, formerly an Associate Director and Head 
of Scientific Department, who was appointed Deputy 
Director and Head of Heating and Theory 
Department. Also Dr M Keilhacker joined JET from 
IPP Garching, F.R.G., as an Associate Director and 
Head of the Experimental Department. 

During 1985, the machine again provided excellent 
technical performance. The Project entered Phase IIA 
of its programme devoted to additional heating studies 
to observe the effects of large power ion cyclotron 
resonance heating (ICRH) on the plasma temperature 
and confinement properties. Two RF antenna had been 
installed during the shutdown at the end of 1984, and 
these were used during operations in the first half of 
1985. From July, a four month shutdown was scheduled 
to allow installation of additional components 
including a third RF antenna. Final preparations were 
also completed for the first neutral injection system. 
Operations were continued until the end of the year. 

In 1985, there was 1446 tokamak pulses with plasma 
current exceeding 1 MA. This represented a consistent 
increase over 69 in 1983 and 472 in 1984. Throughout 
1985, many plasma pulses were produced with the 
maximum rated toroidal magnetic field value of 3.45T. 
A plasma current of 5 MA was reached and maintained 
for 1 s. At present, machine operations at high currents 
are restricted to plasma elongation ratios of 1,4 to avoid 
the possibility of damage to the machine, if control of 
the vertical stability was lost. The design of new vessel 
supports is nearly complete and when installed, this 
restriction should be removed. Other modifications are 
planned to enable the current to be maintained at 5 MA 
for longer time periods, with the possibility of 
cautiously raising the current to higher levels. 

During 1985, RF additional heating used reached a 
record input power of 6MW, with 15MJ of energy 
coupled to the plasma. A degradation of confinement 
time with increasing power was observed, similar to 
that seen on smaller tokamaks, but experience there 
has shown that this degradation can be reduced or 
avoided by operating in a mode limited with a magnetic 
separatrix. This so called X-point operation has been 
demonstrated on JET with plasma currents up to 
1.5 MA, but not yet with additional heating, so that 
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the beneficial effects of this mode have still to be 
demonstrated on JET. 

Plasma impurities remained high in 1985, as 
previously, and although they do not lead to a 
significant radiated power loss from the plasma core, 
they dilute the number of ions available for useful 
fusion reactions. A combination of multiple pellet 
refuelling and powerful additional heating, which will 
be tested in 1987, are likely contenders to improve this 
situation. 

The scientific results so far achieved on JET are 
encouraging. In terms of the plasma parameters — 
density, temperature and confinement — JET has 
already reached the stage where each of these 
parameters is within a factor of two of three of those 
needed for fusion reactor. At the end of 1985, the first 

neutral injection system for additional heating was 
installed and this will further improve the additional 
heating power introduced into the plasma. 

The successful construction of the device and the 
most encouraging results obtained so far 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 Project management by the 
JET Council, JET Executive Committee and JET 
Scientific Council. 

With such devotion from all sides, the Project faces, 
with confidence, the many problems and challenges 
that are likely to be encountered in the future. 

Dr Ρ H Rebut 
April 1986 



Introduction, Background and 
Report Summary 

Introduction 
Following the formal start of the Operation Phase of the 
JET Project in June 1983, it was decided to produce an 
annual JET Progress Report which should provide a 
more detailed account of JET's scientific activities than 
that which was provided in the JET Annual Report. 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. 

Although it was desirable to have this detailed record 
of JET's achievements and advances in all its aspects, the 
staff effort involved in preparation and compilation of the 
text was considerable and the information was already 
outdated by the time of publication. Consequently, for 
the 1985 version, 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, followed by 
appendices of detailed contributions (in preprint form) of 
the most important JET technical articles produced 
during that year. As an experiment, this is the first 
Progress Report produced in this form. 

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, since the Project 
Team structure was changed during 1985, these changes 
are 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 
interactions 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 likely to be 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 
currently 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 
dimensions of about 15m in diameter and 12m in height. 
A diagram of the apparatus is shown in Fig. 1 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 3.8MA during the initial 
phase, and up to 4.8MA during the full design phase) 
through the gas. This current is produced by transformer 
action using the massive eight-limbed magnetic circuit, 
which dominates the apparatus (see Fig. 1). A set of coils 
around the centre limb of the magnetic circuit forms the 
primary winding of the transformer with the plasma 
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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. 

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 
provides a full design field at the centre of 3.45T. The 
poloidal coils, positioned 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 the 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. 

TABLE I 
Principal JET Parameters 

Parameter 

Plasma minor radius (horizontally), a 
Plasma minor radius (vertically), b 
Plasma major radius, R0 
Plasma aspect ratio, P^/a 
Plasma elongation ratio, e=b/a 
Flat top pulse length 
Toroidal magnetic field (plasma centre) 
Plasma current, circular plasma 

D shaped plasma 
Volt-seconds available 
Toroidal field peak power 
Poloidal field peak power 
Additional heating power (in plasma) 
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 
3.2MA 
4.8MA 
34Vs 
380MW 
300MW 
25MW 
108t 
384t 
2800t 

J 
B H D 
TL1I 

Fig. 1: Diagram of the JET Tokamak 
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In order to reach conditions close to those relevant to a 

fusion reactor, a plasma density of — 1020m3 at a 

temperature of lOkeV would be needed. Even with a 

current of 4.8MA in JET, this would be inadequate to 

provide the temperature required using ohmic heating 

alone. Consequently, additional heating is required and 

two main systems are gradually being added to JET over 

the years, as follows: 

• Injection into the plasma of highly energetic 

neutral atoms (Neutral Injection Heating) 

• Coupling of high power electromagnetic 

radiation to the plasma (Radio Frequency (RF) 

heating). 

The total power into the plasma will increase in discrete 

steps up to — 25MW. 

Project Team Structure 

Up to mid1985, machine operation and execution of the 

scientific programme had been undertaken within a Team 

Structure divided between three Departments, as 

follows: 

(i) Operation and Development Department; 

(ii) Scientific Department; 

(iii) Administration Department. 

This structure has been described in detail in previous 

JET Annual and Progress Reports (See EURJETAR7 

and EURJETPR2). 

However, following the sad death of Dr H0 Wüster in 

mid1985 and the appointment of the new Director, Dr Ρ 

Η Rebut, a rationalization of the Project Structure was 

undertaken. The structure adopted, for management 

purposes was divided into four Departments (See Table 

II): 

(i) Machine and Development Department; 

(ii) Experimental Department; 

(iii) Heating and Theory Department; 

(iv) 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 1985. To aid this 

description, the functions of these 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 enhance

ments directly related to it (excluding heating) and the 

integration of any new elements on to the machine. In 

addition, the Department is responsible for machine 

services. The Department contains three Divisions: 

(1) Magnet and Power Supplies Division, which is 

responsible for the design, installation, 

TABLE Π 
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Department Head 
M. Huguet 

Deputy Head 
E. Bettolini 

Fusion 
Technology 
J.R. Dean 

First 
Wall 

K.J. Dietz 

Magnet and 
Power Supplies 

E. Bettolini 

Remote Handling Group 
T. Raimondi 

Remote Handling 
Application Group 

A. Rolfe 

Tritium Group 
W. Riediker 

Machine Services Group 
M. Cooke 

Limiter and Wall Group 
To be decided 

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, 1985) 

operation, maintenance and modification of all 
power supply equipment needed by the Project. 
In addition, the Department is responsible for 
maintenance and operation of the coil systems, 
structural components and machine instru
mentation; 

(2) 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 
systems, such as pumping, bake-out and gas 
introduction; 

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

The structure of the Machine and Development 
Department 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 (i) to conceive and define a set of coherent 
measurements; (ii) to be responsible for the construction 
of necessary diagnostics; (iii) to be responsible for the 
operation of the diagnostics and the quality of measure
ments and the definition of the plasma parameters; and 
(iv) to play a major role in the interpretation of data. 

The Department contains two Groups (on Diagnostics 
Engineering and Experimental Programming) and two 
Divisions: 

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

(2) Experimental Division 2 (ED2), which is 
responsible for specification, procurement and 
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MACHINE AND DEVELOPMENT DEPARTMENT 

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

D. Carre 
Mrs. A. Cranstone 

FUSION TECHNOLOGY 

Head: J.R. Dean 
S.J. Booth 
R. Cusack 
Mrs. M. Daish 
L. Galbiati 

A. Galetsas 
E. Gebier 
Mrs. M.E. Jones 

FIRST WALL 

Head: K.J. Dietz 
W.P. Bailey 
B. Bignaux 
A. Boschi 
H. Buttgereit 
G. Celentano 
W. Daser 

C. Froger 

MAGNET AND POWER 
Head: E. Bertolini 
Mrs. C. Allen 
T. Bonicelli 
O. Bue 

D. Cacaut 
J. Carwardine 
C. Christodoulopoulos 
R. Claesen 
J. Dobbing 
P. Doidge 
B.T. Eriksson 
H. Fielding 
J. Goff 

D. Halliwell 
M. Huart 

Mrs. I. Hyde 
L. Nickesson 

P.D. Jones 
A. Konstantellos 
A. Nowak 
M. Pescatore 
P. Presle 
T. Raimondi 
J. Removille 

K. Grabenstätter 
L. Grobusch 
J. Hemmerich 
D. Holland 
G. Israel 
H. Jensen 
P. Kupschus 

SUPPLIES 

A. Key mer 
J.R. Last 
V. Marchese 
G. Marcon 
L. Mears 
A. Moissonnier 
P. Mondino 
G. Murphy 
Mrs. J. Nolan 
P. Noll 
J. Paillère 
I. Piacentini 
C. Raymond 
A. Santagiustina 

Mrs. M. Rydalm 
M. Wal ravens 

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

G. McCarthy 
J. Orchard 
R.L. Shaw 
K. Sonnenberg 
R. Thomas 
E. Usselmann 
T. Winkel 

K. Selin 
S. Shaw 
A. Skinstad 
S. Turley 
J. van Veen 
Ν. Walker 
Mrs. L.T. Wall 
CR. Wilson 
G.C. Wilson 
M.E. Young 
L. Zannelli 
J. Zwart 

Fig. 3: Project Team Staffin the Machine and Development Department (December, 1985) 

operation of the other half of the JET diagnostic 

systems. ED2 undertakes all spectroscopic 

diagnostics, bolometry, interferometry, the soft 

Xray 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 

operation of the machine. The main functions of the 

Department are (i) following the theory of tokamak 

physics; (ii) heating of the plasma and analysis of its 

effects; (iii) centralising the interpretation of 

experimental results and investigating their coherence; 

(iv) organising data acquisition and computers; and (v) 

preparing and coordinating operation of the machine 

across the different Departments. 

The Department is composed of two groups (Machine 

Operations Group and Physics Operation Group) 

specifically charged with operating JET, and four 

Divisions: 

(1) Control and Data Acquisition System Division 

(CODAS), which is responsible for the imple

mentation, upgrading and operation of computer

based control and data acquisition systems for 

JET; 

(2) 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; 

(3) Radio Frequency Heating Division, which is 

responsible for the design, construction, 

commissioning and operating the RF heating 



Introduction, Background and Summary 

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 

To be decided 

Spectroscopy and 
Impurity Physics Group 

K. Behringer 

Particle Dynamics Group 
A. Gondhalekar 

Soft X-Ray Analysis Group 
R.D. Gill 

Fig. 4: Experimental Department, Group Structure (December 1985) 

EXPERIMENTAL DEPARTMENT 
Head of Department: M. Keilhacker 

A. Ainsworth 
M. Barnes 
C. Caldwell-Nichols 
N. Foden 
J. Gowman 

C.J. Hancock 
R.C. Lobel 
P. Millward 
B. Oliver 
J. Reid 

P.J. Roberts 
A. Tiscornia 
C.H. Wilson 

EXPERIMENTAL I 
Head: P.E. Stott 
Mrs. S-J Ashwood 
D. Bartlett 
C. Best 
B.W. Brown 
D. Campbell 
J. Coad 
A. Costley 
J. Fessey 
S. Gregoli 
C. Gowers 

P.J. Harbour 
M. Hone 
I. Hurdle 
O. Jarvis 
L. de Kock 
J. Källne 
G. Neill 
C. Nicholson 
P. Nielsen 
R. Prentice 

P. Roach 
G. Sadler 
Miss K. Slavin 
A. Stevens 
Miss D. Strange 
D. Summers 
P. van Belle 
J. Vince 
D. Wilson 

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

J. Holm 
Mrs E. Källne 
L. Lamb 
G. Magyar 
J.L. Martin 
P. Morgan 
E. Oord 
J. O'Rourke 
A. Ravestein 
J. Ryan 

Mrs. W. Prill 
B.K. Scheldt 
F. Sieweke 
Mrs. C. Simmons 
M. Stamp 
A.R. Talbot 
E. van der Goot 
M. von Hellermann 
B. Viaccoz 

Fig. 5: Project Team Staffin the Experimental Department (December, 1985) 
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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 
P. Lallia 

Antenna Systems 
A. Kaye 

RF Power 
T. Wade 

Operations Group 
E. Thompson 

Beam Line Construction Group 
R. Haange 

Testbed Group 
R. Hemsworth 

Control and Instrumentation 
Group 

M. Mead 

Analytic Theory Group 
T.E. Stringer 

Interpretation Group 
J.G. Cordey 

Prediction Group 
A. Taroni 

Machine Operations Group 
B. Green 

Physics Operations Group 
F.C. Schiiller 

Data Management Group 
To be decided 

Control Group 
C.A. Steed 

Computers Group 
H.E.O. Breien 

Data Acquisition Group 
E.M. Jones 

Electronics and 
Instrumentation Group 

K. Fullärd 

Fig. 6: Heating and Theory Department, Group Structure (December, 1985) 

system during the different stages of its develop
ment to full power. The Division also participates 
in studies of the physics of RF heating; 

(4) Theory Division, which is responsible for 
prediction by computer simulation of JET per
formance, interpretation of JET data and the 
application of analytic plasma theory to gain an 
understanding of JET physics. 

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. 
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Fig. 7: Project Team Staff in the Heating and Theory Department (December, 1985) 
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Introduction, Background and Report Summary 

Section 2 sets out an overview of progress on JET during 
1984 and, with a survey of scientific and technical 
achievements during 1984, sets these advances in their 
general context. This summary is specifically cross-
referenced to reports and articles prepared and presented 
by JET staff during 1985. 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 Tokmaks, particularly concerned with 
density limits, with plasma MHD behaviour, with 
impurities and with plasma transport. Some attention has 
been devoted to methods of surmounting these limitations 
and these are detailed in this section. 

In the Appendices, selected articles prepared by JET 
authors are reproduced in detail, and provide more 
details of the activities and achievements made on JET 
during 1985. In addition, a full list is included of all 
Articles, Reports and Conference papers published in 
1985. 
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Technical Achievements during 1985 

Torus Systems 

Vacuum and First Wall 
During 1985, many new elements were added to the 
vacuum system. The second neutral injection box 
together with its high vacuum rotary valve and a third RF 
antenna were connected to the main vacuum, and a large 
number of new diagnostics were also installed. However, 
the most important developments took place in the area of 
the first wall. In 1985, the machine was operated for the 
first time with low-Z (graphite) wall protections at the 
inboard wall. This was the first step of a long term pro
gramme aimed at having only low-Z materials facing the 
plasma. 

Plasma operation in these new conditions was success
ful, and from a technical viewpoint, the behaviour of the 
graphite tiles was also satisfactory. When the vessel was 
opened in July 1985 after six months of plasma operation, 
very little damage was seen except for some minor, but 
expected, signs of erosion. This contrasted with the very 
serious damage observed in 1984 on the Inconel protec
tion plates, even though during this operating period, the 
energy deposited on the graphite tiles by run-away 
electrons had been comparable to that during the 1984 
campaign. 

During the Summer shutdown period, 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 (see Fig. 8). The 
limiters were fitted with additional tiling to cover better 
their Inconel support plate at the back, since there was 
some evidence of plasma flowing behind the graphite 
tiles. At the same time, 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 tangen
tial neutral beams, originating from Octant No. 8 (see 
Fig.9) 

When operation was resumed early in 1985, the 
surface of the four discrete graphite limiters had been 
carefully cleaned. This resulted in metal free plasma dis
charges during the first 4-6 weeks of operation. How
ever, the metallic contamination already observed in 
1984 returned gradually. It was not clear whether this 
contamination originated from sputtering during glow 
discharge or plasma discharges, or from metals 

Fig. 8: Graphite protections covering the Octant Joints 

Fig. 9: Neutral Beam protection tiles at Octant No. 5 

evaporated from the walls during vertical instibilities. 
Nevertheless, the good results obtained in January 1985 
were a clear encouragement to pursue further the policy 
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Fig. 10: Prototype sector of the belt limiter cooling 
structure 

of covering the walls with low-Z materials. As a result of 
this low Ζ policy, it was decided in July 1985 to remove 
from the machine the nickel-clad limiters since they 
represented a potential source of metallic contamination. 

Discussions on tile materials for the future belt limiters 
resulted in the selection of graphite and beryllium, as the 
most likely options. Beryllium was considered as 
superior to graphite from the viewpoint of plasma 
operation, due to its very low-Z and its oxygen getter 
properties. However, the toxicity of the beryllium dust 
could complicate future in-vessel maintenance. It was 
decided to proceed with the procurement of both beryl
lium and graphite tiles for the belt limiter (and RF 
antennae), and postpone until the second half of 1986 the 
choice of the material which would be used first. 

The procurement of beryllium and graphite tiles for the 
belt limiter was initiated. The manufacture of the cooling 
structure of the belt limiter, made good progress with the 
completion and testing of a prototype sector (Fig. 10). 

Containment of Forces During Vertical Instabilities 
When operations resumed in January 1985, the vacuum 
vessel was fitted with additional supports designed to 
contain the large forces acting on the vessel during 
vertical instabilities. Tests showed that the vessel dis
placements during instabilities were effectively reduced 
and damped by the supports. However, these supports 
are only a temporary measure and are not capable of 
restraining safely the vessel at plasma currents in excess 
of 5MA, with highly elongated cross sections. 

The design of a new generation of supports was con
ducted in 1985. These supports will link the main vertical 
parts of the vessel to the magnetic limbs (Fig. 11). 
The interference between the new supports and diag
nostics will necessitate design modifications of some 
diagnostics. 

SKETCH SHOWING ADDITIONAL 
SUPPORTS OF ONE VACUUM VESSEL OCTANT 

(System repeated 8 times for complete Torus) 

VERTICAL P O T ! 

HORIZONTAL PORT 

VERTICAL SUPPORT IMAX 
DESIGN CAPACITY « » T O N S / — 
PER LEG) 1 

VACUUM VESSEL 

EXSISTNG MAGNETIC 
c n c u t T SUPPORTO« 
COMPLETE SYSTEM 

BOTTOM VERTICAL LEG 
ANO INERTIAL BRAKE 
CAPABLE OP WITHSTANDING 
UP TO SOO TONS VERTICAL 
FORCE PER OCTANT 
ATTACHED TO MAGNETIC 
CIRCUIT 

ELECTPACAL NSULATION 

Fig. 11: Final design of the vacuum vessel supports 

Power Supply and Magnet 
Systems 
The main activities on the Power Supply and Magnet 
Systems during 1985, have been in the following areas: 
completion and progress in the installation of new equip
ment, studies and implementation of new projects, main
tenance of operation equipment and in JET Operation. 

Installation and Commissioning 
The 400kV/33kV substation has been extended with 
addition of a third 33kV busbar supplied by a new 
300MVA transformer and a set of 33kV breakers: the 
three independent 33kV busbar systems are now opera
tional. 

The planned targets for the Neutral Injection Power 
Supplies have been achieved: 

• All the equipment required to supply the first 
eight Neutral Injectors (Box l)at 80kV, 60A, 20s 
have been installed, and tested on a dummy load 
up to the full design performance; these include 
the accelerating grid, the gradient grid, the 
suppression grid, the arc, the filament, the NI 
magnet and the snubber power supplies, the SF6 
transmission lines, the active snubbers and the 
SF6 tower. As a consequence, the NI Box 2 is 
now available for JET operation and eight 
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injectors have been simultaneously operated up to 
60kV on the calorimeter plate and will be injected 
into the plasma in early 1986; 

• For NI Box 2 (eight injectors), all the accelerating 
grid power supplies have been commissioned, 
while the auxiliary power supplies are under 
installation, for the transmission lines, the 
snubbers and the tower. 

All the AC/DC power supplies (including auxiliaries) for 
the RF generators have been installed and fully 
commissioned: eight RF antennae can now be supplied. 
Three antennae have been installed in JET and up to 
6MW have been coupled to the plasma. 

Magnet Systems 
During 1985, the toroidal field magnet was used 
routinely at the full design value (3.45T) of the current 
and of the energy dissipated per pulse. For the first time, 
the primary coils of the poloidal system were connected 
in series. This reduced the rate of use of the plasma 
current during the initial phase of the discharge and made 
it possible to utilize the full flux swing capability of the 
machine. Experiments in early 1985 showed that 
operation at full premagnetisation was still unsuccessful. 
The cause of the problem was identified as strong fields 
escaping from the saturated iron core. Experimental 
studies and computer field mapping suggested a number 
of possible remedies which will be evaluated in 1986. 

For the first time in 1985, the poloidal system included 
the shaping circuit, to control independently the 
elongation of the plasma cross-section. This new circuit, 
which includes a part of the poloidal coils Nos. 2 and 3, 
was used successfully and became a permanent feature of 
the plasma control system. 

New Projects 
It has been decided to filter the voltage ripple of all JET 
magnet power supplies. The toroidal field filter has been 
installed and is now operational. However, further 
studies on the poloidal amplifiers are necessary to assess 
the optimum filter design in the various operational 
configurations in which account will be taken of the speed 
of response required for plasma control. 

Orders have been placed for a new set of amplifiers 
(PVFA 5/6) similar in design to the existing plasma shape 
(PVFA 1/2) and plasma radial position control (PVFA 
3/4) amplifiers. These will be used in modifying the JET 
magnetic configuration under consideration. 

Modified design of the poloidal power supply system 
which makes full use of the flux swing have been defined: 
plasma currents up to 7MA with a flat top of several 
seconds and lower currents with longer flat tops, should 
be achievable. Contracts for the ohmic heating circuit 
thyristor-make switches and for the new commutating 
resistors have been placed. Increasing the vertical field 
amplifier voltage will be achieved either by a set of 
booster amplifiers or by additional resistors in the ohmic 
heating (OH) circuit. These modifications will allow the 
use of a relatively high loop voltage during the first 

50-300ms of the current fast rise and afterwards reduce it 
to limit the plasma current derivative during the 
remaining part of the fast rise. 

During the latter half of 1985, further modifications to 
the magnetic configuration have been considered, to 
reduce stray magnetic fields at breakdown and to achieve 
magnetic limiter configurations (X-points) at plasma 
currents up to 4M A. A number of circuits have been 
prepared and the final choice will be made in early 1986. 

Work on conversion of the Neutral Injection Power 
Supplies to 160kV is underway. Preliminary tests were 
performed and final implementation of the scheme has 
been performed on the Testbed, where satisfactory 
control has already been achieved up to 140kV. 

During 1985, a decision was taken to reduce the 
number of planned RF antennae from ten to eight, as the 
same total power delivered to the plasma could be main
tained by replacing the existing 1.5MW RF generator 
tubes with a newly developed 2.0MW tube. As a con
sequence, some design modifications on the existing RF 
AC/DC power supplies have been required. These 
modifications will affect the HV diode stacks, the 
thyristor controller and the output filters. 

In order to correlate the performance of the power 
supplies with the behaviour of the 400kV grid, a 
computerised model has been set up. The predictions of 
the model, in a variety of JET operating conditions, has 
shown good agreement with experimental results. Thus, 
the model has been used to predict the reactive power 
compensation needs for JET, at its ultimate performance. 
Since the overall reactive power requirements are much 
above the maximum level presently allowed 
(375MVAR), preliminary negotiations have started with 
the Central Electricity Generating Board (CEGB), aimed 
at a permissible voltage drop above the present 1.5 %. To 
minimise the size of compensation equipment ultimately 
needed. 

Preliminary consideration has also been given to 
possible needs for active power compensation in the 
event of frequent instantaneous fall of full additional 
heating power (due to plasma disruptions). 

Maintenance and Services 
The maintenance organisation for the power distribution 
systems and for the magnet power supplies has been 
operational at the three planned levels: weekly, quarterly 
and yearly maintenance leading to an effective improve
ment in reliability of equipment. 

A major task during 1985 was the preparation for and, 
during the summer shutdown,the implementation of the 
cabling work in the Basement. This work involved up to 
thirty electricians for a period of about three months, 
leading to the installation and/or re-routing of about 
50km of cables. 

Operation 
Improvement in the operation of the power supplies has 
involved written procedures, level 2 software, and alarm 
handling. CISS has been revised aimed at a biunivocity 
between CISS action and alarms. Towards the end of the 
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year, the fast transient recorders became operational and 
were shown to be essential for the analysis of power 
supply faults. In addition, a power supply acquisition and 
elaboration programme is also available to assess the 
performance and status of the power supplies, after each 
pulse. 

Neutral Beam Heating 
System 
During 1985, the main emphasis has been placed on 
completion of the first injector system which consists of 
8 beam sources, an integrated beamline system for the 
eight beams, and ancillary systems of which the most 
important one is the cryocondensation vacuum pump. 
The system is designed for 10s pulse lengths and, in its 
present configuration, for operation with 80keV hydro
gen or deuterium beams. 

Major progress has also been made in component pro
curement, assembly and installation for the second 
injector. This system is ready for commissioning the 
beam source power supplies and control with pretested 
sources installed at Octant No. 4, as soon as the power 
supplies become available. 

Beam Sources 
The beam sources for the first injector were all modified 
in two major aspects [1]: 

• The plasma source species mix was improved (in 
close co-opertion with EURATOM-UKAEA 
Association, Culham Laboratory. UK). By 
superimposing a long range filter field to the 
original multipole magnetic field, the H + :HiH^ 
ratio in the extracted beams was increased from 
64%:28%:8% to 84%:12%:4%; 

• The 262 beamlets from a beam source are steered 
towards a focus in order to counteract the beamlet 
divergence. The steering is produced by an offset 
of the apertures in the deceleration grid of the 
extraction system. The required offset values 
were experimentally determined at EURATOM-
UKAEA Association, Culham Laboratory, in co
operation with JET, and the offset design values 
were corrected, the apertures of the existing 
deceleration grids were all re-drilled to about 
50% of the original offset. 

In the JET Neutral Injection (NI) Testbed, beam sources 
were operated at 80kV and, 60A for, 15s with hydrogen 
beams. By optical measurements the species mix of 80kV 
41A deuterium beams were determined [2] as D^D^D* 
= 82%:11%:7%. 

Eight pre-tested beam sources were mounted into the 
injector vacuum box at the Tokamak (Fig. 12) and the 
final system of beam sources, power supplies, control 
and data acquisition were commissioned. The beam 
sources were operated simultaneously at 80kV and, 37A 
each for, 0.5s. The pulse length at this stage was limited 
by the capability of a provisional beam dump. 

Fig. 12: First neutral injector installed at the Tokamak, 
showing the eight beam sources and the magnetic-
shielding around the injector box, and in the foreground 
the HV transmission tower for the beam source supplies 

Beamline System 
The central part (Fig. 13) of the beamline system for the 
eight beams consists of a support and water supply (a 
ΙδΟΟπνΊΐ"1) column onto which the deflection magnets, 
full-energy ion dumps, fractional-energy ion dumps and 
a calorimeter are mounted. The deflection magnets have 
water-cooled inner liners, and several fractional-energy 
ion dumps are mounted inside the magnets. The calori
meter, which is capable of catching the eight non-
neutralised long-pulse beams, is a two-gate system 
hinged in the midplane. When it is closed, its back panels 
act as beam scrapers. 

This Central Column consists of four identical quad
rants (Fig. 14), which each handle the beams from two 
sources. During 1985, assembly of the Central Column 
[3] was completed on site, and it was transferred into the 
NI Testbed (Fig. 15). 

Testing of one quadrant [2] was performed using 
-2000 hydrogen and deuterium beam pulses of various 
energies (40 - 80kV) and pulse lengths (^10s). Tempera
tures were measured and power density levels determin
ed from the initial temperature rise and the equilibrium 
temperatures of thermocouples mounted 3mm below the 
surface of the high heat transfer components. Cooling 
water calorimetry was undertaken using thermocouples 
in the water outlets and turbine flowmeters of clamp-on 
ultrasonic flowmeters. 

Beam properties were determined from horizontal 
beam profiles on the Testbed beam dump, 12m from 
source, and it was found that (a) during beam-on time, the 
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Fig. 13: Central Column of the beamline system attached 
to the lid of the injector box, showing the deflection 
magnet at the right, the full-energy ion beam dumps in the 
middle at the top and bottom, and the rear of the 
calorimeter at the left 

Fig. 14: Beam entrance side of the Central Column, 
showing the deflection magnet apertures for the four 
pairs of beams, and at mid height dumps for fractional-
energy ions after a 270° deflection 

beam moves by 0. Io, (b) the full beam (ion plus neutrals) 
showed a constant deflection of 10 — 20mm with respect 
to the neutral beam which was less than that expected due 
to the Earths magnetic field, (c) the beamlet divergence 
deduced from either type of beam was 0.7°. A dis
crepancy was found in the absolute values of the power 
densities derived from the initial temperature rise of the 
thermocouples during the first few 100ms (peak power 

density 5.2kWcm":), which is not yet fully understood. 
With the beamline system in operation, the power 

distribution of the extracted ion beam power was deter
mined. For neutraliser line densities of 2.0 (and 1.2) 
xl016cm_:;, the results are shown in Table III. 

The neutraliser is approximately 130mm χ 180mm in 
cross section and 1.8m in length. Gas is introduced into 
the source at a point halfway along the neutraliser length. 

Fig. 15: Schematic of the Neutral Injection Testbed, part of which (at the left) is a standard injector vacuum box 
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TABLE ΠΙ 
Distribution of Extracted Beam Power 

Hydrogen Beam 

80kV, 4.8MW 

12 (10) % 

65 (70) % 

20 (17) % 

Deuterium Beam 

80kV, 3.2MW 

11 (9) % 

37 (45) % 

47 (45) % 

Lost in source and neutraliser 

To beam dumps and scrapers 

Would go to the plasma (minus reionisation losses in the Torus duct) 

The neutraliser efficiency was determined as a relative 

measurement of the power onto the Testbed beam dump 

with and without beam deflection, and was counter

checked by other measurements. The results were found 

to be independent of the pulse length between Is and 10s. 

The efficiency was calculated from the known species 

mix, published neutralisation crosssections and the line 

density determined from neutraliser pressure profile 

measurements (without beam). Reionisation losses were 

taken into account as determined from the power 

accountability. 

Unexpectedly, agreement between the calculated and 

measured neutralisation efficiencies was only achieved 

by taking half the measured line density for the efficiency 

calculation (Fig. 16). Hence, it was concluded that the 

neutraliser line density during beamon time was only 

half the value measured in the absence of beam. The 

observation has been explained [4] as due to heating of 

the neutraliser gas by the beam. Fig. 17 shows the 

measured pressure increase in the neutraliser during a 

beam pulse as corresponding to a gas temperature 
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Fig. 16: Calculated and measured neutralisation 
efficiencies versus the line density measured in the 
absence of the beam. The discrepancy can be explained 
by beam heating of the neutraliser gas 

increase (the gas being in the transition regime between 

molecular and viscous flow). 

Beam profiles on the fullenergy ion dump have been 

determined from —70 thermocouples. In the nonbend 

plane, a doublehump profile along the dump surface is 

expected for the Vshaped dump and from a diverging 

beam. For 40kV H+ and 80kV D+ beams, this has been 

confirmed by the measurements. However, at higher 

energies and current'densities, discrepancies develop, 

and at 90kV H+ (Fig. 18), the profile is considerably 

wider than calculated and peaked in the apex of the dump. 

A similar profile change has been observed in the beam 

bending plane. No quantitative explanation is yet avail

able for what may be due to space charge effects in the 

deflection magnet. 

In summary, beams from individual sources in 

different positions have been run through the Central 

Column of the beamline system at: 

80kV, 60A, 6s in hydrogen, 

80kV, 42A, 10s in deuterium. 

The unexpected beam profiles on the main ion dump have 

limited the pulse length of hydrogen beams to the given 

value, and 80kV operation is considered marginal. It 

appears that operation of deuterium beams at the given 

parameters has not reached any operational limits of the 

injector system. 

Cryopump System 

The liquid helium (LHe) refrigerator and distribution 

system [5] (Fig. 19) was successfully commissioned, 

produced 300W at 3.8K in its internal calorimeter and 

has now completed — 6000 hours of running time. Other 

cryosystem plant (eg. purifiers), He recovery, LHe 

storage, and LN2 storage and supply all now operate 

routinely. The control of the complete plant is initiated 

and monitored by its programmable controller, which 

also updates CODAS and the central control mimic 

displays with relevant status data. 

During 1985, the most important function of the cryo

plant was to supply routinely the cryopump (Fig.20) of 

Octant No. 8 neutral injector through the 80m long cryo

liquid transfer lines, in which state the system runs 

mostly unattended. It is controlled by LHe and LN2 level 

sensors in the cryopump. When external faults occur, 

such as insufficient vacuum or cooling water flow in the 

injector, it switches off, and restarts automatically when 

such (intermittent) faults have disappeared. When 

CODAS (through which temporarily the cryoliquid level 
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Fig. 17: Pressure at half length of the neutraliser. Tlie 
pressure increase during the beam pulse is consistent 
with increased gas temperature 

signals are transferred to the cryoplant) fails, the system 

switches over to a backup control. 

The main operational parameters are as follows. The 

pump is cooled down and filled with LN2 in about 2 
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Fig. 18: Power density profile on the full-energy ion 
dump for 80kV and 40kV hydrogen beams. The shading 
gives the calculated profiles 

Fig. 19: Cryosupply plant showing the refrigerator cold 
box in the centre, the LHe distribution box on the right 
and the back-up subcooler system at the rear 

hours. Then, it is normally left to radiative pre-cool for 
15 hours, by which time the LHe panels have reached 
160K. Further cool-down and filling from the LHe 
supply takes another 6 hours. This cool-down procedure 
requires less than 10001 of LHe. 

Warming the pump up from operational conditions to 
above freezing of injector cooling water takes about 15 
hours, in the case of a forced regeneration and a warm-up 
enhanced by the presence of — 1 Ombar contact gas in the 
injector box. 
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Fig. 20: Installation of the cyropump into the injector 
vacuum box 

Pump regeneration is required when the quantity of 

condensed H, approaches the explosive mixture limit, in 

case of the occurence of a major air leak and a sudden 

evaporation of the condensate. The pump has been 

regenerated several times without problems. 

Additional activity has been devoted to the cryosystem 

for the future Tritium Recycling System (TRS). A 

cryopump system was laid out and a test rig for TRS 

cyrocomponents was designed, built and commissioned. 

A tritium cryogenic transfer pump with an induction 

heater was designed, built and successfully tested in this 

rig. The rig was then handed over to the JET Tritium 

Group. 

Injector System Tests 

During the 1985 Summer Shutdown, the injector at 

Octant No. 8 was completed by the installation of the 

Central Column (improved by extension tiles to the full

energy ion dumps), and the reinstallation of the 

neutralisers (now with Inconel hoses) and the beam 

sources (with additional electrostatic shields and filament 

stem protection caps). 

The injector was then commissioned, including all 

associated subsystems, in a mode where the neutral 

beams were intercepted by the calorimeter. The beam 

sources were simultaneously operated in hydrogen at 

60kV for pulse lengths up to 10s. No significant 

disturbance of the injector by the Tokamak stray fields 

was observed. The system was ready for injection into 

the Torus. 
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RF Heating System 

1985 was as an exceptional year for the JET ICRF 

heating programme. The main subsystems, which had 

been under construction since early 1983, were 

assembled together for the first time; integrated within 

the JET apparatus and auxiliaries; and operated on the 

plasma. The first operation on JET was a crucial step, 

since it had not been possible to simulate the plasma 

loading. The system had been conceived on the basis of 

theoretical estimates of the antennaplasma coupling and 

could only be tested on the plasma itself. Progress was 

made in the following areas: 

(i) Installation in the torus of two antennae and 

transmission lines early in 1985, followed by a 

third antenna in midyear; 

(ii) Installation and commissioning on dummy loads 

of three RF generator units of 3MW output each; 

(iii) Conditioning of the antennae with RF power and 

the start of operation on the plasma, in March; 

(iv) Achievement of the specified net power coupled 

to the plasma (half generator power) was obtained 

about one month after each unit was brought into 

service; 

(v) The net power and energy coupled to the plasma 

reached 6MW and 15MJ by December. These 

combined values constituted the highest 

performance ever achieved with additional 

heating on Tokamaks; 

(vi) Since May, the availability and reliability of the 

equipment was satisfactory and the experimental 

physics programme was carried out. 

The status of the construction of the ICRF power plant at 

the end of the year, was that three units of 3MW each had 
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Fig. 21: Two of the three prototype (A0) installed in the 
vacuum vessel. The three antennae coupled 6MW of 
power by the end of 1985 and are expected to be used 
during the whole of 1986 

Fig. 22: Photograph of the vacuum transmission line of 
theA¡ antenna and its interface with the antenna. 1.5MW 
of net forward power should be transmitted through this 
reduced section 

been connected to the machine. A total of eight units 

should be installed by the end of 1986 and connected to a 

new water cooled version of the antennae. 

Fig. 21 shows a photograph of two of the three antennae 

installed in one side of the JET vacuum vessel. The 

antennae screens are made of overlapped nickel bars with 

a Τ shaped crosssection. The entire structures are 

protected by frames of carbon tiles, which can act as 

plasma limiters. 

Other technical achievements have been made in the 

preparation for the second phase of the ICRF pro

gramme, which is planned to start in 1987 with eight 

ICRF units each upgraded from 3 to 4MW. The upgrade 

will be achieved by using larger tetrodes (2MW each) in 

the final amplifier and new output circuits. Long pulse 

operation (20s) will require water cooling of the screen 

and forced air cooling of the vacuum transmission lines. 

Many components of the new antenna array have been 

received and testing has started with RF power on the 

Testbed (moved to the JET site from its previous location 

at EURATOMCEA Association, FontenayauxRoses, 

France). Important initial results have been obtained: the 

expected improved performance of the new double 

conical vacuum feedthrough (no voltage breakdown 

above 60kV) has been obtained and voltage standoff 

problems in the pressurized transmission lines have been 

identified. The slow development of long and tenuous 

whiskers in some tin plated parts of the lines gave rise to 

progressive deterioration of the voltage performance. 

Removal of the tin and some modification of the 

insulators led to standoff voltages in excess of 50kV. 

Elements of the vacuum transmission line of the new 

antenna system are illustrated in Fig.22, which shows the 

interface between the coaxial element and an antenna. 

This interface, as well as the antenna itself, can be 

installed remotely with a telemanipulator. 

1985 was a challenging year. 1986 will be devoted 

mainly to operation on the plasma and intensive testing of 

the components necessary for the next phase. 1987 

should be another challenging period involving the 

integration and operation of eight RF units within JET. 

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 mini

computers, allows centralised control and monitoring. 

The various components of JET have been logically 

grouped in subsystems, such as Vacuum, Toroidal Field, 

Poloidal Field, etc. Each subsystem is controlled and 

monitored by one computer and the various computer 

actions are coordinated by supervisory software running 
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on the machine console computer. This supervisory 
function includes the countdown sequences for each 
plasma discharge. A description of CODAS [ l ] , and a 
recent review of its status [2] have been given previously. 

The allocation and configuration of all CODAS 
computers is given in Table IV, while Table V provides 
other quantitative data. 

The main achievements during 1985 are summarised, 
as follows: 

• Introduction of the RF subsystem in the operation 
of JET; 

• Procurement, installation and commissioning of 
the Neutral Beam Injector subsystem at Octant 
No. 8 and preparatory work for the Octant No. 4 
subsystem; 

Preliminary work on the Remote Handling sub
system for the master-slave tests of the articulated 
boom; 
Upgrade and commissioning of the Plasma Fault 
Protection System (PFPS) to include interlocks 
with Neutral Beam injectors in case of low plasma 
current and density and improved user interface; 
Extension of the soft termination network 
facilities; 
Provision of new supervisory software to 
standardise the countdown sequence and provide 
easier subsystem operation in stand alone mode 
for commissioning periods; 
Upgrade of operating system to release J of SIN-
TRAN to benefit from its improved efficiency; 

TABLE IV 
CODAS Computer Configuration at the end of .1985 

Subsystem 

AH* 
AS 
CA* 
CB 
CP 
DA* 
DB* 
DC* 
DD* 
DE* 
DF* 
DG 
EC* 
EL 
GS* 
HL* 
MC* 
PF* 
RB* 
RF* 
RH 
SA* 
SB 
SD 
SS* 
TB* 
TP* 
TR 
TS 
VC* 
YB 
YC 
YD 
YE 

Usage 

NI Additional Heating 
Assembly Database 
Message Switcher A 
Message Switcher Β 
Cable Database 
On-line diagnostic 
On-line diagnostic 
On-line diagnostic 
On-line diagnostic 
Off-line diagnostic 
On-line diagnostic 
Diagnostic Commissioning 
Experiment Console 
Electronic 
General Services 
Harwell Link 
Machine Console 
Poloidal Field 
Radio Frequency Test Bed 
Radio Frequency 
Remote Handling 
Storage & Analysis 
Standby-System/Backup 
Built-in, Pool, Computer dB 
Safety & Access 
NI Test Bed 
Toroidal Field 
Tritium 
Test 
Vaccum 
Integration 
CODAS Commissioning/NIB-C 
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 
ND100 
ND560 
ND100 
Compact 
ND100 
ND530 
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 
1.5 
1.5 
1.5 
3.0 
1.5 
0.75 
1.5 
3.0 
1.5 
1.5 
1.5 
2.0 
3.0 
1.5 
5.0 
5.0 

Disks 
(MByte) 

1x75 
1x45 
1x75 
1x75 
1x75 1x288 
2x75 
1x75 1x288 
2x75 
2x75 
2x75 
2x75 
2x75 
1X75 1x288 
1x75 
1x75 
1X75 1X108 
1x75 
1X75 
1X75 
1X75 
1X75 
1X75 1x288 
2 x 7 5 2 x 1 0 1x288 
1x45 
1X75 
2X75 
1x75 
1x75 1x28 
1x75 
1x75 
2x75 
1x75 
1x75 1x28 
2x75 

indicates on-line computers. 

21 



Technical Achievement During 1985 

TABLE V 
Quantitative Information on CODAS Installation at 

end of 1985 

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 

113 

187 

2,953 

5,739 

151 

22 

20 

14 

6.6MB 

15 

8 

• Substantial improvements were made on the 
following packages: 
(i) Alarm handling; 
(ii) Waveform generation and selection; 
(iii) Flywheel generator converter, static units, 

circuit breakers support software; 
(iv) Gas introduction 

(v) Cryo-system and Helium plant monitoring 
and control; 

(vi) Access control. 
Continuous development of automated pro
cedures to relieve the operation team from tedious 
tasks and to implement sequences which have 
been tried and tested by the operation team. 
Study of data throughput improvements and, as a 
first phase, installation and Commissioning of a 
Hyperchannel link between Harwell and JET; 
Complete revision and recommissioning of all 
existing CISS PLC's and addition of PLC's for 
Neutral Beam, Neutral Beam Testbed, RF and a 
second supervisor; 
Design, commissioning and installation of a serial 
link between the CISS PLCs and CODAS 
computers to improve fault condition diagnostics; 
Design, manufacture, installation and com
missioning of 15 CODAS interface cubicles; 
Installation of 800 additional transient recorder 
channels to investigate transient and fault 
conditions; 
Development of a coherent set of user friendly 
hardware test programs; 
Re-configuration of the physics terminal room to 
match operation requirements; 
Release to users of the cable management data 
base which contained 800,000 records by the end 
of 1985; 

TABLE VI 
Review of CODAS Electronics Stock Holding 

(Installed, Pre-procurement and Spares) 

1. CAMAC system modules 
2. CAMAC digital I/O modules 
3. Timing system (CAMAC & Eurocard) 
4. CAMAC analogue I/O modules 
5. CAMAC display modules 
6. CAMAC Auxiliary controllers 
7. CAMAC powered crates 
8. U-port-adaptor 
9. CISS modules 

10. CCTV 
11. Cubicle frames 
12. Console devices (not CAMAC) 
13. Power supply modules 
14. Intercom, Public Address, Computer terminal network 
15. Pool 
16. Analogue I/O in Eurocard 
17. Digital I/O in Eurocard 
18. Eurocard sub-racks 

End 85 
705 
662 
910 
803 
265 
110 
187 
140 
753 
582 
223 
344 

1,350 
397 
818 

1,816 
3,923 
744 

End 84 
629 
581 
698 
629 
255 
75 
187 
119 
619 
440 
123 
313 
884 
202 
705 

1,674 
3,257 
705 

14,732 12,171 
Increase 2,561 21% 
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TABLE VII 
Status of JET Diagnostic Systems 

Diagnostic 
System 

KBl 

KCl 

KEI 

KE3 

KGl 

KG2 

KG3 

KHI 

KH2 

KJt 

KK1 

KK2 

KLI 

KMI 

KM3 

KM4 

KM2 

KM5 

KNl 

KN2 

KN3 

KN4 

KP1 

KR1 

KS1 

KS2 

KS3 

KS4 

KT I 

KT2 

KT3 

KT4 

KX1 

KYI 

KY2 

KY3 

KZI 

Diagnostic 

Bolometer Scan 

Magnetic Diagnostics 

Single Point 
Thomson Scattering 

Lidar Thomson 
Scattering 

Multichannel Far 
Infrared Interferometer 
and Polarimeter 

Single Channel 
Microwave 

Microwave 
Reflectometer 

Hard Xray Monitors 

Xray Pulse Height 
Spectrometer 

Soft Xray Diode Arrays 

Electron Cyclotron 
Emission Spatial Scan 

Electron Cyclotron 
Emission Fast System 

Limiter Surface 
Temperature 

2.4 MeV Neutron 
Spectrometer 

2.4MeV TimeofFlight 
Neutron Spectrometer 

2.4MeV Spherical 
Ionisation Chamber 

14MeV Neutron 
Spectrometer 

14MeV Neutron 
Spectrometer 

Time Resolved Neutron 
Yield Monitor 

Neutron Activation 

Neutron Yield Profile 
Measuring System 

Delayed Neutron Activation 

Fusion Product 
Detectors 

Neutral Particle 
Analyser Array 

Active Phase 
Spectroscopy 

Spatial Scan Xray 
Crystal Spectroscopy 

Ηalpha and Visible 
Light Monitors 

Active Beam Diagnostics 
(using heating beam) 

VUV Spectroscopy 
Spatial Scan 

VUV Broadband 
Spectroscopy 

Visible Spectroscopy 

Grazing Incidence 
Spectroscopy 

High Resolution Xray 
Crystal Spectroscopy 

Surface Analysis Station 

Surface Probe Fast 
Transfer System 

Plasma Boundary 
Probe 

Pellet Injector Diagnostic 

Purpose 

Time and space resolved total 
radiated power 

Plasma current, loop volts, plasma 
position, shape of flux surfaces 

7" and n, at one point several times 

Τ and n, profiles 

(1) jrtrds on 7 vertical chord and 3 
horizontal chords 

(2) }nfBpds on 6 vertical channels 

jn»(r)ds on 1 vertical and 3 horizontal 
chords in low density plasmas (<10 i am" 3) 

n, profiles and flucutations 

Runaway electrons and disruptions 

Plasma purity monitor and 
T, on axis 

MHD instabilities and 
location of rational surfaces 

Tt (r,t) with scan time of a 
few milliseconds 

7', (r,t) on microsecond time scale 

(i) Monitor of hot spots on limiter 
and RF antennae 

{ii) Temperature of wall and 
limiter surface 

Neutron spectra in DD discharges, 
ion temperatures and energy distributions 

Neutron spectra in DT discharges, 
ion temperatures and energy distributions 

Time resolved neutron 
flux 

Absolute fluxes of neutrons 

Space and time resolved 
profile of neutron flux 

Absolute fluxes of neutrons 

Charged particle produced by 
fusion reactions 

Profiles of ion temperature 

impurity behaviour in 
active conditions 

Space and time resolved 
impurity density profiles 

Ionisation rate, /,.... 
Impurity fluxes 

Fully ionized light impurity concentration 
Ti(r) rotation velocities 

Time and space resolved 
impuritiy densities 

Impurity survey 

Impurity fluxes from wall and limiters 

Impurity survey 

Ion temperature by line 
broadening 

Plasma wall and limiter interations 
including release of hydrogen 
isotope recylcing 

Vertical probe drives for electrical and sur 
face collecting probes 

Particle transport, fueling 

Association 

IPP Garching 

JET 

Risø 

JET and Stuttgart 
University 

CEA Fontenayaux
Roses 

JET and FOM 
Rijnhuizen 
JET 

JET 

JET 

JET 

IPP Garching 

NPL, Culham Lab. 
and JET 

FOM, Rijnhuizen 

JET and KFA 
Jülich 

UKAEA Harwell 

NEBESD, Studsvik 

KFA Jülich 

UKAEA Harwell 

NEBESD, Gothenberg 

UKAEA Harwell 

UKAEA Harwell 

UKAEA Harwell 

Mol 

JET 

ENEA Frascati 

IPP Garching 

IPP Garching 

JET 

JET 

CEA Fontenayaux
Roses 

UKAEA Culham Lab. 

JET 

UKAEA Culham Lab. 

ENEA Frascati 

IPP Garching 

UKAEA Culham Lab. 

JET 
UKAEA Culham Lab. 
IPP Garching 

Status 
Dec. 1985 

Operational 

(1) Operational 
(2) Enhanacement 

Operational 

Construction 

(1) Operational 

(2) Under construction 

2 mm Operational 
Extension to 1mm 

(1) Prototype 
system operating 
(2) Multichannel 
system being designed 

Operational 

Installed 

Operational 

Operational 

Operational 

Operational 

Development 

Construction 
proceeding 

Commissioning 

Commissioning 

Design completed 

Decision on construc
tion under review 

Operational 

Installation 

Construction 
proceeding 

Awaiting delivery 

Prototype operational 
Upgrade 

Operational 

Under construction 

Under construction 

Operational 
Poloidal Scan 

Provisional system 
Under construction 

Operational 

Operational 

Operational 

Under construction 

Installed 

Commissioning 

Commissioning 

Both units installed 

IPP Garching ι Partly installed 

Date of 
Operation 

in JET 

Mid 1983 partly 
Early 1984 fully 

Mid 1983 
Late 1985 

Mid 1984 

Early 1987 

Mid 1984 partly 
Early 1985 fully 
Early 1987 

Mid 1983 
Not proceeding 

Mid 1983 

Mid 1987 

Mid 1983 

Early 1986 

End 1985 

Late 1985 

Early 1985 

Mid 1984 

1986 

1986 

1986 

1986 

Mid 1983 

1986 

1986 

1986 

1985 
1986 

Mid 1984 partly 
End 1985 fully 

Mid 19S6 

Early 1986 

Early 1983 
Early 1986 

Early 1986 
Early 1987 

Mid 1985 

Early 1984 

Mid 1983 

Early 1986 

Early 1986 

Mid 1986 

Mid 1986 

Mid 198486 

Early 1986 

23 



Technical Achievement During 1985 

• Work started on the IBM to investigate response 
time problems, install a JET compatible version 
of PLOT-10 to improve software compatibility 
and to allow connection of Westward terminals 
through a 7171 interface unit. 

One of the activities of 1985 which should be empha
sised was the participation in the overall improvement of 
reliability and machine-safety; some aspects have been 
previously presented [3], [4]. The overall availability of 
CODAS during operation time was close to 95%, 
showing a high level of reliability of the considerable 
amount of hardware. The breakdown of electronics 
modules is shown in Table VI, which compares the end of 
1984 and 1985 figures. 
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Diagnostic Systems 
The status of JET's diagnostic systems at the end of 1985 
is summarised in Table VII and their general layout in the 
machine is shown in Fig.23. Almost all of the diagnostic 
systems started during the Construction Phase are now 
operating and the few still under construction are those 
which were started later. Further details of the main 
systems are given below: 

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. 
Software has now been implemented to carry out an 
automatic self-consistency check on the data after each 
discharge to check for errors and to validate the data. 
This is working well. The data acquisition system was 
extended during the year to give additional channels and 
longer time windows for fluctuation studies. 

The diagmagnetic loops have been commissioned and 
now provides measurements of the plasma energy 
content consistent with other measurements. This should 
become a routine measurement during 1986. 

of the electron cyclotron frequency is received by an 
array of ten antennae which view the plasma along 
different chords in the poloidal plane. The radiation is 
transmitted via the Basement to the Diagnostic Hall, 
where it is analysed by three types of instrument. A 
mixture of Michelson and Fabry-Perot interferometers 
are used to measure the spatial profile of electron 
temperature. Each instrument is connected to one of the 
antennae and can be scanned in a time of 10ms to measure 
the temperature profile along that particular plasma 
chord. By combining results from several chords a two 
dimensional map of the temperature can be constructed. 
During 1985, this system has been carefully re-calibrated 
to within an absolute accuracy of —10%. 

The Fabry-Perot interferometers can also be operated 
in a fixed frequency mode to measure fluctuations in 
temperature on a much faster time scale at a selected 
point in the plasma. Temperature fluctuations are also 
measured using the Multichannel ECE Polychromator 
which can measure the temperature at twelve pre
selected points along a single chord, with a similar time 
resolution to that of the Fabry-Perot. These instruments 
have been used to study the development and collapse of 
the internal disruption at the plasma centre — the so-
called 'sawtooth' oscillations. During the current rise 
phase in JET and for discharges with a relatively high 
value of the safety factor q, these discharges are similar 
in character to those seen in smaller tokamaks. The main 
feature is that the sawtooth collapse seems to be triggered 
by a growing precursor oscillation. However, at lower 
values of q and during the current plateau, the precursor 
disappears and the sawtooth collapse occurs 
spontaneously without warning. 

The ECE Polychromator has also been used exten
sively to observe the outwards propagation of the heat 
pulse following the sawtooth collapse to determine the 
local value of thermal diffusivity. 

Thomson Scattering 
The Thomson Scattering diagnostic has worked routinely 
throughout the year.There is generally good agreement 
between the Thomson Scattering and ECE diagnostics, 
but careful analysis of the data has shown that the 
agreement is not as good as would be expected 
statisically. This disagreement has only become apparent 
because of the extremely high accuracy of the absolute 
calibration of the ECE systems in JET. It has now been 
established that there is a systematic problem of 
chromatic abberation in the Thomson Scattering optics 
and this is being rectified. 

Construction has started on the new LIDAR Thomson 
Scattering System which will use an extremely short 
pulsed laser to measure the spatial profile of electron 
temperature by time-of-flight technique. Contracts have 
now been placed for most of the items of equipment and 
it is planned to install this new system during the 
shutdown at the end of 1986. 

Electron Cyclotron Emission Measurements 
Radiation emitted from the JET plasma at low harmonics 

Microwave Measurements 
The microwave interferometer has continued in routine 
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Location of J.E.T. Diagnostic Systems 

Neutron Activation System 

Neutron Yield Profile 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 
Analyser 

Surface Probe 
Fast Transfer System 

Bolometer Camera 

Soft X-Ray 
Diode Array 

Neutron Yield Profile 
Measuring System 

Interferometer 

,. í¿% ** Electron Cyclotron 
- a / * / * ' Spatial Scan 

High Resolution X-Ray 
Crystal Spectrometer 

2mm Microwave 
Interferometer 

Fig. 23: General layout of diagnostics in the machine 

operation for measurements of the line-of-sight density 
and plasma control purposes. A new microwave re-
flectometer system has been designed and construction 
started. The system will have twelve discrete wavelength 
channels and will be optimised to provide density profile 
data near the edge of the plasma where data from the FIR 
interferometer is sparse. The reflectometer can also be 
used to monitor localised density fluctuations. 

Neutron Flux Measurements 
Measurements of the total neutron yield using 235U and 
2Î8U fission chambers have continued to be made 
routinely. For discharges in deuterium this now gives a 
direct measurement of the fusion yield from which the 
ion temperature can be deduced. The detectors have been 
absolutely calibrated by means of a neutron source inside 
the JET vacuum vessel during a shutdown. 

Construction has continued on the Neutron Yield 
Profile Diagnostic and the Neutron Activation System 
and both systems are now scheduled for installation 
during 1986. 

Neutron Spectrometry 
First measurements of neutron spectra in JET have been 
obtained using a 3He ionisation chamber in the roof 
laboratory. The penetration in the roof acts as a colli
mator. Results are in good agreement with other 
measurements of the ion temperature and when taken 
simultaneously with the total neutron yield, permit a 
determination of the deuteron density in the core of the 
JET plasma. Typical values are nd/nc— 0.5. 

The Time-of-Flight Neutron Spectrometer also located 
in the roof laboratory, has been installed and partly 
commissioned. Full operation is planned for 1986. 
Construction on the 2.4 MeV spectrometer collimator 
and shield for inside the Torus Hall has continued. 
Installation is planned for mid-1986. 

Fusion Products 
First measurements of charged fusion products in JET 
have been obtained with a prototype detector mounted 
inside the vacuum vessel. These data have given 
interesting results on the confinement of energetic 
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particles and have helped to further the design of more 
sophisticated diagnostics. 

Plasma Boundary Probes 
Measurements of the plasma temperature, density and 
heat flux in the region outside the limiter have been made 
with electrical direct reading probes introduced into the 
edge of the plasma by a vertical probe drive. These data 
are important in developing models of the plasma 
boundary layer. 

Limiter Diagnostics 
Measurements of the plasma limiter interactions using -
infra-red cameras have continued, and similar measure
ments have been extended to the R.F. antennae. The 
threshold temperature of these cameras is ~ 700CC and 
when the limiter surface temperature exceeds this value, 
it is possible to estimate the power flux to the limiter 
surface. A new more sensitive type of camera is being 
developed to extend the range to lower temperatures. 

Plasma Wall Interactions 
Construction and installation of the systems to expose 
surface collecting probes to the plasma and retrieve the 
samples for surface analysis has continued with the 
system scheduled for operation in mid 1986. 

Samples have also been exposed on the walls of the 
vacuum vessel for longer periods and removed for 
analysis at scheduled maintenance periods. These 
together with samples taken from the limiters provide 
valuable data for understanding the migration of 
impurities from the walls onto the limiter and the 
processes by which these impurities enter the plasma. 

Hard X-Ray Monitors 
A measure of the Bremmstrahlung intensity (total power) 
is monitored with a set of simple detectors mounted on 
the vertical limbs of the transformer and the walls of the 
Torus Hall. This provides information on interaction of 
runaway electrons with walls and limiters in the torus. 

H Monitors 
a 

Absolute values of the Ha light emitted from the plasma 
at nine points around the Torus is measured. The 
collected light is transmitted via optical fibres to the 
Diagnostic Wing where it is analysed by means of filters 
or spectrometers and detected by photomultipliers. 

The system has been in operation since June 1983. It 
provides measurements of the particle confinement time 
and gives information on the effective ion charge (Zcff) 
of the plasma. The system will be supplemented by a 
poloidal scan of the light emission to yield spatial profiles 
of the ionisation rate and of Ζ „. 

eft 

Visible Spectroscopy 
Some of the optical fibres of the Hamonitors are 
equipped with visible spectrometers lent to JET under a 
Task Agreement with EURATOM UKAEA Association, 
Culham Laboratory, U.K.. In addition, a spectrometer 
closely coupled to the Torus is installed for limiter 

observation. In this way, a consistent picture is obtained 
about the influx of impurities from various sources such 
as walls, limiters and antennae. 

Active Beam Diagnostics 
Particles in the neutral beams used for heating can 
undergo charge exchange reactions with plasma ions, 
resulting in the emission of radiation due to recombin
ation. Analysis of the radiation, which is emitted over the 
complete visible spectrum, allows measurements to be 
made of the impurity concentrations of helium, carbon 
and oxygen as well as ion temperatures, flow velocities 
during neutral injection and helium minority tempera
tures during RF heating. The source of radiation is 
defined by the intersection of the viewing lines and the 
trajectory of the neutral beam, thus enabling local 
measurements to be made. One or more of the neutral 
beams will be modulated to improve the signal to noise 
ratio. 

A provisional system has been installed which utilises 
some of the Homonitors. Light is transmitted from two 
optical viewing heads along optical fibres to the Diag
nostic Hall for analysis. The final system, capable of 
carrying out a complete radial scan, is under construction 
and will become operational after the shutdown at the end 
of 1986. Consideration is being given to the deployment 
of a low power diagnostic neutral beam for these 
measurements. 

Vacuum Ultraviolet Spectrometry 
Vacuum ultraviolet spectrometry covers the spectral 
range between 1 and 200nm allowing the study of light 
emission from impurities exposed to temperatures below 
IkeV. A single channel broadband spectrometer cover
ing the wavelength range 12 to 170nm has a micro-
channel plate detector and is being used for time-resolved 
line identification and impurity monitoring studies. This 
spectrometer has been operational since May 1984. Most 
of the information on impurity concentrations in JET is 
based on the results of this instrument. It will be com
plemented by a grazing-incidence spectrometer covering 
the wavelength range between 1 and 30nm, which also 
has survey capability using the same detector. It is aimed 
particularly at the resonance lines of light impurities. 

A spectrometer system supplied by EURATOM CEA 
Association Fontenay-aux-Roses, France and success
fully operated on TFR, is being used to obtain spatial 
impurity ion profiles. The spectral scan is obtained by 
viewing the plasma through a rotating mirror with a gold 
plated face and used in near grazing incidence. A spatial 
scan takes 3ms to complete and is repeatable every 20ms. 
The three mirrors, scanning different portions of the 
plasma cross-section, are synchronised to rotate together 
and can be stopped to obtain continuous time resolution at 
fixed chords. The two horizontal channels of the system 
are operational and provided first results in 1985. 

X-Ray Spectroscopy 
During additional heating the portion of the plasma, 
whose temperature can be measured by vacuum ultra-
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violet spectroscopy, is shifted to the outer regions. 
Shorter wavelength instruments are needed to view the 
highly stripped impurities in the centre of the discharge. 
Work is in progress at EURATOM-IPP Association, 
Garching, F.R.G., on a spatial scanning X-ray crystal 
spectrometer which will operate at shorter wavelengths 
(0.1-2.4nm). It is scheduled for installation early in 
1986. This instrument will use two crystals which must 
be rotated and translated synchronously to carry out a 
wavelength scan. To obtain a spatial scan with this 
spectrometer system, it will be necessary to locate it close 
to the torus. This means that it cannot be used for 
deuterium-tritium plasmas with high radiation fluxes. 

An active phase spectroscopy system is being de
signed, which will allow impurity spectroscopy measure
ments to be continued under active conditions.This will 
also be based upon a two crystal spectrometer, though the 
crystals will now be located outside the Torus Hall and 
will view the plasma through a vacuum pipe passing 
though a small hole in the shielding wall. The two 
crystals and the detector will be separated by a neutron 
shielding labyrinth allowing the detector to be located in 
a region of a low neutron flux. This system is schedule to 
be operational in 1986. 

High Resolution Spectroscopy 
High Resolution Spectroscopy also provides a valuable 
method of determining plasma ion temperatures by 
measuring the spectral width of selected impurity lines. 
A group at EURATOM-ENEN Association, Frascati, 
Italy has built a high resolution crystal spectrometer for 
JET which will have both the crystal and the detector 
placed outside the Torus Hall behind the neutron shield
ing wall. The system has been installed and will be 
operational early in 1986. 

Soft X-Ray Pulse Height Analysis; 
The measurements of the soft X-ray spectrum using a 
cooled Si(Li) detector is used to obtain estimates of Zeff, 
the electron temperature T., and to measure deviations 
from a Maxwellian distribution of the electrons. A first 
provisional system was operational in August 1984. The 
full system has now been installed and will become 
operational early in 1986. 

Soft X-Ray Diode Arrays 
The Soft X-Ray Diode Array is used mainly for investi
gating MHD and other plasma fluctuations and to locate 
the magnetic surfaces with rational values of the safety 
factor q. It can also be used to measure the radial radia
tion profile, with a coarse spectral resolution, by 
applying a filter technique. The system built by 
EURATOM-IPP Association, Garching F.R.G. consists 
of two X-ray imaging cameras, which view the same 
toroidal cross-section of JET in orthogonal directions 
(one mounted on a vertical port and one on a horizontal 
port). 

The provisional system installed in 1983 has now been 
replaced by the full system. It has already delivered 
extremely important results on the stability of the plasma 

core during RF heating. The high time resolution of the 
detectors allows the development of the periodic saw
tooth instability to be followed in detail. 

The most serious restriction on this diagnostic arises 
from the sensitivity of the detectors to neutron and 
gamma radiation. Massive shielding will be required to 
allow the system to operate in deuterium plasmas with 
high power heating. However, this system will not be 
able to operate in deuterium-tritium plasmas, because of 
radiation induced signals and detector damage. The 
search will continue for detectors which are less sensitive 
to radiation and, therefore, which might be used in the 
future to extend the range of operation of this system. 

Bolometry 
The bolometers allows time and space resolved measure
ments of the total plasma radiation losses. This diagnostic 
uses multichannel arrays of bolometers to view the JET 
plasma in orthogonal directions through vertical and 
horizontal ports. The system was built by EURATOM-
IPP Association, Garching, F.R.G.. 

Total radiation losses and spatially resolved radiation 
profiles have been obtained and used as input for the 
evaluation of the energy balance. The total radiation 
losses vary typically between 40 and 80% of the input 
power depending on vessel conditions and density. This 
holds for both ohmic and radio frequency heating. At 
higher densities, the profiles are generally hollow. They 
are, however, difficult to assess as the proximity of the 
antennae leads to a local enhancement of radiation, which 
perturbs the symmetry of the profiles. 

Interferometry 
Density is one of the fundamental parameters of the 
plasma and its measurement has to be made reliably for 
every pulse. The main system used is a multichannel far-
infrared interferometer built by EURATOM-CEA 
Association, Fontenay-aux-Roses, France. It uses a 
deuterium cyanide laser with the beams transmitted 
through crystal quartz windows in the vacuum vessel 
wall. The optical components for the interferometer are 
mounted on a single large C-frame which is mechanically 
decoupled from the JET machine to minimise vibrations. 

The interferometer is fully operational including the 
compensating interferometer for correcting movements 
of the mirrors mounted inside the torus. Due to carbonis
ation, these mirrors lose reflectivity and a change of 
wavelength for the compensating interferometer must be 
considered. 

Polarimetry 
The interferometer can also be used to measure Faraday 
rotation caused by the poloidal field, if the rotation of the 
polarisation direction is recorded. In this way it is 
possible to obtain information on the current density 
profile. These measurements should make it possible to 
determine the central current density within ±10% 
accuracy. A contract with EURATOM-CEA Associa
tion, Fontenay-aux-Roses, France has been agreed to 
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carry out the necessary modifications on the existing 
interferometer. 

Reflectometry 
In the reflectometer, the microwave beam is reflected 
from a critical density layer within the plasma. A proto
type system has been tested and developed using one of 
the ECE waveguides. It has been given some useful data 
on density profiles and a more comprehensive system is 
now being designed. 

Neutral Particle Analysis 
The Neutral Particle Analysis System, constructed for 
JET at the EURATOM-ENEA Association, Frascati, 
Italy, consists of an array of five separate analysers 
arranged to view different chords in a vertical section of 
JET, and is now operational. It provides routine 
measurements of the ion temperature and of the ratio of 
hydrogen to deuterium in the plasma as well as ion 
temperature profiles of the central plasma. Due to its 
toroidal scanning capability, it should be possible to 
study the slowing down of the injected neutral beam 
particles. 

Diagnostic Pellet Launcher 
The hydrogen/deuterium pellet injector, developed by 
EURATOM-IPP Association, Garching, F.R.G., is 
nearly complete, including the work on the JET 
interface. Preparations are underway for installation of 
the equipment early in 1986. The planned pellet injector 
from US DoE, Oak Ridge National Laboratory (ORNL), 
U.S.A. would intrude on the space presently used by the 
diagnostic pellet launcher. Therefore it is intended to 
install both injectors on the same neutral injector box 
which will be used as a common cryopump. 

The pellet injector is of the pneumatic type. The pellet 
is accelerated over a path of up to 80cm by application of 
room temperature pressurised hydrogen or helium gas 
behind the solid hydrogen or deuterium pellet. Cylin
drical pellets with diameters of 2.6mm, 3.6mm and 
4.6mm will be obtained at velocities between 1200m/s 
and 1500m/s. The pellets contain sufficient atoms to 
produce a 10 to 100% increase in the particle content of 
JET at the plasma densities and volumes expected during 
1986. 

The pellet injector will expand the scope of studies of 
particle transport, confinement and recycling of the host 
species and also impurities (using neon doped hydrogen/ 
deuterium pellets). It will also facilitate the tailoring of 
the plasma density profile to optimise heating and also 
provide empirical data to arrive at a specification of a 
pellet refuelling device for JET. 

Remote Handling 
Progress has been made in specifying, acquiring and 
commissioning major items of remote handling equip
ment. 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 1985, considerable effort was 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 plasma, which will 
require that all work on the JET machine is performed by 
remote control from outside the Torus Hall, is now pre
dicted for mid-1991. Until this time, increasing back
ground radiation, the generation of slightly activated dust 
and the use of beryllium will necessitate special equip
ment and methods for gaining access and carrying out 
hands-on work safely inside the torus. 

Transporters 
The articulated boom, which is the principal in-vessel 
transporter, was commissioned early in 1985. In June, it 
was used successfully to remove a number of nickel 
limiters and to fit A0 type RF antennae. These operations 
are shown in Figs. 24 and 25. A three-axis extension to 
the boom, to provide pan, tilt and roll motions of the end 
effectors was also procured and commissioned. Success
ful working of the complete chain of machines for in-
vessel maintenance was demonstrated. These comprised 
the boom, extension, servomanipulator and some of the 
special tools which the servomanipulator will handle, as 
shown in Fig.26. An additional joint, which can be added 
to the boom to extend its reach to cover the whole torus 

Fig. 24: Articulated boom in use for hands-on removal of 
limiters 
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fcsi. 1 

F/g. 25: Articulated boom in use for fitting A0 type Fig. 27: Support Vehicle 
antennae 

"W? 

F/'g. 26: Chain of machines for in-vessel remote 
maintenance 

from a single port, was designed and ordered. The load 
capacity with this "boom addition" will be 350kg 
(compared with the 1 tonne capacity without it when the 
boom can reach only half of the torus from one port). 

A concept and feasibility study was made of a vertical 
telescopic arm with a telescopic horizontal boom to be 
carried on the main crane crab and used to carry mani
pulators, end effectors and tools to locations on the 
machine outside the torus. Work on this transporter is 
continuing. 

A turret truck to lift manipulators, end effectors and 
components for attachment to the boom was procured 
during 1985 and used in June. A roving support vehicles 
was delivered late in 1985, as shown in Fig.27. This is 

driven from batteries, is radio-controlled and carries a 
simple manipulator and TV cameras. 

Servomanipulators and End Effectors 
The relationship of articulated boom, end effectors, 
manipulators and tools is shown in Fig.28. The old 
Mascot servomanipulator used during recent years for 
feasibility tests has been reduced in size and refurbished 
to a high standard. It was mounted on the boom and 
inserted into the torus during the Summer Shutdown (see 
Fig.29). Two new models are under construction for 
delivery in September 1986, which will have micro
processor control and serial links providing computer-
aided operation modes such as teach-and-repeat. 

A specially designed gripper, mounted on the boom, 
was used to install the Ao RF antennae, in June, and a 
special tool for connecting the A0 antennae to their trans
mission lines was also manufactured and used. Grippers 
for the belt limiters and for the shield and housing of the 
new A, type antennae, to be fitted in the vessel at the end 
of 1986, were designed and a call for tender was issued. 

Tools 
Considerable effort was devoted to defining and design
ing special tools, which will initially be used in hands-on 
operation for defined shutdown tasks and later will be 
capable of fully remote deployment and operation. 
Examples of such tasks are the installation of the belt 
limiters and RF antennae and replacement of all vacuum 
vessel windows at the end of 1986. As part of this 
strategy, a detailed specification was written for a power 
pack to act as a source and strike the arc of a welding head 
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F/g. 28: Articulated Boom and End Effectors 

connected by 100m of cable. Two units will be procured 

during 1986. 

Experimental versions of the selfpropelled lip

welding and cutting machines were used in the June and 

December Shutdowns to cut and reweld the horizontal 

port flanges connecting the neutral injector boxes to 

the vacuum vessel. The welding machine has been 

developed so that it can now follow round flange corners 

with a radius of 60mm. Parts have been ordered to 

construct three prototypes. The cutting machine is being 

developed, similarly. 

Fig. 29: Mascot servomanipulator on articulated boom 
inside torus 

Television 

TV cameras and motorised arms to position them in the 

working area of the manipulator have been specified and 

ordered. The arms will be carried on the last segment of 

the boom extension. In February, the invessel inspection 

system was used to scan the inside of the vessel. The 

pictures were acceptable and showed detail down to 

2mm. However, the inside of the vessel was dark because 

of the graphite tiles and carbonisation. This has been 

overcome by a device which allows the illumination 

integration of a number of successive flashes. 

Remote Handling Controls 

The control system will link realtime local control units 

(LCUs) with general purpose workstations for all equip

ment except the servomanipulators, which have their 

own dedicated workstations. A conceptual design of a 

generalpurpose workstation has been finalised and is 

shown in Fig. 30. Construction has started of a prototype, 

which will be used at the end of 1986. The LCU to 

operate the boom and its end effectors and manipulators 

will be a combination of direct camera views and a 

computergenerated perspective graphical display. 

The application of graphical display is being developed 

by JET and by personnel assigned to JET from KFK, 

Karlsrhue, FRG. 
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Fig. 30: General Purpose Remote Handling Work-Station 

The two special servomanipulator workstations will 
each control the manipulator arms; four independent 
cameras on articulated arms carried by the boom 
extension and the manipulator body; the boom extension; 
the end effectors; and all the remote handling tools. A 
concept design of this workstation, taking into account 
the technical and ergonomie requirements and based on a 
range of remote handling tasks, is being developed by 
EURATOM-CEA Association, Saclay, France, under an 
Article 14 Contract. 

One programmable controller will control the remote 
welding power sources and the machines carrying the 
welding heads and a second one will control the remote 
cutters. The articulated boom has been used so far with a 
manual push-button controller, but control by a 1/5 scale 
master, with corresponding joints linked by closed servo 
loops, has also been developed. These controls can be 
seen in Fig.26. 

Active and Toxic Component Handling 
During 1985, a design was completed and an order 
placed for delivery in July 1986 of a "torus access cabin" 
(TAC) through which workers can enter the torus in air
line suits, while it is contaminated with beryillium dust or 
lightly activated dust. The cabin, shown in Fig.31, will 
seal onto a vacuum vessel port and will contain showers, 
changing facilities and all the necessary services and 
monitoring systems. It will have a work room through 
which components can pass and be decontaminated. 

Tritium Handling 
During 1985, design work and studies have been under
taken mainly in the areas of system design, design, 
manufacture and performance testing of prototype com
ponents, materials behaviour over wide temperature 
ranges, safety, tritium supply and waste disposal. A 
detailed cost evaluation has also been made. 

System Design 
The conceptual design of various process subsystems, 
such as cyrogenic gas handling and purification, storage, 
gas-chromatography and the tritium make-up and dis
posal system, has been developed to a level which allows 
the start of mechanical design. 

The design philosophy has been adopted of containing 
any primary process equipment holding significant 
tritium inventories of unacceptable release potential, in 
leak tight secondary containment vessels operating under 
full vacuum but pressure designed to withstand any 
failure of primary equipment, such as the warming of 
cyrogenic fluids. Primary equipment will be rigorously 
leak tested with helium at 200°C. All flange and weld 
joints will be accessible to allow testing and repairs. 
When in service the equipment and containment vessels 
will be bakeable at 200°C under vacuum to remove the 
bulk contamination, otherwise released during repair 
work. Gases removed from the vacuum vessels will be 
processed in a small clean-up system. 
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Fig. 31: Torus Access Cabin 

Cost Evaluation 
A cost evaluation was based on detailed flow diagrams, a 
preliminary mechanical layout, estimated costs of the 
cryogenic primary components and the costs of orthodox 
equipment. The total of 15-20 MECU (1985 values) is 
expected to be made up in the major proportions of vessel 
and box structures 27%, process instrumentation 24%, 
vacuum system and link to the torus 12 %, process valves 
12%, civil engineering 6% and radiological protection 
and transport equipment 4%. 

Component Design and Testing 
A number of prototype process components have been 
designed and are being tested. First results confirm the 
feasibility of the engineering approach, particularly in 
the use of cryogenic techniques for the hold-up, transfer 
and purification of the gases from the torus and neutral 
injectors. Further testing will provide data from which to 
work out more precisely the optimum control and operat
ing parameters. 

Material Technology Studies and Tests 
Handling hydrogen isotopes, including tritium, at 
process temperatures ranging from 4K to 752K and at 
pressures of full vacuum to 6bar, limit the choice of 
materials to stainless steels of series 304 or 316 and to 
nickel alloys such as Inconel. Particular attention has 
been paid to welding these materials, since the ductility of 
welded materials may be reduced drastically at cryogenic 

temperatures unless materials and welding procedures 
are chosen with care. 

A study contract has been placed with a private organ
isation, well experienced in cryogenics and material tech
nology, to develop weld procedures and test procedures 
covering the typical range required for the JET tritium 
plant, with tube and plate thickness of 3-10mm. Results 
from initial tests have successfully identified materials 
and procedures that will allow manufacture of com
ponents with mechanical properties well above the 
minimum requirements specified by applicable engineer
ing codes. 

Safety Studies 
A preliminary estimate of chronic tritium releases during 
normal D-T operation has included permeation through 
the torus walls into the Torus Hall and into the bake-out 
loop, losses from the bake-out loop and releases from the 
tritium recycling system and other regions where tritium 
will be present. 

Of the estimated released of about lOOOCi year, about 
half has been attributed to maintenance when the torus is 
opened and while replacing faulty tritium plant com
ponents. About 20 maintenance events per year were 
assumed for the tritium plant. It is expected that baking 
and glow discharge cleaning will reduce tritium levels in 
the torus. 

It has been decided to equip the torus with an internal 
cladding shield, which will eliminate atomic driven flux 
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thorough the torus walls leaving the much smaller contri
bution from pressure-driven permeation. A pessimistic 
calculation for clean, non-oxidised surfaces with walls at 
300°C and the ports at 200°C gives 5600Ci/year into the 
bake-out loop and 24Ci/year into the Torus Hall. 
A risk-based design criterion has been established, in 
conjunction with the UKAEA's Safety and Reliability 
Directorate. This provides that the product of the 
maximum release of HTO and the annual frequency of 
the release should not exceed 10. This criterion will be 
satisfied comfortably in respect of seismic damage by a 
plant whose failsafe system isolates the various tritium-
bearing loops. 

Tritium Supply and Waste Management 
In a tritium make-up and disposal system, flasks up to 15t 
in volume will be connected to or removed from the plant 

through a double-lidded lock system which maintains 
leak tightness and exposes only non-contaminated 
surfaces. The transport container will dock onto one of 
three vacuum boxes containing externally operable 
levers to move the flasks and clamp them onto the process 
line flanges. For ease of handling, all waste containers, 
eg. disposable waste pumps, adsorbers, and dryer beds, 
will have the same external dimensions. 

Approximately 3 χ 105Ci of tritiated wastes in about 
70 containers will need disposal in the 2 xh years of D-T 
operation. The total tritium supply is expected to be about 
5 χ 105Ci to provide the initial fill (tritium plant 
inventory) and replacement of burn-up and extracted 
waste. 

33 



Scientific Achievements during 1985 

Plasma Optimization 
Considerable attention has been devoted to optimization 
of conditions in ohmic heating plasmas, in which studies 
have been undertaken on the four phases: start-up, 
current rise, flat-top and termination. An understanding 
of the dynamic processes associated with transitions from 
each phase to the next is essential if these conditions are 
to be optimized. The specific characteristics of the 
various transitions are summarized in Table VIII. 

Start-Up Phase 
In the breakdown phase, application of a toroidal electric 
field (ET) causes free electrons to be accelerated along 
the toroidal magnetic field BT, and if the ratio of ET and 
the gas pressure ρ exceeds a certain threshold, then the 
electrons gain sufficient kinetic energy to ionise the 
filling gas. In certain conditions, this leads to an 
avalanche process resulting in the formation of a fully 
ionised gas. However, the formation of the avalanche can 
be prevented by loss mechanisms. In stray magnetic 
fields BsIra , particles follow the resultant total field, and 
can be lost at the torus wall. The probability of a 
successful breakdown is increased with decreasing 

Bslray/BT and increasing ET/p as shown in Fig.32. 
Stray fields increase non-linearly with the premagnet-

isation current as the iron transformer becomes 
progressively more "leaky". Consequently, increasingly 
larger electric fields must be applied if the levels of 
premagnetisation needed to produce higher flat-top 
plasma currents of longer duration are to be obtained. At 
the full design value of 20MA-turns for the 
premagnetisation, the electric field required is so high, 
that when an avalanche occurs and develops into a 
plasma, the toroidal current I increases too rapidly. 
This results in the production of extreme skin currents 
and introduces positional control problems. Reliable 
breakdown has been obtained only up to 12MA-turns. 
Hardware changes will be necessary to make use of the 
full 20MA-turns. Voltage reduction switches will be 
introduced, which will lower the electric field 
immediately after breakdown has occurred (e.g. within 
50ms from the start). Without these switches, it will not 
be possible to obtain voltage reduction prior to 400ms 
after breakdown. The stray fields can be reduced at high 
premagnetisation by manipulating the current 
distribution to the coil PF1. However, the distribution 
has been homogeneous but it is hoped to provide extra 
busbars to improve this facility. 

TABLE VIII 
Start-Up Phases in JET Pulse Operation 

TRANSITION 

FROM 

Premagnetisation 

Fast Rise 

Slow Rise 

Flat Top 

TO 

Fast Rise 

Slow Rise 

Flat Top 

Decay 

PROCESS AND PROBLEMS 

Breakdown and ionisation in the presence of stray fields. 

Current rise too rapid leading to skin currents and instabilities. 

Skin effects must be counteracted by simultaneous ramping of 
fields and plasma shape; build up of density; increased risk of 
disruption. 

Density Decay not always sufficiently fast; "marfes"; 
disruptions; negative skin current effects. 
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F/g. 32: Successful and unsuccessful breakdown in the 
plane of toroidal electric field ET versus ratio of stray 
magnetic field to toroidal field (Bslray/BT) 

Current Rise Phase 

Once ionisation is complete, the plasma temperature 

begins to rise with current. As a consequence, the 

conductivity increases and the magnetic fields penetrate 

the plasma more slowly. A current skin starts to form on 

the outside, which is highly unstable and the current is 

redistributed in a series of internal rearrangements of the 

plasma. 

Complications then arise, since plasmas with hollow 

current distributions resulting from the skin effect, are 

prone to tearing mode instabilities. These instabilities 

result in the inward redistribution of the current, 

producing an anomalously fast skin relaxation time. 

Observations have shown an increase in the skin effect 

and relaxation time, due to offaxis heating, with 

increasing ramp rate. However, above a certain 

threshold, anomalously short relaxation times are 

produced with a strong increase in magnetic activity. The 

threshold between classical and anomalous current 

penetration in JET lies at about lMAs1 with constant 

aperture and BT. 

This means that, with the full design value of 5MA 

plasma current, at least 5s of pulse time are needed to 

avoid instabilities during current rampup. At faster ramp 

rates, the instabilities resulting from the anomalous 

penetration cause an increase in the level of impurities. 

However, this effect, can be kept to acceptable levels if 

metal impurities are avoided. 

FlatTop Phase 

An effect produced by the faster ramp rate is that the 

plasma locks itself in a state of continuous instability, 

even during the subsequent flattop period. This leads to 

an increased chance of a disruption occurring at very low 

density levels, both in the early part of the flattop and the 

start of additional heating. 

Two ways of increasing the critical ramp rate of 

lMAs1 have been studied with some success: 

(a) ramping the toroidal field together with the 

current enhances the classical penetration; 

(b) expanding the plasma aperture in conjunction 

with the current so that the average current 

density remains constant. 

Using these methods, the critical ramprate has been 

increased to 2MAs~' and further studies of skin current 

relaxation will be carried out. 

Plasma Position and 
Current Control (PPCC) 

During 1985, two previously prepared developments of 

the plasma control system have been used on a routine 

basis. These are the feedback control systems of the 

plasma current and of the plasma vertical diameter (ie. 

shape control). In addition, the stabilisation system of the 

vertical plasma position has been improved. The shape 

feedback control system, investigations on the instability 

of the vertical position and the performance of the 

stabilising system have been described previously [l] 

(see Appendix IV). 

The plasma current feedback control has a relatively 

long response time of ~0.5s for small changes of the 

preprogrammed reference current. The control error is 

usually smaller than 5 % and can be further reduced by an 

appropriate choice of the preprogrammed control voltage 

of the poloidal flywheel generator. To avoid excessive 

currents in the ohmic heating (OH) coils in the event of 

disruptive plasma behaviour, the feedback and pre

programmed voltages are automatically set to zero, if a 

plasma fault is detected by the Plasma Fault Protection 

System (PFPS). This plasma current control system had 

already been tested and used in 1984. 

In 1985, protection was enhanced by the inclusion of a 

plasma current error monitor which creates a soft termin

ation of the pulse, whenever the current error exceeds a 

preset limit. This facility prevents futile attempts of the 

current feedback system to maintain or raise the current 

in cases where disruptive or faltering plasma behaviour is 

not discovered by the plasma fault protection system. 

In early 1985, the poloidal field configuration was 

altered: the vertical field coil was separated from the OH

coil and supplied solely from the poloidal vertical field 

amplifier (PVFA). The plasma current feedback control

ler was not readjusted for the new load characteristics of 

the poloidal flywheel generator convenor. This created 

an increased current overshoot at the transition from slow 

rise to flattop conditions. Nevertheless, a satisfactory 

current control was achieved by minor modifications of 

the preprogrammed reference current waveforms. 

In the new shape control system, the same control 

principle is used as in the radial position control: the flux 

difference between the limiter and two symmetric and 

continuously adjustable reference positions in the upper 

and lower halves of the vessel is measured and controls 

the current in a pair of shaping coils by means of a pro

portional controller and the poloidal shaping field 

amplifier (PSFA). The control error is about ±10% due 

to the absence of integral feedback but this error is 

acceptable. In this way, in conjunction with the radial 

position control, satisfactory control was obtained of the 

vertical plasma diameter and of the elongation ratio (b/a) 
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of the plasma cross-section. This system includes an 
automatic limitation of the shaping current/plasma 
current ratio, defined by a reprogrammable waveform. 
Without this limitation, the stabilisation limit for the 
vertical position control might be exceeded in abnormal 
conditions, such as very strong peaking of the current 
profile, incompatible choice of reference functions for 
the vertical and radial plasma diameters, or failure of the 
shape feedback control. 

In cases, where the turns ratio of the shaping coil are 
chosen incorrectly, the magnetic interaction between the 
shaping and radial position control systems can become 
critical and lead to oscillation of both systems. This was 
demonstrated in an experiment where coil P3 was used 
solely as the shaping coil. In principle, it is possible to 
decouple the systems electronically, but it was preferred 
to restrict the choice of turn ratios in the shaping coils 
P2/P3. 

With the shape control system, it was possible to 
produce plasmas with an elongation ration b/a <1.8 and 
also plasmas with an internal magnetic separatrix which 
has two "X-points" close to the vessel walls at top and 
bottom. 

The current, radial position and shape feedback control 
system and their interactions have been studied on the 
basis of simplified models of the plasma and of the 
poloidal field systems and compared with experimental 
tests where step perturbations where applied as reference 
functions. The agreement with experimental results was 
reasonable, but an improvement of the model is possible, 
when a better knowledge of some system parameters 
becomes available. 

In the stablisation system for the vertical plasma 
position, an improvement was obtained by doubling the 
voltage range of the poloidal radial field amplifier (use of 
two units in series) and by reducing its small amplitude 
voltage step response time from about 3.5ms to 2ms. This 
made it possible to stabilize the vertical position of 
plasmas with an elongation ratio exceeding b/a = 1 . 8 . 

The effects of disabling the stabilisation under different 
plasma conditions (size, elongation ratio, q-value, 
current) were investigated, mainly in order to establish 
safe operation limits, to safeguard against excessive 
vertical forces and stresses at the vessel resulting from a 
stabilisation failure. Details have been described 
previously [ l ] . The main conclusion is that, at present, 
the elongation ratio b/a must be limited by maintaining 
the inequality: 

Fp (b/a 1.2)<5(MA)2 

Additional vertical vessel supports are being designed 
to permit safe operation with large currents (I « 5MA or 
more) and full size (2a = 2.45m, 2b«4.0m). 

Reference 
[1] Ρ Noll et al, 11th Symposium on Fusion 

Engineering, (Austin, Texas, USA. 1985) (to be 
published) and JET Report JET-P(85)26. 

Impurities and Radiation 
Losses 
During 1985, the impurity content of the plasma was 
monitored routinely by the VUV survey spectrometer 
(KT2) and analysed by essentially the same methods as 
described previously (EUR-JET-PR2). First results of 
the measured emission shells of O VI and Ni XVII, from 
the VUV spatial scan spectrometer (KTI), support the 
estimates of impurity transport used in the analysis code. 
Results on the consequences of several 1985 carbon
isations, and the impurity behaviour during ICRF heating 
are reported below. 

As previously, visible spectroscopy was used for 
indentifying impurity sources and measuring impurity 
influxes from different locations. The analysis methods 
of visible line intensities were improved considerably in 
1985, both in the field of atomic physics (i.e. excitation 
rate coefficients), as well as in the area of excitation-
ionisation models. The importance of metastable levels 
was assessed for the first time theoretically and experi
mentally, and reliable oxygen and carbon influxes from 
the limiters were obtained [ l ] . Observation of the 
chromium coated screen of the 2D antenna in late 1985 
proved unambiguously that chromium fluxes were 
entering the plasma from the antenna during RF. This 
observation is demonstrated in Fig.33 which shows the 
carbon and chromium visible line intensities, measured 
in front of the 2D antenna during Pulse No. 6051. 

Direct Viewing of 2D Antenna (OMA) 
Pulse No.6057 (29/11/85) 

0 1 2 3 4 5 7 8' 9 10 11 12 13 14 15 
Tlme(s) 

Fig. 33: Ha, C II and Cr I visible line intensities 
measured in front of the 2D RF antenna during Pulse 
No. 6051. The RF power to the antenna and line density 
are also shown 
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For 1985 operation, the carbon limiters had been fitted 
with new carbon tiles, which did not have any metal 
coating or molybdenum contamination on their surfaces. 
In addition, the inner wall was protected by carbon plates 
within ± lm of the horizontal midplane, in order to avoid 
damage and metal splashes during disruptions. The 
vessel was washed with pure water, and a very light 
carbonisation (2% CH4, 6 hours) was carried out prior 
to first plasma operation. A number of further carbon
isations were undertaken during 1985 operation, with the 
aim of suppressing metal impurities during ICRF 
heating. 

The overall impurity behaviour during 1985 ohmically 
heated (OH) discharges was similar to that of previous 
operational periods [2]. In particular, metal impurities 
were reduced at higher average electron densities (ne). 
Oxygen and carbon were weak functions of nc, although 
low electron densities tend to favour high concentrations 
of carbon, while oxygen dominates at higher densities. 
These results are in accord with the trends of impurity 
fluxes from the limiters. The ratio of nickel to chromium 
changed in favour of nickel, which means that nickel 
originated from the Ni antennae screens rather than the 
inconel vessel walls. Molybdenum had disappeared and 
chlorine played a minor role for radiation and Zeff, 
although it had no tendency to decrease further. 

During the first week of operation with new carbon 
tiles, metal concentrations in the plasma were very low 
and the radiation power was only 40% of the ohmic 
power (Pn). Later on, the graphite became coated by 
metals leading to higher metal concentrations in the 
plasma, particularly at low electron densities. This 
behaviour is illustrated in Fig.34a showing the recorded 
brightness of the NI XXV line as a function of pulse 
number for selected pulses (ne = 2 xl019m-3) from the 
two periods. O V and C IV intensities are also shown in 
Fig.34 for comparison. 

When the limiters were metal coated, a light carbon
isation (12% CH4, 6 hours) led to an immediate reduc
tion of metal impurities by a factor of five and a reduction 
of radiation power from about 70%Pn to 50%Pn. Both 
levels recovered after about 20 plasma pulses, as shown 
by the Ni XXV intensity behaviour in Fig.34b. Oxygen 
had a tendency to decrease in the long term, while carbon 
remained unchanged or increased slightly. These obser
vations are in good agreement with the results of the 1984 
carbonisations [2]. After a very heavy carbonisation 
(17% CH4, 48 hours), the metals reduced by a factor of 
100, and the recovery period was extended to some 200 
plasma pulses. Typical impurity concentrations for a 
carbonised vessel were 3%ne of C, 1 %nc of O, 0.05 %ne 
of CI and 0.01 %ne of metals resulting in Zeff = 3 [3]. 

During RF heating, increased influxes of hydrogen and 
impurities were observed [4] leading to an increase in 
n,[5]. Flatter radial nc profiles and higher edge densities 
were measured during injected RF power [5]. Due to 
this, and possibly to enhanced particle transport, the 
hydrogen particle confinement (measured from H^), 
reduced by a factor of two [6]. Light impurity con
centration did not change significantly during RF 
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Fig. 34: Intensities of some VUV impurity lines for 
selected plasma pulses (ñe = 2 X 10l9m~3): 

a) Clean limiter tiles; 
b) Metal coated limiter tiles, including light 

carbonisation. 
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Fig. 35: Variation of Ni XXV intensity'/ne
2 (oc nickel concentration) with RF power for three campaigns after 

carbonisation. 

heating. Systematic studies of metal behaviour (after 

carbonisation) showed that the metal concentration was 

essentially constant during 3He minority heating (BT = 

3.4T), while it increased to some extent during Η 

minority heating (BT = 2.0T) [3], The respective results 

are summarised in Fig.35 which shows normalized Ni 

XXV line intensities as a function of RF power for three 

ICRH campaigns. Nomalization of the intensities 

through division by n* provides a good measure of the 

nickel concentrations in the plasma. The basic metal 

levels during these pulses were very low due to carbon

isation (0.01 %ne). If no carbonisation was carried out 

for a longer time period, the absolute increase of metal 

concentrations appeared to be similar but started from a 

higher basic level. 

Due to higher n, values and flatter nc profiles, the 

radiated power increased during RF in such a way that 

about 50% of the total input power was radiated [3]. Zeff 

remained virtually constant during RF heating. Within 

the 'experimental error bars no significant differences 

were detected as far as antennae configurations were 

concerned. During preliminary Xpoint studies in JET, 

the total radiated power approached 100%Pn and about 

30% of this radiation was localised in the vicinity of the 

Xpoints. 

The general impurity situation in 1985 was similar to 

that at the end of 1984. It did not deteriorate significantly 

during RF heating, but the usual decrease of impurity 

concentrations and Ζ with higher electron densities (at 

constant plasma current) was not observed, either. The 

main problem at present is still the high fraction of carbon 

and oxygen in the plasma, causing an appreciable dilution 

of the deuterons (nD == 70%nc). 
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Plasma Boundary 
Phenomena 

The study of plasma boundary phenomena aims at under

standing the mechanisms of release of impurities from 

the wall and limiters and their subsequent penetration 

into the plasma. Recycling of hydrogen/deuterium and 

wall pumping are also studied with the main aims of 

control of the plasma density, and to estimate the inven

tory of hydrogen isotopes for future DT operation. 

During 1985, understanding has substantially broad

ened of the behaviour of impurities both of metals 

(originating from the wall) and of carbon (originating 

from the limiters, protection tiles and carbonisation). 

This has been accomplished by relating the analysis of 

data from Langmiur probes, surface analysis of exposed 

material, and Ho and impurity spectroscopy. One limiter 

and two RF antennae have been observed by an auto

mated video system. Digitisation of the video pictures has 

provided a better understanding of the visual inform

ation, which consists partly of radiation of thermal origin 

and partly of line radiation of an unknown combination of 

molecular hydrogen and hydrocarbon lines. The two 

sources of radiation can be satisfactorily separated as 

they have a completely different temporal evolution. The 

footprint of the plasma on the limiter has been modelled 

successfully to include the details of the shape. In order to 

obtain a complete fit, it was necessary to postulate 

toroidal rotation of the plasma. It has not been possible to 

measure routinely the power loading on the limiter due to 

the presence of the RF antennae which took a substantial 

fraction of the power flowing in the boundary, causing 

the limiter surface temperature to drop below the detec

tion threshold. 

As mentioned previously, considerable carbonisation 

of the torus has been undertaken during 1985, with the 

intention of reducing the ratio Prad/P¡„ and extending the 

power that the RF system could couple to the plasma 

without disruption. The thickness of the carbon deposit 

has been measured (Fig. 36) and a clear relation estab

lished between the thickness and the amount deposited, 

calculated from the throughput of CO/CO, during glow 

discharge and the duration and percentage of methane [ 1, 

2]. The immediate effects of carbonisation were to cover 

the surfaces of the limiters from which the metal impuri

ties originated. This reduced Prad/Pjn, until this covering 

layer had been eroded. Long term effects were only 

obtained when the limiter was heated to high tempera

tures so that metals on the limiter could either diffuse into 

A : unexposed sample 
Β : 2.12% CH4 on 3/2/85 (6hrs) 
C: 12% CH4 on 24/3/85 (6hrs) 
D: 17% CH4 on 2527/5/85 (48hrs) 

w 

\ 

ν 
\ 

40 50 60 70 

Depth into surface (nm) 
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Fig. 36: The amount of carbon found on Inconel samples exposed to carbonisation in the JET vessel in 1985. The 
analysis method was Auger Spectroscopy, except for the main depth of the coating of 25-27 May 1985, which was 
measured by Rutherford Backscattering 
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the bulk material or were evaporated, both processes 

caused the cleaning of the surface. Other possible effects 

such as covering the walls with a thick (— Ιμπι) layer of 

carbon, (causing a decrease in the metal impurity 

content) seemed to be less important, as plasmawall 

interaction was generally much smaller than plasma

limiter interaction. It has been shown by means of depth 

profiling that a substantial amount of the carbon diffused 

into the bulk of the Inconel 600 and even more into the 

nickel (see Fig.36). 

Consequent surface analyses over several experi

mental periods of well chosen samples of limiters, 

protective tiles and of small samples of different 

materials attached to the first wall of JET has led to new 

understanding of migration of metals and carbon. 

The surface coverage found on the limiters can be 

described by a global model assuming uniform coverage 

(by GDC or disruptions, for example) and erosion and 

redeposition processes during normal plasma discharges. 

The measured distribution, shows a clear relation to the 

shape of the footprint measured by the CCD limiter 

viewing camera and therefore it its assumed that the 

majority of the erosion and deposition takes place during 

the flat top of the discharge. 

From a simple model, it is found that the distribution of 

impurities on the 1983 limiter was determined by net 

erosion, while on the 1984 limiter, deposition was 

dominant. This can be explained in terms of the experi

mental conditions in the respective periods. On the 

limiter removed in 1985, the shadow of the RF antennae 

could be seen separating an area of erosion from one of 

redeposition (Fig.37). Therefore, this limiter distribution 

cannot be analysed in the same way, due to the shadowing 

effects of the RF antennae. Surprisingly, on all limiters 

analysed, approximately the same surface coverage of 

impurities on the central part is found, indicating that an 

equilibrium state exists which establishes itself relatively 

quickly. On the edges of the limiter, a very large 

deuterium inventory (>1022m~2) was measured, which is 

attributed to code/position of carbon and deuterium. 

Similar inventories have been found on samples attached 

to walls. 

Depth profiling of the wall samples, including carbon 

with two l3C markers at a depth of 28nm and 440nm, 

ι π — ι ' 
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Side Plnrtrnn Riria 
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Posilion on Limiter 
lile surface 

Fig. 3 7: Concentration of the elements Ni, Cr, Fe, Cl and 
Ti found at points on the surface of Tile 4 of the limiter in 
Octant No. 4 in January-June 1985, measured by Proton 
Induced X-Ray Emission (PLXE). The arrows mark the 
edges of the region shadowed by the RF antennae 

Fig. 38: Diagrammatic representation of the amount of 
deposition/erosion at six poloidal positions in Octant 
No. 3, as measured by C13 tracer experiments combined 
with Secondary Ion Mass Spectroscopy (SIMS). The 
amount of deposition is plotted normal to the vessel wall 
at each point, distances into the vessel being net 
deposition, whilst distances out from the vessel represent 
net erosion/sputtering (carbon and Ni/Fe are on different 
scales). At point 1, the carbon deposition is 
4 X lOWcm?, whilst Ni/Fe is 2.3 X 10^ lem2 
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F/g. 59: £>e/?i7í profile through the surface film on long-term sample 1177 obtained by Auger Spectroscopy 

have shown that in some areas material is eroded 
(Fig.38). The outboard wall near he limiters shows a net 
deposition of carbon ofthese samples (largely from 
carbonisation). The coverage on the outboard wall shows 
an "archeological" profile reflecting the major events of 
the six-month programme, indicating that in this region 
the wall is protected by the limiter from erosion during 
tokamak discharges (Fig.39). 

Evidence from an incident, in which stainless steel was 
evaporated, shows the effect of a single disruption. Stain
less steel was initially distributed around the torus from 
the source near the top of Octant No. 5 (according to a 
r~2 law). Direct uniform coverage of some limiters 
occurred and these were subsequently cleaned by the 
erosion/redeposition process within a week of operation. 
Coverage of wall samples still containing the constituents 
of stainless steel did not seem to effect the plasma purity. 
However, after removal the limiter placed closest to the 
source proved to have a higher iron (Fe) content than 
normal for Inconel. 

Measurements using the Langmuir pulse array in the 
plasma boundary have continued. Results have been 
obtained over a range of plasma conditions with plasma 
current from 1.1-3.IMA. Effort has continued to 
improve the quality of Langmuir probe measurements. 
Fitting procedures to the current/voltage (I-V) character
istics have been improved and a particular anomaly has 
been removed from the measured section temperature 
(T ) profiles by taking only voltages below the floating 

potential into account. In addition to the measurements 
made with the probe drive at the top of the vessel, 

n „ - 6 . 4 x 1 0 " n r : 

T,L«35eV 

lp=2.7MA 
B, -3.0T 
| n.dl =5.5-8.5x10" m-a 
Pn=2.0-2.7MW 
P„ =0.8-1.0 MW 
Z.„=3.3 
Ion drill side 

60 80 100 120 
Z(probe)-Z(plasma)(mm) 

Fig. 40: The profile of the saturation ion current and 
temperature behind the plasma edge, obtained from 
Langmuir probe measurements 
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Langmuir probes have been imbedded in the shielding 

tiles of RF antennae. Both sets of probes have been used 

to make measurements during RF heating of the plasma. 

In the ohmically heated part of the discharge the 

profiles and absolute values of density, ne, temperature, 

Te etc, are well understood but during application of RF 

power measurements on both instruments have shown 

very rapid variation of parameters, suggesting a direct 

RF power effect on the measurements. This aspect is still 

understudy. A typical data set for an ohmically heated 

discharge is shown in Fig.40. 

For one consistent set of measurements a model of 

the scrapeoff layer has been used to calculate the 

impurity influxes from the limiters. The result is shown 

in Table IX and is compared with the spectroscopically 

measured fluxes. Using the measured impurity fluxes 

one can also use a simple analytical edge transport model 

to obtain the central impurity concentration. For the 

same typical set using measured edge parameters, good 

agreement is obtained with the spectroscopic measure

ments (Table X). 
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TABLE IX 
Plasma and Edge Parameters from JET Ohmic 

Discharges September 1984June 1985 

Discharge 

Series 

and Date 

29782982 

24.9.84 

30443052 

27.9.84 

37523754 

14.2.85 

37563784 

15.2.85 

54605461 

11.6.85 

54505465 

(Before RF) 

11.6.85 

53955421 

(Before RF) 

7.6.85 

53665382 

(Before RF) 

6.6.85 

plasma 

MA 

2.8 

3.7 

1.1 

2 .83 . 

2.7 
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2.1 

2.7 
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59 

34 

p d 

PdL 

M W m " 2 

3 

2 

1 

510 

35 

2.5 

0.4 

10 

■*rj 

mm 

30 

H„(LIM) 

TOTAL D 

Flux to 

Limiter 

1 0 2 l s  ' 

4 .48.2 

1214 

1821 

 3 0 3.99.3 

27 

28 

1.61.8 

1.52.3 

3.13.9 

1.72.4 

Langmuir 

Probe 

Flux to 

Limiters 

l O ^ s " ' 

1.6 

2.4 

2.4 

3.7 

2.0 

1.6 

1.1 

4.1 

Zeff 

5.5

5 

4.5

5.5 

4.5 

% 

3.8 

+ 4 . 8 

4.6 

 1 0 

(2.5) 5.2 

 4 

5.7 

5.5 

2.7 

3.3 

+ 5 . 5 

5.5 

+ 6 . 2 

5.5 

+ 6.2 

5.5 

6

6.5 

pf l 

MW 

2.6 

3.2 

0.6 

 1 . 5 

2.2 

2.8 

 2 . 1 

2.8 

+ 2.1 

1.4 

2 .7

2 

I'R 

(Roln

meter) 

MW 

1.6 

1.3 

 2 . 1 

0.3 

 1 . 2 

0.9 

1.1 

1.1 

0 .8 

1.0

0.8 

IS.T 

12.5 

Λ+ 
e 

m 

27

34 

33 

77 

5 (max) 37

39 

9 (max) 39

5 

44 

39

44 

39 

42

45 

D, 

m 2 s " ' 

0.55 

0.75 

0.60 

0.62 

0.33 

0.46 

0.34 

0.19 

* In view of extrapolations and scatter in Is and Tc, error in NcL must be considered to be ±100%. 

+ Taken as 'ή distance along field line between probe and limiter, because of bi-directional flow of plasma to sink. 
Power calculated assuming δ = 10 

TABLE X 
Impurity to Hydrogen Fluxes Measured Spectroscopically 

Carbon 

Oxygen 

Metals 

Ratio of Impurity to 
Hydrogen Flux at 
the Limiter 
(Φ,ΙΦΗ) 

0.08 

0.01 

0.02 

Ion Energy 
at Limiter (eV) 
(for Charge +4) 

700 

700 

700 

Sputter Yield 
Ions/Atom 

0.35 

1.0 

0.2 
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Instabilities and Disruptive 
Phenomena 

Disruptions 

The upper density in JET is limited by disruptions. This 

density limit is consistent with a model in which radiation 

losses lead to a strongly magnetohydrodynamic (MHD) 

unstable configuration. In JET the operating regime has 

a density limit given approximately by n (m3) < 1.2 χ 

IO20 BT(T)/Ro(m)qc, where η is the mean electron 

density, and ĉ . = 2ABT Ιμο I Ro, A being the plasma area 

and I the plasma current. For a given value of plasma 

current, the highest electron density is achieved on the 

current fall. Fig.41 shows a plot of such disruption in the 

normalised densitycurrent (Hugill) diagram. 

Prior to density limit disruption, the total radiation 

power from the plasma increases, reaching a value 

~ 100% of the input power at the time of disruption. This 

radiation comes mainly from the edge of the plasma. The 

dependence of the radiation on the parameter n Ro qc/BT 

is consistent with theoretical expectations. 

The disruptive behaviour is understandable in terms of 

a model in which the plasma column becomes unstable to 

contraction, when the power radiated at the edge 

approaches 100% of the input power. The growth rate of 

1 

Pc 
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Fig. 41: Disruptions on plot of normalized current (q/qc) 
versus normalized density (ñRIBT) 
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the instability is of order l/rE, where τΕ is the energy 

confinement time. This contraction (after a time —Is), 

produces a fast disruption. The complete sequence of 

events, including the MHD instability, has been 

reproduced in numerical simulations. Figs.42 and 43 

show experimental results illustrating the contraction of 

the radiating layer and the electron temperature profiles 

during the period involved in the disruption. 

The current quench which follows the rapid tempera

ture fall depends upon the ability of the position control 

circuitry to ramp down the vertical field. If the power 

amplifier saturates, control is lost and a fast current 

quench ensues, the timescale is typically 25ms. If the 

position is controlled, the current quench timescale is 

typically 10 times longer. 

Sawtooth Oscillations 

Detailed studies of sawtooth activity in JET have 

revealed significant differences from previously reported 

observations, and discrepancies with conventional 

models of sawtooth behaviour. Compound sawteeth, 

which display an intermediate collapse during the ramp 

phase, are observed in most discharges. In contrast to 

observations on smaller tokamaks, the main collapse 

usually has no precursor activity, but is often followed by 

successor oscillations. The collapse time is typically 

ΙΟΟμβ. This is much shorter than the time predicted by the 

Kadomtsev reconnection model. A selection of types of 

sawtooth behaviour is shown in Fig.44, where results for 

four different values of current are given. 

The soft Xray diagnostic has been extended to provide 

100 viewing channels. The signals are used to obtain a 

tomographic reconstruction of the sawtooth behaviour 

and, in particular, to give a detailed picture of the 

emission during the collapse. A set of twodimensional 

graphs in the poloidal plane is shown in Fig.45. 
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Fig. 43: Plot of electron temperature (Te) profile 
Fig. 42: Plot of radiated power (Prad) versus horizontal illustrating the narrowing of the profile during a 
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Using the clues given by the experimental data the 

theory of sawteeth has been reexamined. A calculation 

of the change in q during the ramp phase indicates a 

change of ~10~2. It has been shown that is |l — qo 

| ~ 10~2 in the central region, the plasma can be unstable 

to an ideal m = 1 mode. This leads to a nonlinear quasi

interchange in which the magnetic field is carried with 

the fluid in a convective motion. This results in the 

replacement of the hot core by a plasma bubble formed of 

cooler plasma from an outer region around the q = 1 

surface, as shown in Fig.46. 

Magnetic Activity 

Using pick up coils and saddle loops studies of the MHD 

activity in JET have identified modes with toroidal mode 

numbers η = 1 and 2. The observed poloidal variation in 

phase and amplitude is in qualitative agreement with the 

theoretical predictions of tearing modes in noncircular 

toroidal geometry. The η = 2 mode is in some cases 

triggered at a critical level of the amplitude of the η = 1 

mode. Discharges with q > 2.3 can be free from MHD 

activity. Disruptions are associated with large m = 2, η 

= 1 perturbations which grow rapidly but involve little η 

= 2 activity. 

The magnetic activity associated with the sawtooth 

instability has been investigated revealing a fast η = 1, 

and 2 < m < 5 magnetic signal at the plasma surface at the 

time of the sawtooth collapse (Fig.47). Close analysis has 

shown a growing signal, on a timescale ~ 100μ5, 

immediately before the collapse. The level of broadband 

6320 

Xray intensity [i] Initial state t = 0 [ii] Hot spot moves rapidly t = 126/*s 

[iii] Hot spot collapses t=20Ctys [iv] Stable final state t=193CVs 

Fig. 45: X-Ray emission during a sawtooth crash (Pulse No: 6320) 
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magnetic fluctuations has also been measured. The 

observed activity in the range 10 60kHz shows a f~2±0 5 

frequency dependence with a typical level of a few 10~8 

TkHz"2at 10kHz. 

Current Rise 

An analysis of the time trajectories in the (qo, qa) plane 

has been started, where qo and qa are the values of the 

safety factor at the centre and edge of the | o aC plasma. 

This enables an interpretation of the observed behaviour 

in terms of MHD stability of the plasma. The dependence 

of this behaviour on the type of current rise is being 

investigated. Fig.48 gives a graph of the magnetic 

activity as a function of q^ (a) showing clearly bursts of 

activity around integral values of q (a). 

RF Heating 

RF heating operations in JET started in February 1985 

with two prototype antennae installed into the torus, each 

being connected to a 3MW peak powerRF generator. The 

two antennae located in diametrically opposed octants 

had a different inner conductor configuration for assess

ing the effect of exciting shorter wavelengths in the 

toroidal direction. Initial operations were mostly devoted 

to test the RF system, to check its power capability with 

plasma, to measure the coupling resistance of the 

antennae and to compare the relative merits of the two 

types of excitation, monopole or quadrupole. 

The results have been previously reported [1,2]. 

Operations resumed in November 1985 after the summer 

shutdown, and the major change to the RF system was the 

installation of a third antenna in Octant No.2 close to the 

existing one. 

The major conclusions of this year's operation can be 

summarized as follows: 

(i) In most of the experiments, the wave frequency 

was adjusted to provide a minority ion resonance 

layer close to the centre of the discharge. An 

increase in sawtoothing activity of the plasma was 

observed, leading to a 2.5keV modulation of the 

peak electron temperature, reflecting the peaking 

of the power deposition profile. Fig.49 shows a 

typical increase in the sawtooth amplitude and 

period,in response to 5.5MW "on axis" ICRF 

pulse (where the central electron temperature was 

measured by the ECE diagnostic). 3He was used 

as the minority species. The volume averaged 

electron temperature was increased by a much 

smaller factor. 

Fig.50 shows the evolution of the peak and 

volume averaged electron temperature versus the 

ratio of input power to the average density during 

a scan in plasma current from 2 to 4M A. The 

magnetic field was 3.4T and the ICRF frequency 

was 33MHz ensuring on axis heating in this 

(3He)D plasma. The sensitivity of the electron 

temperature to the plasma current value was not 

large, as ohmic points at low density and 2MA are 

close to RF points at high density and 4M A. A 

linear fit gives: 

<n >A<Te >/ΔΡιο1 » 0.5xlOl9keVm3MW' 

(ii) A modulation of the central ion temperature was 

also observed, but contrary to the electron case, 

the minimum value at the sawtooth relaxation was 

significantly above the value without RF. On 
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average, the central ion temperature was in

creased by up to 1.5 — 2keV, bringing ion and 

electrons to close peak temperatures. This is 

illustrated in Fig.51 which shows the response of 

a 3.5MA JET discharge to a 6MW 2s RF square 

pulse; 

(iii) As a consequence of the small increase in the 

volume average electron temperature, the global 

energy confinement time decreased despite a 

significant increase in electron density by up to 

30%. The degradation seemed to follow a similar 

trend to previous ICRF heated Tokamaks, 

showing a saturation for the highest RF power yet 

achieved; 

(iv) Impurity influx during RF heating has not proved 

to be a problem in JET. The relative importance 

of the power radiated by impurities in the power 

balance and the effective ion charge of the 

plasma, Zeff, were not significantly increased 

above ohmic levels. Zcll was nevertheless higher 

than in ohmic plasmas with the same electron and 

current densities; 

(v) The expected difference in coupling resistance 

between the various types of antennae excitation 

was observed. However, the heating efficiency in 

terms of plasma energy increase per unit of input 

RF power was similar, at about 0.2 — 

0.3MJ/MW. The quadrupole system was shown 

not to induce sawteeth as large as the 

monopole/dipole configuration; 

(vi) A preliminary comparison between the heating 

efficiency of 'He and H minority species did not 

show any significant difference but tended to a 

larger impurity influx with the latter species. 
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Energy Confinement 

An extensive series of experiments were carried out on 

JET during 1985 to characterise the energy confinement 

properties during ohmic heating (OH). Experiments with 

ion cyclotron resonance heating (ICRH) were started and 

by the end of the year, the ICRH power coupled to the 

plasma exceeded the ohmic input power by a factor of 

two. A preliminary assessment of the effect of this 

additional heating on confinement has been obtained. 

In the ohmic heating studies, the toroidal field, BT, 

the toroidal current, Ip, density and size and shape of the 

plasma were all varied. The energy confinement time rE 

was found to increase almost linearly with density at low 

densities and then to saturate at higher densities (n ~ 2.5 

χ 1019 m~3). This can be seem clearly in Fig.52, where a 

few representative density scans are shown in a plot of 

rE versus nqR2a (neoAlcator scaling). The saturation in 

the confinement time at high densities is typical of 

tokamak behaviour and has been seen in many smaller 

experiments. The reason for this saturation is not fully 

clear. The power lost by radiation increases as the critical 

density is approached, but this is probably due to a 

change in plasma edge conditions associated with the 

poor penetration of neutrals at high densities rather than 

an increase in the accumulation of impurities. 

Fig.52 shows that the neoAlcator scaling τΕ oo nqR2a 

provides a reasonable description of the JET data set and 

the best fit line is close to that of the TFTR/PLT data set 

[ 1 ]. A slightly improved fit to the data can be obtained by 

using regression analysis, which gives the global energy 

confinement time, TE(S), as: 

τΕ = 0.013 B°5 q03 n04 K02 R32 e ' 7 A05 

where q is the cylindrical safety factor, K the elongation, 

R(m) the major radius, e = R/a the inverse aspect ratio, 

B(T) is the toroidal field, n(m3) is the mean density and 

A is the atomic mass. (The JET data set includes both D 

and Η plasmas). 

The local transport properties of these discharges have 

been analysed by both interpretative and predictive 

computer codes. The dominant energy loss processes 

change with minor radius (a), and three distinct regions 

have been clearly identified; (i) an inner region in which 

the main energy transport is by field line mixing 

following sawtooth collapse; (ii) a central region in 

which electron and ion thermal transport are dominant; 

and (iii) an edge region in which impurity radiation and 

other atomic processes dominate. 

In the second region, it is found that the main loss route 

is via electrons. The ion thermal conductivity is between 

1 and 5 times neoclassical values, with the higher values 

occurring at lower densities. The electron thermal con

ductivity, xc, in this region decreases with increasing 

density, with a coefficient xe = 12 χ 10,9/n(m2/s). So 

far, no clear dependence on toroidal magnetic field or 

plasma current has been observed. 

An independent measurement of the electron thermal 

conductivity has been obtained by following the 
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Fig. 52: Plot of global energy confinement time (T¡) 
versus nqW-a (new-Alcator scaling). 

relaxation of the electron temperature profile after the 

sawtooth collapse using the 12channel ECE grating 

polychrometer. Preliminary analysis of the data from this 

instrument gave a xe(HP) oo \Al/n in ohmic discharges 

and no change was observed during ion cyclotron 

resonance heating. The parametric dependence is similar 

to that obtained from transport studies, but numerically 

Xc(HP) is a factor 25 greater. This discrepancy may be 

a consequence of the simple diffusion model used in the 

analysis of the heat pulse propagation. Simulating the 

evolution of the heat pulse with a full transport code, 

including sources and sinks, appears to give a smaller 

discrepancy between the measured and simulated pulse 

propagation speeds. 

A preliminary investigation has been undertaken of 

current and temperature profiles under different 

conditions in JET. It has been found that both the current 

and electron temperature profiles appear to be a function 

only of the safety factor, when the plasma is in steady

state with the current fully diffused. Several different 

explanations for the invariance of these profiles (profile 

consistency) have been proposed [2,3]. 

The addition of ion cyclotron resonance heating 

(ICRH) shows the classic Lmode behaviour observed in 

smaller tokamaks, with the confinement time reducing 

with increasing input power. In Fig. 53, both the total 

kinetic energy, W, and energy confinement time, rE, are 

shown plotted versus input power, P, for several 

different conditions of current and toroidal magnetic 

field. Under all conditions, it is found that the total 

kinetic energy, W, increases approximately linearly with 
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the additional heating power, and hence, the data in 

Figs.53 and 54 has been fitted to the forms: 

W = Pfir(i + (P P ! i ) r a ü x 

and 

rE = (Pn/P)r0 + (1Pn/P)raux 

where Ρ is the total input power, Pn the ohmic input 

power, τη is the ohmic heating confinement time, and 

Taux is the auxiliary heating confinement time. In smaller 

experiments, raux has been found to be a strong function 

of toroidal current, I . This strong current dependence 

has not yet been seen in JET, but this may be due to the 

fact that the range of power used at low currents has been 

limited. 
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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. In addition, theoreticians assist in the execution of 

the JET programme and in making proposals for future 

experiments, in collaboration with the Experimental 

Divisions, the Physics Operations Group, and the 

Machine Development Department. 

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 

theorists within the Associations would provide support, 

by extended visits and by work done under Article 14 

Contracts. Valuable assistance has been provided over 

the past year. 

A central task has been to provide a quantitative 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. 

Activities during 1985 can be subdivided under the 

following headings: 

(a) Data Banks (and computing hardware); 

(b) Data Management Software; 

(c) Code Libraries (Interpretation and Prediction); 

(d) Data Interpretation; 

(e) Modelling of JET Plasmas; 

(f) Comparisons of Model Results and Measure

ments; 
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(g) Predictive Computations; 
(h) Analytic Plasma Theory. 

These activities are described in further detail in 
Appendix I, which summarizes the work of Theory 
Division in JET. 

Summary of JET Results 
During the year, there has been steady progress in 
improving the plasma operating conditions. Discharges 
with the full design value of the toroidal field, BT = 
3.4T, with plasma currents up to 4MA for flat top times 
as long as 10s, and with elongations up to b/a — 1.65 have 
become routine. The maximum design value of plasma 
current was reached in a discharge with I = 5MA, b/a 
= 1.4 and safety factors q . —2.25 and q^ —3.25. 

Impurities 
Prior to 1985 operation, the inner wall of the vacuum 
vessel on the small major radius side of the plasma was 
covered with carbon tiles to a height of ±lm above and 
below the mid-plane. Four carbon limiters (0.8 χ 0.4m) 
were symmetrically located around the outer major 
radius of the plasma. In addition, four nickel limiters of 
similar dimensions remained in the torus but were always 
retracted behind the carbon limiters. Two ICRH 
antennae were located in similar positions, but at slightly 
larger major radii. The antennae had nickel screens and 
were surrounded by protective tiles, which also acted as 
limiters. The torus vacuum vessel was routinely 
carbonised by glow discharge cleaning in deuterium, 
with the addition of hydrogenated methane. 

The main impurities observed and their typical ranges 
of concentrations (as percentages of the electron density) 
were: Carbon 2 - 4 % ; Oxygen 1 - 2 % ; Chlorine 0.05 
- 0.15%; and metals (Ni, Fe, Cr) 0.001 - 0.3%. 
Carbon was the main light impurity, which entered the 
plasma both from the walls and the limiter, as did the 
oxygen. Nickel was the main metallic impurity and the 
main route into the plasma appeared to be via the carbon 
limiters, which when analysed by surface techniques 
after their removal from the torus were found to be 
heavily contaminated with metals. The nickel and 
chromium usually appeared to be in approximately the 
ratio expected for inconel indicating that the vessel walls 
were the original source. However, recent spectroscopic 
evidence clearly showed that nickel was released from 
the antennae screens during ICRH. 

The typical range of Zcff was between 3 and 8 and 
appeared to increase nearly linearly with the ratio of 
mean current density to mean electron density. Thus, 
Zcff was not significantly changed by carbonisation or by 
ICRH at the power levels used. A serious effect of 
impurities in JET is the substantial depletion of 
hydrogenic ions. Values of nd/nc — 0.5 have been 
measured by comparing the total neutron yield with the 
ion temperature measured by a neutron spectrometer. 

The ratio of total radiated power to total ohmic input 
was in the range 40-60%. Similar values, were found 
with ICRH, and PRAD/P0H did not appear to change 
significantly over the range of coupled powers. 

ICRF Heating 
First results were obtained with ICRF additional heating 
at coupled powers up to 5MW, using H and 3He 
minority species in D plasmas. The main emphasis was to 
commissioning the RF heating systems with plasma and 
to compare with the coupling efficiencies of different 
antenna configurations. Initial heating studies showed 
that the power deposition was well localised close to the 
resonant surface. The maximum RF power coupled to the 
plasma was about 5MW for a 2s pulse corresponding to 
a ratio of PRF/P0H of — 2.5. The maximum stored 
plasma energy was — 3MJ with central electron and ion 
temperatures of — 5keV and — 4keV, respectively. The 
global energy confinement time with ICRH was in the 
range 0.35 to 0.45s compared to a value with ohmic 
heating alone of - 0.55s, for the same plasma conditions. 
There were clear indications that the confinement 
degraded with increasing additional heating, but the 
range of JET data obtained did not allow a clear 
determination between L mode scaling with τΕ 
=0.34(1 /Ρ,^Β* whereby the confinement would 
continuously decrease as the inverse square root of the 
total power P ,=P 0 H +PRF> o r a saturated mode 
τΕ = ((0.3/Ρ,)+0.1)Ι * B T \ where the confinement 
would saturate with increasing power. 

Instabilities 
In common with most other tokamaks, sawtooth 
oscillations of the temperature and density in the core of 
the discharge are observed in JET. The sawteeth are 
strongly influenced by RF heating when the resonance 
zone is inside the q = l surface. In particular, the 
amplitude of the sawteeth is increased so that for PRE 
-3MW, ATc~ 1.5keV with a peak value of Te(0) of 
about 4keV. 

In relatively high q, low current (I <2MA), low 
density (n,<2xlOl9m~3) discharges and during the 
current rise phase (typically the first 5s) of low q, high 
current discharges, small amplitude sawteeth 
(ΔΤ,/Τ, — 2%) are usually seen. Their characteristics are 
similar to sawteeth studied extensively in other 
tokamaks. 

However, in low q, high current (I <2MA) dis
charges, the characteristics of the sawteeth change 
markedly during the current 'flat-top' equilibrium phase. 
The electron temperature profiles become broader and, 
in ohmic discharges, there is little temperature peaking 
on axis before the sawtooth collapse. Typical character
istics of these so called 'compound' sawteeth are that the 
temperature and density rise linearly but reach much 
higher values before the sawtooth collapses (ΔΤ,/Τ, 
— 10-15% and Δη,/η, — 5%, in ohmic plasmas). During 
this linear rise phase, there can be one or more partial 
collapses, which affect only the outer zone of the plasma 
core and do not penetrate to the axis. 
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With the addition of ICRF heating, the basic character

istics of the compound sawteeth remain unchanged, but 

their amplitudes increase substantially, so that AäT/T, 

— 30% for PF — 3MW. Under these conditions the 

temperature profile peaks on axis before the collapse. 

The period of the sawteeth also appears to be extended by 

the RF heating with indications that the period depends 

on the mode of the launching antenna. 

Energy Confinement Scaling 

The study of the scaling of the global energy confinement 

time τΕ with plasma parameters in ohmically heated dis

charges has been extended over a wide range of plasma 

parameters in a systematic way. In particular, the full 

range of plasma dimensions and elongations permitted by 

the JET vacuum vessel has been explored. This has 

included fullbore discharges with elongations up to 1.65 

and circular discharges limited on the outer limiters (Ru 

= 2.5m, a=0.8m), closely simulating TFTR discharges. 

The study of energy confinement scaling in ohmically 

heated plasmas has shown a dependence of the confine

ment time τΕ on plasma density and safety factor which 

is weaker in JET than in smaller tokamaks, and there is 

clear evidence of saturation in the density dependence at 

higher densities. A strong dependence of energy con

finement time on plasma dimensions was seen with 

τΕ ~R'"7 a1'3. The best value of global energy 

confinement time in an ohmically heated discharge 

was — 0.8s. Deuterium plasmas were used throughout the 

period. 

The best value of the Lawson product n T¡ τΕ was 

— 6xlOl9m_3keVs where the effect of ion depletion 

( — 50%) has been included in the central deuteron ion 

density. 

Magnetic Separatrix Experiments 

The goal of increasing the quality of confinement in 

tokamaks has lead to a renewed interest in the "divertor" 

and "magnetic limiter" configurations in which the 

plasma boundary is defined by a magnetic separatrix, 

detached from the material limiter and the vacuum 

vessel. 

The formation of a magnetic separatrix has been shown 

to be possible in JET. In a preliminary experiment, the 

separatrix configuration has been established and main

tained for several seconds in discharges with plasma 

currents of 1.5 and 2.OMA. The toroidal field was 2.6T 

and the line average density was — 1.0xl0l9m3. The 

presence of two null points in the poloidal field some 

1015cm inside the vacuum vessel and the plasma well 

detached from the limiter and inner vessel wall was 

demonstrated. This is confirmed by the absence of the 

Hœ emission from these surfaces at the time of 

separatrix formation. The area of intersection of the 

plasma at the separatrix points with the vacuum vessel 

wall was observed on an infrared camera, and the 

change in field line connection length was observed with 

a Langmuir probe. There was insufficient time in these 

preliminary experiments for an extensive exploration of 

the plasma properties of this configuration, but 

preliminary data suggest that impurity concentrations 

and energy confinement were comparable to discharges 

with a limiter. 
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Analysis of the results so far obtained on JET, in some 

respects indicate performance exceeding expectations 

(e.g. plasma temperatures and confinement during ohmic 

heating). However, the results also show that further 

improvements/modifications of the machine may be 

necessary in addition to those already planned as part of 

the JET development programme, so that ultimate 

machine performance may be brought into the region 

where significant αheating is evident. The limitations 

encountered on many Tokamaks are mainly concerned 

with density limits and control, with plasma MHD 

behaviour, with impurities and with plasma transport. In 

particular, confinement degradation with additional 

heating calls for modes of operation where the plasma 

current density and the electron temperature are 

decoupled. 

The design concept of JET allows a high degree of 

flexibility for modifications and improvements, without 

affecting the basic structure of the machine. Thus, 

limited additional resources and time should be required 

to introduce them. However, implementation of such 

enhancements may require some reappraisal of the 

original development plan shown in previous Annual and 

Progress Reports. 

The following sections describe various developments 

which are being considered for JET to overcome these 

limitations, and these are summarised in Table XI. 

Separatrix Experiments 
Both in JET and in other Tokamaks with additional 

heating, a degradation of confinement time, τΕ, with 

increasing total power (PloI) has been observed (τΕ 

^Ρ,ο,14)· Subsequently, a good confinement regime 

with additionally heated plasma has been observed in a 

number of tokamaks with magnetic limiters or divertors. 

In this so called Ηmode of operation, the confinement 

time is typically 23 times greater than the degraded case. 

A space effective divertorlike magnetic field 

configuration is that in which a magnetic separatrix (or 

Xpoint) is located inside the vessel wall, removing the 

effective outer flux surface away from the limiter. The 

configuration of poloidal field coils on JET allows the 

formation of a separatrix with two stagnation (or X) 

points, at the top and bottom of the vessel, or a single null 

situation. Experiments with ohmic heating only have 

been carried out to demonstrate this mode of operation 

TABLE XI 

Experimental Phenomena, Limitations and Possible Remedies 

(a) 

(b) 

(c) 

(d) 

(e) 

Phenomenon 

Disruptions 

Sawtooth Oscillations 

Impurities 

Confinement 

Degradation 

(Additional Heating) 

β Limits 

Limitations 

i) Density Limits 

ii) High Forces and Heat 

Fluxes on the Vessel 

i) Electron (Te) and Ion (T¡) 

Temperature Limitations 

ii) τΕ Limitations 

i) Large Prad (lowers τΕ) 

ii) Reduced n¡ 

iii) Reduced Density Limit 

i) Reduces τΕ (oo Pt,"2) 

i) /3(max)%=gIp/BT(T)a(m) 

Possible Remedies 

i) Additional Heating 

ii) Pellet Injection 

iii) Pumping Panels 

iv) Strengthen Vessel 

i) Feedback Stabilization 

ii) Profile Control (LCRH and 

ICRF) and Current Drive 

i) LowZ (C or Be) walls and 

Limiters 

ii) Pellet Injection 

i) Magnetic Limiter 

(Separatrix) coupled with 

Dump Plates 

(Pumping Panels) 

i) Increase Current (Ip » 7MA) 
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Fig. 55: Poloidal flux contours with plasma current 
-1.5MA, poloidal beta ~0.26, internal inductance 
~1.29, and plasma elongation ~1.75 

Fig. 56: Poloidal flux contours with plasma current 
2.OMA, poloidal beta ~0.09, internal inductance -1.4 
and plasma elongation -1.8 

and to study a number of technical questions relating to 
the up-down stability and heat loads on the vessel. 

The separatrix configuration has been maintained for 
several seconds in JET discharges with plasma currents 
of 1.5MA and 2.OMA. The value of the toroidal field was 
2.6T, and the line average density was about 1019m~3. A 
plot of the poloidal flux contours at 1.5MA is shown in 
Fig.55. 

The separatrix configuration for discharges at 2.OMA 
plasma current was obtained during the final five seconds 
of a 20s tokamak discharge. The poloidal flux plot is 
shown in Fig.56, for this case. The presence of the two 
null points located approximately 10-15cm inside the 
vessel is apparent. The plasma was well detached from 
both the limiter and the inner vessel. This was also 
confirmed by the absence of Ha emission from these 
surfaces, Measurements of radiated power were obtained 
from a multi-channel array bolometer camera. The 
signals along the viewing lines pointing to the regions of 
the X-point were up to ten times larger than the average. 
The generalised Abel inversion of the radial profile 
(excluding the channels affected by the enhanced 
radiation around the X-points) showed that, for the 
1.5MA discharges, most of the radiated power came 
from the outer regions of the plasma. The total radiated 
power could be described as the sum of the power which 
is radiated by the whole volume of the plasma 
(= 0.45MW) and the power which is radiated in the 
regions of the X points (= 0.25MW). The total ohmic 
input power was 1.78MW. 

A preliminary analysis of the spectral lines of the 
impurities showed that the nickel content of the discharge 
was very low and well below 0.1%, whilst the 
concentration of oxygen and carbon was about 1%. 
Further details have been reported [ l ] . 

During 1986, experiments will be extended to 
2-2.5MA with limited additional heating power, in order 
to obtain a more direct comparison of performance 
between limiter and magnetic separatrix configurations 
in JET. Further, the potential for modifications will be 
examined to permit future use of the configuration at 
currents greater'than 4MA, with full additional heating. 

Control of Sawteeth 
Oscillations 
In common with most other tomamaks, sawtooth oscil
lations of temperature and density are observed in the dis
charge core, where q < 1, although there are some 
important differences in JET. Sawteeth are strongly 
influenced by RF heating (see Fig.57) when the reson
ance heating zone is inside the q = 1 surface. In particu
lar, the amplitude of the sawteeth is increased so that for 
PRF~ 3MW, ΔΤΕ~ 1.5keV with the peak value of Te(0) 
reaching about 4keV. In typical discharges, the change in 
the plasma kinetic energy associated with the sawteeth 
inside the q = 1 surface can be relatively large ( « 20 -
40%), although the corresponding change in the total 
plasma kinetic energy is smaller (— 12-24%). Whilst 
sawteeth have a relatively small effect on the global 
energy confinement time τΕ, they could have a larger 
effect on the fusion yield which is more strongly 
weighted to the core of the discharge. 

The principal aim of controlling sawteeth is to avoid 
the periodic loss of confinement from the plasma core 
associated with the sawtooth collapse. There may also be 
some gains in stability against the m = 2 mode by 
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Fig. 57: Electron Temperature (Te) as a function of time, showing the effect of RF power input on the sawtooth 
oscillations. The effect on maximum and minimum temperature as a function of radius is shown at times t=5.65s, 
6.63s and 7.69s. (Pulse No: 544) 

allowing more peaked profiles of current density. The 

main objective is to freeze the temperature and density 

profiles close to or exceeding the most peaked profiles 

which would normally be reached just before the 

collapse. There would be little point in suppressing saw

teeth if the resulting profiles were close to the flat profiles 

characteristic of those after the collapse. 

A number of schemes have been proposed to stabilise 

sawteeth and some have been tested experimentally in 

other devices. The possibility of controlling sawteeth by 

feedback methods has been considered, whereby heating 

or current drive would be localised within the island 

generated by the nonlinear growth of the m = 1 resistive 

mode. In principle, feedback stabilisation might be 

possible but it would be expected to be difficult due to the 

proximity of ideal instability. This results in an unfavour

able scaling of the required current drive or localised 

heating with plasma conductivity, and for high tempera

ture plasmas control appears to be impossible unless the 

conditions for ideal stability are also satisfied. Shaping of 

the plasma crosssection (ie. triangularity) does not 

appear to be sufficiently effective, but introducing high 

energy weakly trapped particles inside the q < 1 surfaces 

might provide sufficient ideal stability by localising 

pressure in regions of favourable curvature, but this has 

not been tested experimentally. 

A difficulty of considering feedback as a technique for 

stabilising sawteeth in JET is the apparent absence of any 

precursor to the sawtooth collapse. The collapse is seen 

to take place spontaneously without any associated pre

cursor activity and, therefore, it is difficult to see how a 

conventional feedback technique could be applied. A few 

sawteeth without precursors have been examined for 

evidence of locked modes using the Xray diode camera 

diagnostics and no indication of any locked modes has 

been found. It is difficult to state categorically that locked 

modes do not exist, but present evidence strongly 

suggests that there are no locked modes in JET. How

ever, further detailed measurements are in progress to 

confirm this. 

Growing modes, with m = 1, η = 1 localised around 

the annulus where q — 1, are seen in JET at the partial 

collapse of sawteeth, but the resulting disturbance is 

usually confined to an annular region and does not 

propagate to the plasma centre. Since it seems that with 

compound sawteeth, the partial collapse heralded by a 

precursor may postpone the full collapse, it is worth 

considering if the sawtooth period could be extended by 

inducing additional partial collapses. 

There is a need to continue studies of sawteeth to obtain 

a better understanding of the mechanisms involved, so 

that firmer proposals for control can be made. The effects 
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of RF and NB heating require detailed study, particularly 
to understand the effects on sawteeth amplitude and 
period with a view to possibly increasing the sawtooth 
period by controlled localised power deposition. Only a 
modest extension of the sawtooth period would exceed 
the global energy cofinement time. These possibilities 
need more detailed evaluation before firm proposals on 
control methods can be made. 

Profile Control 
Investigations of the possibility of controlling the plasma 
current profile in JET started in the second half of 1985. 
Analysis work at JET was supported by work carried out 
under Task Agreements and Article 14 Contracts with 
several Associations (EUR-CEA, EUR-IPP, EUR-
FOM, EUR-UKAEA, EUR-ERM/KMS). The approach 
adopted was to address the question at two levels; the 
possibility of profile control with existing equipment 
(NBI, ICRF); and, alternatively, the possibility offered 
by the procurement of new systems such as those at 
Lower Hybrid and Electron Cyclotron frequencies. 

Experimental results obtained on other Tokamaks as 
well as with JET during the rise of the plasma current 
suggested that profile control would allow the JET 
plasma to be operated in new regimes characterized by: 

— The suppression of the large internal instabilities 
("sawteeth"), resulting in high central tempera
tures. This possibility has been demonstrated in 
quasi-stationary conditions with several 
Tokamaks using Lower Hybrid waves. It has also 
been demonstrated on JET (Fig.58) during the 
initial transient phase when a broad current 
profile is maintained due to the slow inward 
diffusion caused by the skin effect; 

— Improved or maintained energy confinement 
properties; in particular, at low or moderate 
densities. 
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Fig. 58: Evolution of the electron and ion temperatures 
(Te and T¡ respectively) during a typical JET discharge 
(Ip = 2MA, BT = 2.6T). The largest value ofTe is always 
observed at the end of the current ramp up (~3s), before 
internal instabilities start. These instabilities can be 
clearly seen at times between 5 and 8s, when a high 
sampling rate of measurements is used. These 
instabilities prevent the attainment of high values of 
electron temperature when additional heating is used 

These favourable properties are related to the funda
mental aspect that non-inductive current drive allows 
decoupling of the plasma current density (J) from the 
electron temperature (Te), which, in inductive current 
drive are strictly related by the Ohm's law, J oo Tc

3'2. 
Other favourable effects can be expected from profile 
control (see Table XII). These concern the stabilisation of 
other instabilities (m = 2) occurring in the outer region, 
which limit the plasma density. Current drive also helps 
to decrease the Volt-second consumption, allowing 
extension of the plasma duration at full performance. 

Preliminary analysis shows that the most efficient and 
proven method to achieve desired profile control would 

TABLE XII 
Motivations for Non-inductive Current Drive and 

Suprathermal Electron Production 

Motivations 

(a) Remove the J oc Te3'2 

relation 

(b) Suppress sawteeth 
oscillations 

(c) Stabilize sawteeth or 
m = 2 instabilities 

(d) Decrease the Volt-
second consumption 

Means 

Current drive in 
the temperature gradient 

Maintain q > 1 

Suprathermal 
electrons in 
q = = 1 or 
q = « 2 regions 

Current drive 

Expected Effects 

Improved confinement 

- Higher Te(0), T¡(0) 
- Improved Q (Fusion output) 

Higher Tc(0) and 
higher ne(0) 

Longer pulses at high current 
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be to combine the use of Neutral Beam Injection (NBI) 
and ICRF to drive a reverse current in the inner part of 
the plasma and to use Lower Hybrid waves driving a 
forward current, localized in the outer part of the plasma. 
It is estimated that the stabilisation of internal instabilities 
would require control of 30% of the Tokamak current (at 
5MA). This strategy requires the procurement of a 
10MW Lower Hybrid system working at high frequency 
( — 4GHz) with a high degree of flexibility in the choice 
of the wave radiation patterns. 

Multi-Pellet Injection for 
Fuelling/Re-Fuelling 
In recent years, the injection of solid hydrogen or 
deuterium pellets into tokamak discharges have led to a 
number of interesting features which may well prove 
advantageous on the route towards ignited fusion 
plasmas. Among these features are: peaked density 
profiles with peak values higher than otherwise attain
able, and with longer decay times; some have shown 
increased energy confinement times; and some featured 
impurity flushing of the plasma centre effective even 
beyond dilution. The pellet ablation models now provide 
a sufficiently reliable guide for extrapolation and have 
shown that the effects of hot ions from additional heating 
on ablation can only be minor. 

Although results are not fully understood, JET decided 
to employ this method for fuelling/re-fuelling with a 
central or deep particle deposition (beyond the recycling 
layer but also beyond or close to certain q-surfaces of 
MHD importance) so that a further method would be 
available to provide density control, which was not 
connected to recycling and additional heating features. 
Ablation code calculations suggest that the lifetime of a 
pellet in an homogemeous plasma is roughly proportional 
to d17 and T, -2, where d is the pellet diameter, and that it 
is only very weakly, dependent on electron density. These 
calculations further reveal that for the various phases of 
plasma build-up during a pulse, 2.5 - 6mm pellets, 
suitably fired when required, are of interest (the latter 
size leads to an immediate increase in density of —6.7 χ 
10l9m~3). For the expected high plasma temperatures, 
pellet velocities are required as high as conceivable (ie. > 
lOkms"1, to obtain sufficient penetration if central 
deposition turns out to be important). Requirements on 
the repetition frequency must be guided by results of 
particle confinement times and reheating requirements 
(to heat —4mm pellet to — 5keV requires about 7MJ) and 
are about Is - 1 . 

Since present pneumatic gun technology fulfils all 
these requirements except high velocity features 
(<1.6kms_l at present), JET decided on a stepwise 
strategy to achieve a full range pellet injection capability: 

(a) To undertake joint collaboration with the USDoE 
(starting in 1987), to investigate pellet injection 
physics on JET. USDoE (Oak Ridge National 

Laboratory) should provide a triple-barrel 
repetitive launcher (2.6, 4, and 6mm diameter 
pellets with velocities around 1.5kms~' and 
repetition frequencies of several s-1)· JET should 
provide various interfaces, of which the largest 
would be the vacuum interface to the torus 
providing the necessary differential pumping and 
for which JET would employ another neutral 
injector box (NIB) and cryopump system. This 
choice is compatible with later extension to high 
pellet velocity and allows considerable savings in 
manpower and time for design and procurement 
since these components are already designed with 
regard to tritium and remote handling compati
bility and experience in manufacture exists. The 
Agreement is now being finalised. However, 
work has started at JET on long lead items (ie. 
pellet injector box and cryosystem have been 
ordered); 

(b) To set up a development programme designed to 
develop gun technology enabling a reliable high
speed gun of similar performance, available in 
1989. 

By the end of 1985, a Pellet Injection Group was 
established in the newly formed First Wall Division to 
cover these two tasks. 

In the development programme, it was accepted that 
within the time constraints, the only option with a 
reasonable likelihood of success was to extend the 
pneumatic acceleration principle, which presently yields 
the highest velocities limited by the finite sound velocity 
of the hydrogen propellent in connection with the 
pressure drop along the barrel of the adiabatically 
expanding gas. To extend the operational range of the 
gun towards higher speeds, the sound velocity must be 
increased by heating the gas to about ΙΟ,ΟΟΟΚ, and 
during acceleration the pressure at the barrel entrance 
must be raised to compensate the adiabatic pressure 
decrease; the ideal is a constant pressure acting on the 
pellet of limited mechanical strength. A further technical 
requirement governs the cryogenic problems of pellet 
generation when high-temperature, high-enthalpy flow 
of propellent is employed. These problems are being 
considered in the following way: 

• Since June 1984, the Riso National Laboratory 
has investigated the arc heater concept to provide 
adequate propellant flow conditions. A test stand 
for the acceleration of 3.2mm diameter deuterium 
pellets was brought into operation and with the 
arc chamber fuelled with precondensed propel
lant hydrogen and operated from a preliminary 
power supply ( —500J), velocities in excess of 
1.9kms~' with peak accelerations of 8.106ms~2 

have been achieved. Simultaneously, a larger 
power supply ( —20kJ) to allow lOkms-1 speeds 
and an impedance matching transformer were 
built by JET and will shortly be delivered to Riso; 

• From early 1985, EURATOM-CEA Association 
(CENG) Grenoble, France, has worked to solve 
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problems of cryogenics and initial acceleration 
limits. The construction of a test-stand has been 
completed and 6mm diameter pellets have been 
successfully formed. The method makes use of 
only a small fraction of the extruded ice which 
presents a problem in gas handling logistics, 
especially if later use of tritium is anticipated. A 
newly built lOObar Fast Valve has been com
missioned to increase the initial acceleration, and 
a 300 bar Valve is under design; 
The Ernst-Mach-Institut of the Fraunhofer-
Gesellschaft, Freiburg, FRG, has started an 
Article 14 Contract to investigate a piston-driven 
pneumatic amplifier to programme the pressure 
during acceleration. If successful, this device 
could be used to achieve velocities of 3kms""' 
with cold pneumatics, or deliver suitably 
programmed gas flow to an arc heated gas gun. 
This contract is intended to expand the piston 
drive principle into the regime of adiabatic 
heating, which is an alternative to the arc heater 
scheme and is actually successfully employed in 
the two-stage guns. 

Density Control and 
Separatrix Dump Plates 
In this area, there are two main new developments. The 
first one concerns the provision of particle exhaust at the 
end of a discharge. During high density discharges, when 
full additionally heating is used, these must be terminated 
in a controlled way, and during discharges with pellet 
injections, it must be possible to control the edge density. 
Pumping panels, pump limiter systems and ergodic 
limiters will be assessed, but the major development 
effort will be concentrated on pump limiters and pumping 
panels. 

A further activity is related to the provision of dump 
plates for separatrix operation, which, ultimately, should 
allow separatrix operation of JET at full additional heat
ing. Depending on the ratio of radiated to conducted 
power, this may require installation of cooled dumps, so 
that the cooling down time after discharges will not 
become the determining factor for the pulse rate. 

Pumping Panels 
It has been frequently observed that the JET walls pump 
almost as efficiently as a pump limiter system. In parti
cular, pumping efficiencies (ie. particle removal rate 
over the total particle flux in the scrape off layer) up to 
7% have been observed when the plasma is moved to 
touch the inboard wall. It is proposed to employ this 
effect for pumping, although it is currently not under
stood. Even though a systematic evaluation of existing 
data has not been completed, it seems that hydrogen 
trapping in graphite or transient pumping of the metal or 
graphite walls cannot account for this effect, and detailed 

investigations will be necessary. In particular, it is 
crucial to find out whether saturation effects will reduce 
the pumping efficiency for higher plasma densities and 
wall fluxes, during full performance of JET. 

Apart from more systematic studies at JET, it is 
envisaged that recently developed high flux plasma 
simulation sources (1017 — 1018 particles/cm2s) will be 
used to simulate and study wall pumping for different low 
Ζ materials, such as graphite with different porosity, 
carbonised Inconel and porous beryllium. 

Pumping panels could be positioned preferentially in 
the vicinity of the belt limiter because of the presence of 
a high recycling flux. In any case, such plates will be 
required in this area to avoid high Ζ contamination of the 
plasma caused by sputtering of the vessel wall. 

Pump Limiter 
To meet the requirements on pump limiters, it is 
proposed to proceed in two steps. The first step will be 
installation of a prototype at the earliest possible oppor
tunity (1988), to corroborate the physics underlying the 
design of the pump limiters and to obtain data on the 
pumping efficiency with JET boundary conditions. The 
prototype will be a radiation cooled limiter, with 
sufficient pumping speed to observe effects on the plasma 
density, but which will not allow continuous operation 
(only l-2s) during a discharge because of temperature 
and stress limitations of the non-actively cooled leading 
edge. The prototype will also be employed to select and 
develop internal pumping panels (volume or sublimation 
getter) for the final pump limiter at JET. Detailed model 
calculations for the JET plasma edge with the belt limiter 
present, and Monte Carlo calculations to optimize the 
limiter geometry will be necessary. A rough estimate for 
the prototype gives pumping efficiencies between 1 and 
5% and time constants for the density decay of 6 — 30s. 
The prototype should be available in mid-1988. 

In parallel, with the development of the prototype the 
design for an actively cooled pump limiter system will 
start. This system should have about 4 times the proto
type efficiency (5-20% and 1.5 — 6s density decay times) 
and should withstand continuous operation during a JET 
discharge. This requires development of an actively 
cooled leading edge with can sustain stationary heat loads 
of about 3kW/cm2. For this purpose, a programme for 
developing and testing beryllium plated copper swirl 
tubes and other high heat flux components (eg. neutral-
izer plate) has started. The actively cooled pump limiter 
should be ready for installation in 1989. For both stages 
— prototype and actively cooled system — the belt limiter 
will function as the main limiter, taking most of the 
power load and protecting the leading edge of the pump 
limiter against damage from runaway electrons. 

Dump Plates for Separatrix Operation 
Different concepts have been assessed for protecting the 
top and bottom of the vessel against the head load during 
separatrix operation. At the beginning of 1986, 40 
graphite tiled bellows protection rings will be installed in 
JET. The distance between adjacent protection rings will 
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be sufficiently small at the top and bottom section to 
protect the uncovered rigid sector against the particle flux 
which impinges on the tiles at an angle smaller than 
- 2°. However, the rigid sectors, will not be protected 
against radiative power from the separatrix. Although 
there are several uncertainties in calculating the operat
ional limits, it appears that the radiation onto the rigid 
sectors is the limiting factor if more than about 40% of 
the power is radiated. Below 40%, the thermal stresses in 
the graphite tiles and the strength of the inconel support 
plate limit the power or the pulse length. Safe limits are 
achieved if the surface temperature of the graphite tiles 
stays below 200°C, the support plate temperature is less 
than 700°C and if the temperature increase of the rigid 
sector walls is less than 50°C. This in turn would limit 
the total power for single null operation to 5-9MW during 
a 10s pulse, depending on the ratio of radiated and 
conducted power. 

This could be improved by covering the rigid sectors 
with additional graphite tiles, avoiding radiation 
problems and increasing the total surface, but it would 
not provide a long term solution. Since the tiles are only 
cooled by radiation, long cool down times would be 
required (lh). Also, it would not be compatible with 
beryllium, since it is highly unlikely that a beryllium 
coating of the graphite tiles would survive surface 
temperature much higher than the melting point of 
beryllium. 

A long term solution can only be obtained with water 
cooled protection tiles. A design using pressure contacts 
for heat transfer from the tiles to water cooled support 
plates would provide a sufficient cooling rate (ie. « 10 
min cool-down times) and it would be compatible with 
beryllium and graphite tiles. For single null operation 
and a 10s pulse, a total power of about 30MW could be 
safely loaded onto such a wall protection. 
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Appendix I 

Work of Theory Division 
(Division Head: Dr. D.F. Diichs) 

Theory Division is responsible for the prediction 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.In 
addition, the Division assists in the execution of the 
programme and in making proposals for future 
experiments, in collaboration with the Experimental 
Divisions, the Physics Operations Group, and the 
Machine Development Department. 

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 theorists 
within the Associations would provide support, by 
extended visits and by work done 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 
quantitative 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 Division's 1985 activities can be sub-divided 
under the following headings: 

1. Data Banks (and computing hardware); 
2. Data Management Software; 
3. Code Libraries (Interpretation and Prediction); 
4. Data Interpretation; 
5. Modelling of JET Plasmas; 
6. Comparisons of Model Results and 

Measurements; 
7. Predictive Computations; 
8. Analytic Plasma Theory; 

The Division is divided into three groups; 
Interpretation Group; Prediction Group; and Analytic 
Theory Group. There is much overlap between these 
different roles, requiring extensive collaboration 
between the groups. The close interaction between 
theory and experimental groups, has been most 
beneficial. 

A considerable amount of theoretical work has also 
been carried out through contracts, as follows: 

Article 14 Contracts with Associations: 
Impurity diffusion package 
MHD stability 

1 '/2-D transport code with 
free boundary 
Electron cyclotron emission 
Non-thermal ECE spectra 

Plasma boundary 
identification 
Global wave ICRF heating 

Ion velocity distribution 
during ICRH 

Other Contracts: 
Autoionisation 

Charge exchange 
Atomic physics and plasma 
transport 

IPP Garching, FRG. 
UKAEA, Culham 
Laboratory, UK. 

ENEA, Bologna, Italy. 
CNR Milan, Italy. 
FOM Jutphaas, 
Netherlands. 

CEA FAR, France. 
CRPP Lausane, 
Switzerland. 
CEA, FAR, France. 

Chalmers, Goteborg, 
Sweden. 

AERE Harwell/Queens 
University, Belfast, UK. 
AERE Harwell, UK. 

Oxford University, UK. 

The Division has hosted the following visitors during 
the year: 

As Associated Staff members: Dr. D. Anderson 
(Chalmers University, Sweden); Dr. L-G. Eriksson 
(Chalmers University, Sweden); Dr. W. Feneberg (IPP, 
Garching, FRG); Dr. D. Lortz (IPP, Garching, FRG); 
Dr. K. Thomsen (Riso Laboratory, Denmark); Dr. H. 
Wilhelmsson (Chalmers University, Sweden). 

As "Visiting Scientists": Dr. S. Ejima (GA 
Technologies, USA); Dr. A. Fukuyama (Okayama 
University, Japan); Dr. K. Itoh (JAERI, Japan); Dr. S-
I.Itoti (Hiroshima University, Japan); Dr L Sugiyama 
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(MIT, USA); Prof. R. Zelazny (Institute of Nuclear 2. Data Management Software 

Studies, Poland). 

Under other arrangements (Fellowships, etc.) the 

Division benefited from work by Mr. P. Ashman, Dr. H. 

Hamnén, Ms. L. Lauro-Taroni, Ms. M. Lorentz-

Gottardi, Ms. D. Sealey, Dr. F. Tibone and Mr. D. 

Ward. 

The Divisions' progress is described under the 

following subject headings: 

1. Data Banks (and computing hardware) 

The raw data from each pulse is transmitted to the 

UKAEAs' Harwell Laboratory IBM 3085 within a few 

minutes of completion of the pulse, and stored on the JET 

Pulse File (JPF), created by the Experimental Divisions 

and CODAS. This data is then processed and evaluated 

by the Experimental Divisions and the Interpretation 

Group. 

The Processing of Data and its Assembly into Data Banks 

(M. Brusati, J.P. Christiansen, J.G. Cordey, A. Galway, 

N. Gottardi, Β. Keegan, E. Lazzaro, R.T. Ross, Κ. 

Thomsen) 

One of the major responsibilities of the Interpretation 

Group during 1985 was the processing of data and its 

assembly into processed pulse file (PPF) data base. The 

first part of this operation is performed during machine 

operation, when the data from a given shot is processed 

and the data written into the PPF data base about 20 

minutes after the completion of the shot. A sample set of 

graphical traces are then produced and these are used for 

guiding the experimental programme, and also used 

initially to check the consistency of the data from 

different diagnostics. Further checks are then performed, 

both computationally and visually, to establish the 

validity of the data. 

During 1985, improvements were made to the 

calibration of several diagnostics and this involved fairly 

extensive reprocessing of the data taken during the 

January-June period of operation. 

IBM Computing Support 

(J. Davis, J. Roberts) 

The use of the Harwell IBM and CRAY computers 

continues to increase. Currently there are 200 IBM users 

from JET and the hardware available on the JET site has 

been expanded to accommodate this increased usage. The 

system comprises 32 colour graphics terminals and 46 

non-graphics terminals controlled by 5 cluster 

controllers. Four Versatec printer-plotters are available 

for printed and graphical output. In addition, there is an 

IBM5285 microcomputer with floppy disc unit which 

facilitates the transfer of programs between the local 

NORD system, the IBM mainframe computer, and an 

IBM3270-PC/GX. Future planned developments include 

the installation of further Versatec printer-plotters, and 

an additional cluster controller with associated terminals. 

Data Storage and Management 

(R.T. Ross, A. Galway, Β. Keegan) 

The extent of processing of JET data continues to grow 

both in the amount of data analysed for each plasma shot, 

and in the depth of the analysis. The present state of the 

processing chain is summarised in Fig. Al. For each fully 

analysed shot some 1.5 MBytes of data are written into 

the processed pulse file (PPF) data base system. 

Currently some 2 GBytes of analysed data from 2400 

plasma shots are stored in the PPF system, compared 

with some 13 GBytes of raw JPF data. The processing of 

this data has become increasingly more automated, with 

the necessary data controls being built into the system. A 

representative subset of the analysed data from the PPF 

system is released to the organisations in the form of a 

survey data bank. Several other high level data banks, 

such as the global TRANSPORT bank are also derived 

from the PPF data base and stored under the statistical 

analysis system SAS. A new high level data bank 

DIAGNOST, which contains sample data from both the 

PPF and JPF data banks, has been set up in order to 

monitor the consistency of the data between different 

diagnostics and to monitor the performance of a 

diagnostic over an operational period. Recently 

improvements have been made in the interface between 

the PPF system and these high level data banks. There 

have also been several improvements made to the SAS 

application programs which provide the major statistical 

Standard 
Processing 
Programs 

SAS GRAPHICS 

SAS STATISTICS 

SAS USER 

PAPER SUMMARY 

Fig. Al: JET Data - Processing, Storage and Access on 
the IBM3084Q and CRAY 1A Computers; 
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followed by typical discharges in the parameter plane 

(q(0), q(a)), where the boundaries of various MHD 

instability regions are drawn, is a convenient description 

of the characteristic pattern of evolution which gives 

insight into the processes accompanying current 

penetration (Fig.A2). The qualitative picture obtained 

shows that current evolution occurs in an angular region 

in the (q(O), q(a)) space, associated with the early MHD 

instabilities, often showing peaks of MHD activity at 

rational values of 'q(a) (Fig.A3). The flat top phase is 

reached at q(O) < 1 and the decay phase is largely within 

the region where tearing modes are possible and is 

independent of the initial phase. Most JET shots seem to 

avoid the ideal MHD stable region. Density and current 

rate determine the initial current penetration process. 

Disruptions in the rise phase seem to affect discharges 

located entirely in the kink region, while decay 

disruptions are possibly of the tearing type. Further 

analysis of the current penetration provided by the ECE 

temperature measurements, compared with the results 

from the poloidal flux diffusion equation, shows that the 
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Fig. A3: MHD activity as a function of q(a); 
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resistivity is anomalous during the current ramp up and is 

neoclassical at the end of the MHD dominated stage. 

Design and Diagnosis of Magnetic Separatrix 

Experiments 

(E. Lazzaro, E. Springmann, A. Tanga) 

The analysis of the multipolar field produced by the 

poloidal field coils of JET has allowed the identification 

of a regime of operation in which the plasma boundary is 

a magnetic separatrix, with one or two stagnation points 

within the vacuum vessel. The operating conditions for 

an experimental test of the configuration were studied. 

Successful discharges with plasma current of 1.52 MA 

were produced with a separatrix (Fig.A4) for several 

seconds during the flat top with toroidal field of 2.6T, 

line average density of 1 χ 10l9m~3, and plasma 

elongation of 1.71.8. The measured nickel 

concentration was well below 0.1% of the electron 

density, while carbon and oxygen were the dominant 

impurities. The power radiated at the Xpoints was 30% 

of the ohmic input while the total radiated power was 

60%, so that the heat load to the protection plates was 

reduced. The configuration was diagnosed by the JET 

equilibrium identification code IDENTC modified for 

accurate determination of the separatrix. Operation in 

this configuration, with currents up to 4 MA, would 

require modifications of the poloidal field system. The 

magnetic equilibrium code has been modified and 

extended to allow the analysis of new poloidal field coil 

configurations. A new mesh has been created and 

preliminary tests of accuracy have been made. Extensive 

studies of divertor configurations and plasma shaping 

have been carried out and continue. In cooperation with 

the Machine Development Department and the Operation 

Group, designs of separatrix configurations have been 

devised, both for the current experimental campaign and 

I o 

Pulse No. 5564 

Time = 17.3 s 

R(m) 

Fig. A4: Poloidal flux contours showing formation of 
séparatrices (Pulse No: 5538, Ip = 1.5MA, BT = 2.6T); 



analysis tool for this type of data. In order to make the 

JET data increasingly easier to access, the IBM 

interactive graphical display programs and the general 

access package GETDAT have been upgraded in 

collaboration with the Experimental Divisions. 

The Group continues to provide support for IBM 

computing at JET, and has played an ever increasing role 

in the planning of major upgrades to both the available 

hardware and the locally produced software. 

JET data bases and related software 

(A. Galway, Β. Hodge, E. Springmann, M.G. Pacco) 

Considerable effort has been devoted to the 

implementation of data bases in the NOMAD2 system 

installed at JET at the beginning of 1985. A Survey Data 

Base (SDB) has been designed and implemented. This 

data base should provide a quick overview of all shots. It 

contains basic information on every JET discharge in 

which a plasma has been produced and is available on 

hardcopy to all Associations. The SDB is accessable to all 

JET users. A user interface based on menus has been 

developed. It allows the user to select pulses which 

satisfy some criteria, and/or within a pulse number 

range, which contain some specified traces. Driven by 

menus, the user can produce several plots and displays 

and obtain the corresponding hard copies. 

A Detailed Physics Data Base (DPDB) has been 

designed and its scheme has been implemented. A full set 

of FORTRAN subroutines to write data into the DPDB, 

and to read data from it, has been written, which have the 

same parameter list as the corresponding PPF routines 

and their use requires only a relink of the FORTRAN 

programs. Menus for enquiries on the contents of DPDB 

have been written. Until now, data has only been tested in 

the DPDB. 

3. Code Libraries 

The JET Interpretation Code Library is a collection of 

systematically written and maintained codes, available 

for data interpretation. This library has been expanded 

and further documented. A similar collection of 

predictive codes, the JET Predictive Code Library, was 

set up during 1985. 

Magnetic Calculations for Boundary Probe Diagnostics 

andRF 

(E Lazzaro) 

Special additions to the magnetic identification code 

IDENTB have been made to calculate the connection 

lengths of field lines in the plasma scrape off region. 

Online calculations of the rational q surfaces, has also 

been produced for use in RF experiments, and 

correlation with sawteeth and MHD activity. 

Magnetic Field Calculation for Breakdown Condition 

Studies 

(E. Lazzaro, R.T. Ross) 

A special version of the magnetic code has been prepared 

for magnetostatic calculations which allow the analysis of 

the poloidal field at start up and compares the results with 

measurements. 

An Interactive Program to trace Hugill Trajectories 

(M.F.F. Nave) 

HUGILL is an easily used interactive program which 

plots the evolution of JET pulses in a Hugill diagram (i.e. 

in the plane 1/q,.,, M = ñR/BT). This is available to all 

JET IBM users. 

Intershot Analysis on the Nord ED Computer 

(J.P. Christiansen, S. Cooper) 

The analysis program FAST [l] has been fully 

integrated as a "realtime" program with the control 

service program on the Nord EC computer. 

Improvements to Analysis Methods 

(J.P. Christiansen) 

During 1985 the two analysis programs FAST and 

CONKIN [2] have been expanded to regularly process 

data from i) the diamagnetic loop, ii) the multichannel 

FIRinterferometer, iii) the new gas introduction system. 

The improvements to the analysis methods include: 

a) Determination of the Xpoints in separatrix 

plasmas; 

b) Better separation of 1¡ and β; 

c) Flux surface geometry derived from plasma 

boundary, 1¡, β and axial ellipticity; 

d) Use of this geometry in interpretation of chord 

measurements and global confinement analysis; 

e) Derivation of impurity influx (not measured) 

from Zeff and plasma composition. 

Reprocessing of 1985 Data 

(LP. Christiansen, J.G. Cordey) 

The improvements to analysis methods and the extended 

processing capability of the analysis programs FAST and 

CONKIN have been employed in reprocessing most of 

the 1985 JET data. This has led to a consolidation of the 

JET databank of PPF files and eliminated inconsistencies 

between results from 1984 and from 1985. 

4. Data Interpretation 

Results of the Analysis of Current and Temperature 

Build Up in JET 

(E. Lazzaro, D. Campbell, J.P. Christiansen, W. 

Morris*, M.F.F. Nave, F.C. Schiiller, P. Thomas, J.A. 

Wesson) 

(* EURATOMUKAEA Association, Culham 

Laboratory, UK) 

Observations on the formation of the tokamak 

temperature and current profiles have been compared 

with MHD stability criteria. The diagnostic tools 

available at JET, (the equilibrium identification codes 

IDENTC, FAST and the ECE measurements of electron 

temperature profiles Tc), allow a detailed analysis of the 

evolution of the discharge to a state of ohmic consistency, 

in which the temperature and current profiles are related 

through neoclassical resistivity. An analysis of the path 
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for a future upgrading of the tokamak. A new 

arrangement of coils allowing more flexible shape 

control has also been considered. 

Resistivity Studies 

(J.P. Christiansen, J.G. Cordey, E. Lazzaro, D. 

Campbell, S. Ej ima*) 

(* GA Technologies Inc., Califormia , USA) 

Studies have been made of resistivity and various 

estimates of Zcff. The analysis [3] shows the resistivity 

in JET to be close to the neoclassical value. This is shown 

in Fig.A5 where the effective plasma charge obtained 

from the plasma resistivity using the Spitzer and 

neoclassical formulae is compared with that obtained 

from visible Bremsstrahlung. 

Power Absorption with ICRH 

(J Ρ Christiansen, J G Cordey, S Ejima, Κ Thomsen) 

The power absorbed by the plasma ion cyclotron 

resonance heating has been checked independently by 

examining the time behaviour of the plasma energy 

content during the switchon and switchoff phases. 

Exponential curves have been fitted to the plasma energy 

as is shown in Fig.A6. For this case, the fit shows that 

— 75 % of the total power coupled into the Torus from 

transmission line measurements is actually absorbed by 

the plasma. The relaxation time of this added energy is 

between 0.2s and 0.25s which is significantly less than 
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Fig. A6: Time behaviour of plasma during switch-on and 
switch-off phases of RF power; 

the ohmic energy confinement time ( ~0.6s) but is close 

to the confinement time when the ICRH input power 

dominates over the ohmic input power. 

Analysis ofRF Transmission Line Measurements 

(K. Thomsen, M. Bures, F. Sand, P. Lallia) 

During 1985, a code was developed and installed on the 

IBM to provide the global confinement program 

CONKIN with the total coupled RFpower (Fig A7). In 

addition, this program RFCALC calculates for each RF

antenna the generator power, coupling resistances, 
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coupling efficiency, voltage standing wave ratios and 

coupled RFpower from transmission line 

measurements. All these quantities are stored in the JET 

data banks of PPF files. Fig.A8 shows a few of these 

parameters versus time for Pulse No. 4345. A catalogue 

has been created which contains information such as: 

antenna configuration, frequency, RFpulse start time, 
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RFpulse length, maximum RFpower, average RF

power and average coupling resistance. All 1985 shots 

with ICRH have been analysed with the program and the 

catalogue has been completed. 

Global Energy Transport Studies With Ohmic and Ion 

Cyclotron Resonance 

(J.G. Cordey, J.P. Christiansen, S. Ejima*, B. Keegan, 

K. Thomsen) 

(* GA Technologies Inc., California, USA) 

JET has now been operated with both ohmic and ion 

cyclotron resonance heating (ICRH) over a wide range of 

plasma conditions. The toroidal magnetic field BT, 

current I , density n, elongation K, the ICRH power P, 

the major radius R and minor radius a have all been 

varied, and the energy confinement characteristics have 

been examined as a function of these parameters. 

With ohmic heating the energy confinement time rOH 

increases roughly linearly with density at low densities, 

but then saturates at high densities (rT> 3 χ 10l9m3) 

attaining a peak value of τ0Η = 0.8s at the highest 

toroidal field (B = 3.4T). This saturation can be seen in 

Fig.A9 where r0H is shown versus the simple neo

Alcator scaling law nqR2a for the complete JET ohmic 

data set 198385. 

A regression analysis has been completed to obtain the 

dependence of τΟΗ on the plasma parameters. It is found 

that τ0Η scales as (nBA)'Aq'/3K0'2 where A is the atomic 

mass (JET has been operated with both hydrogen and 

deuterium plasmas). The data set has been combined with 

that of Doublet III to obtain the scaling of τ0Η with 

dimensions. It is found that τ0Η increases roughly 

cubically with dimensions and has a stronger dependence 

on R than a. 

The ohmic heating constraint relations on the input 

power P, the electron temperature and effective charge 

Zeff have also been determined as a function of the 

plasma parameters n,B,q and K. 

The addition of ion cyclotron resonance heating means 

that the power dependence of the energy confinement 

time τΕ may be determined. By writing τΕ in terms of 

n,B,I,K,R,a and P/Prj, where Ρ is the ohmic heating 

power, an expression for τΕ may be derived which 

satisfies both the ohmic and additionally heated data sets. 

Several different functional forms have been examined, 

the form which gives the best fit to both data sets is: 

T
E= ^ TOH 

+ (1  Pfí) r . 
Ρ 

where τ0Η and raux are functions of η,Β,Ι, etc. Typically 

raux is found to be approximately one third of τ0Η and to 

be only weakly dependent on I. The fit is shown in 

Fig.AIO. 

Local Transport Analysis 

(M. Brusati, A. Galway) 

The interpretation code JICS has been used to analyse the 

power balance and the local confinement properties for 

JET plasmas for a variety of conditions. It is found that 

63 



0.4 

0.3 

sP 

H; 

< 
S 

«. 0.2 

m 
2. 

UI 

0.1 

0 

( 

IÊÊÊ 

sr 

) 2 

Δ 

x=OHMIC 

A=ICRF 

4 6 8 1 

P(MW) 

_ 

'S. 
υ 

3 

Fig. AIO: The energy containment time 
auxiliary heating data, showing best 
TE(S) = \0.29IP(MW) + 0.095]ΓΛ(ΜΑ)'ΛΒ'Λ(Τ)'Λ 

E, from all 

fit 

the balance of power in JET follows the conventional 

tokamak pattern, with most of the input power being lost 

through the electron channel; conduction is the main loss 

mechanism in the bulk plasma while radiation losses 

dominate at the plasma edge (q > 2) and play a major role 

in the observed saturation of energy confinement time 

with density. Ion losses account for up to 30%40% of 

the total at the highest densities. These are due mainly to 

thermal conduction which is systematically higher than 

that estimated from neoclassical theory. The departure 

from neoclassical values decreases at higher electron 

densities. 

The confinement time is nearly constant across the 

plasma minor radius and shows a clear deterioration at 

the radiation dominated plasma edge (up to 30% at rT = 

3.5 χ 10 l9m3). 

Electron Temperature Profile Consistency and Field 

Line Topology 

(M. Brusati, A. Galway, Β. Keegan, P.H. Rebut) 

Studies have been undertaken to assess the existence of 

electron temperature profiles consistent with a basic set 

of nondimensional combinations of plasma parameters. 

This idea follows a model for the plasma evolution where 

a phase transition takes place when the electron 

temperature profile reaches a critical gradient in the 

region where island overlap can occur (q> 1). In this case 

an equilibrium can be established among laminar flux 

surfaces, magnetic islands and ergodic domains, which 

maintains locally a critical electron temperature during 

changes in heating rate. 

A preliminary scaling of the electron temperature 

gradient, obtained using most of 1985 data, shows a 

favourable dependence on plasma current, toroidal field 

and machine size. 

Generalised Abel Inversion 

(N. Gottardi) 

A study of the asymmetries of the plasma radiation 

detected by the bolometers has been carried out for many 

plasma parameters using the projection method for 

inverting integrated measurements. Sometimes a marked 

difference between the shape of the magnetic flux 

surfaces, as calculated by the equilibrium code IDENTB, 

and the isoemissivity lines is observed. This difference 

depends on BT, nc, I and Κ and hampers a precise 

determination of the radiation profiles using the 

projection method. 

Other methods of inversion based on polygonal pixels 

(the solution being obtained from (a) a least squares fit to 

an overdetermined linear system of equations and (b) a 

MonteCarlo technique) have been tested but, due to the 

small number of useful channels, did not give an 

appreciable improvement. An examination of the 

electron density profiles obtained by means of the 

projection method, showed that there was good 

agreement between the shape of the magnetic flux 

surfaces and the isodensity surfaces. An example of the 

evolution of the density profile in JET with ICR heating 

is shown in Fig.All. 

Disruption Behaviour 

(M.F.F. Nave, J.A. Wesson) 

The analysis of disruptions has been extended to include 

time dependent trajectories in the Hugill diagram. This 

has allowed a better understanding of the predisruption 

behaviour and of the consequences of wall carbonisation. 

In particular, it is found that carbonisation delays 

disruptions so that they occur at lower currents during the 

current decay. This allows the achievement of slightly 

higher densities during the flat top, but does not allow an 

increase in density beyond the previous limit observed 
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during current decay. A straight line is the best fit for 
disruptions on the tail of the current decay, determined 
from pulses before carbonisation. The carbonisation 
pulses have peak current Murakami parameters which 
approach the limiting values for disruptions. The pulses 
decay with trajectories parallel to the limiting line. 

Sawtooth Heat Pulse Propagation and Anomalous 
Transport 
(T.E. Stringer) 
Analysis has continued of the heat pulse, which 
propagates outwards in JET after a saw tooth crash. This 
now uses the temperature variation at fixed points as 
measured by the ECE grating spectrometer. The 
temperature variation in space and time is consistent with 
a diffusive process. However, the required thermal 
diffusivity in ohmic plasmas is several times that deduced 
from steady state energy balance. When RF heating is 
applied the propagation velocity of the heat pulse is 
almost unchanged, although the steady state energy 
confinement time is reduced by up to a factor two. This 
apparent discrepancy in diffusivity could be reconciled if 
the heat flux included a convective, as well as a diffusive 
component. The theory of anomalous transport processes 
is being studied to find an explanation for such a heat 
flux. 

Derivation of the Diffusion Coefficient from the 
Sawtooth Density Variation 
(A. Hubbard*, D. Ward*, T.E. Stringer) 

* Imperial College of Science and Technology, 
University of London, UK 

The flattening of the density profile inside the q = 1 
radius during a sawtooth crash gives rise to a density 
perturbation. This perturbation propagates outwards, 
similarly to the sawtooth heat pulse. Its propagation in 
JET has been measured using the fixed frequency 
microwave reflectometer.The delay between the crash 
and the arrival of the perturbation maximum at distant 
points is compared with numerical simulation, to deduce 
the particle diffusion coefficient. The value obtained 
(0.4-0.6 m2/s) is consistent with that derived from the 
steady state density profile. 

Sawtooth Variation in Neutron Yield 
(T.E. Stringer) 
If the ion temperature change during a sawtooth collapse 
is similar to that observed for the electrons (i.e., 
flattening inside the mixing radius) the decrease in 
neutron yield from inside the inversion radius is partly 
cancelled by an increase from outside the radius. The 
sawtooth variation in neutron yield measured in JET is 
larger than predicted for such a temperature change. 
Among the possible explanations being studied is a 
preferential loss of tail ions during the collapse. 

5. Modelling of JET Plasmas 
The improvement of existing transport codes, and their 
extension to include effects such as pellet fuelling, is a 

continuous activity in the Prediction Group. 
Development of more exact codes to compute the 
distribution of ICRF heating in space, and between 
different species, has continued within the Analytic 
Theory Group. 

Transport codes and related packages 
(A. van Maanen-Abels, D. Muir, E. Springmann, 
P.M. Stubberfield, A. Taroni, F. Tibone, M.L. 
Watkins) 
Work in this field has concentrated on the updating and 
improvement of the 1Vi-D transport codes GETTO and 
ICARUS. The transport code GETTO has now been 
developed to allow simulation of the evolution of a free 
boundary plasma, including plasma compression. 
Computation of the magnetic configuration outside the 
plasma, and in particular, of the magnetic field at the 
pick-up coils on the vacuum vessel of JET has also been 
implemented into this code. This allows comparisons of 
computed and measured magnetic fields when real JET 
discharges are simulated. 

The ICARUS code has been linked to a new version of 
the pellet injection code. The link between ICARUS and 
the non-coronal impurity transport code NONCOR 
(previously called IMPUDI) has been completed and 
extended to the plasma boundary region. 

The RF auxiliary heating package used in both 
transport codes has been updated on the basis of results 
obtained in JET. It is intended as a reference stand-alone 
package, to be used both for predictive and interpretative 
codes such as JICS. This has already been done during 
1985 for the multiple pencil beam package for the 
simulation of neutral beam injection, originally 
developed for ICARUS. It will be used in GETTO and 
the interpretation codes as well. A reference stand-alone 
package has also been made available for pellet injection. 

The stand-alone impurity transport code BITC, which 
can treat full neo-classical transport in addition to 
anomalous transport, has been speeded up considerably. 
This has been achieved by switching off the solution of 
the diffusion equations for those ions which have 
negligible density. 

Boundary plasma code 
(R. Simonini, A. Taroni) 
The 2-D version of the code for solving the fluid 
equations in the plasma boundary region with a toroidal 
limiter has been completed. This code has been linked to 
a Monte Carlo code (NIMBUS) for the simulation of 
neutral particles. 

The Evolution of the Resonant Ion Distribution During 
RF Heating 
(W.G.F. Core, H. Hamnén, T. Hellsten) 
Ion cyclotron heating produces a high energy tail on the 
velocity distribution of the heated species. This enhances 
the fusion yield when the heated species undergoes fusion 
reactions. Information on the cyclotron absorption can be 
obtained by measuring the yield or energy spectra of the 
fusion products. The velocity distribution of the heated 
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species is also needed to calculate the energy transferred 
to the various background plasma species. 

A Fokker-Planck code has been developed to describe 
the evolution of this velocity distribution function. It is 
based on the code, BACCHUS, supplied by the CRPP 
Lausanne group [K. Appert, S. Succi and J. Vaclavik]. It 
has been changed from an electron to an ion code 
(BAFIC: Bounce Averaged Fokker-Planck Ion 
Cyclotron code) and extended to include the effects of 
trapped particles. A source function corresponding to 
neutral beam injection has also been added. 

Fundamental minority/second harmonic, and 
RF/beam-plasma hybrid systems have been considered. 
For these scenarios, the calculations indicate that trapped 
particle effects are not very important in the calculation 
of fusion yield and bulk plasma heating rates. Second 
harmonic heating leads to important modifications of the 
plasma dielectric properties through the change in the 
distribution function. Combined neutral beam and 
second harmonic heating further enhances these 
modifications, which for practical power levels cannot be 
represented by a linear treatment. 

With the same code, minority ion current drive by 
ICRF heating at the fundamental ICR frequency has also 
been studied for a deuterium-majority plasma. 
Toroidicity effects have been included, but not the 
possibility of currents in the electron species. It has been 
shown that toroidicity normally enhances the minority 
ion current drive efficiency. For low power levels and 
narrow velocity space resonance widths, the efficiency 
would typically reach 0.15 A/W. However, for practical 
power levels and resonance widths, much lower 
efficiences are expected. Processes preventing the 
distribution function from reaching a steady state (e.g. 
sawtooth activity), could further reduce the efficiency. 

To avoid lengthy computations a semi-analytical model 
for determining the velocity distribution during RF and 
neutral beam heating is being developed under an Article 
14 contract with Chalmers University of Technology, 
Goteborg [D. Andersson, L. Eriksson, L. Lisak and L. 
Pekkani]. A model has been developed which treats 
fundamental as well as second harmonic heating in the 
presence of neutral beams, including the effect of finite 
Larmor radius. This semi-analytic model gives good 
agreement with the BAFIC code for macroscopic 
quantities, such as fusion yield and power transfer. 

Analysis of ICRF Waves in JET Plasmas 
(S.I. Itoh*, K. Itoh+ and A. Fukuyama #) 
* Hiroshima University, Japan, + Kyoto University, 
Japan, # Okay ama University, Japan. 

The power deposition and structure of the wave field 
are investigated for H minority heating in a D-plasma, 
using 1-D and 2-D wave propagation codes. The wave 
field is found to be strongly localised in front of the 
antenna and propagates radially inwards. For low 
temperatures, direct heating of the H species dominates. 
As the temperature or density increases, electron Landau 
and transit time damping become more important. 

6. Comparison of Model Results with Measurements 

Simulation of Ohmic Discharges in JET 
(P.M. Stubberfield, R. Simonini, E. Springmann, Α. 
Taroni, F. Tibone, M.L.Watkins) 
The prediction codes GETTO and ICARUS have been 
used extensively to simulate JET ohmic discharges. 
Particular attention has been devoted to studying the 
consistency of experimental results with widely accepted 
transport models, both theoretical and empirical. 

It was first pointed out that the observed values of the 
central temperature difference Te(0)-Ti(0) in 1985 
discharges were not consistent with the moderate ion 
thermal transport usually assumed (one to five times neo
classical). More generally, transport models that fitted 
well the 1984 JET discharges appeared not to work for 
high density 1985 discharges. After recalibration of the 
ECE electron temperature measurements, the transport 
picture given in 1984 for ohmic discharges was found to 
apply to all ohmic discharges in JET. Neoclassical 
resistivity has been found to provide better agreement 
with experimental observations, than Spitzer resistivity. 

Electron energy transport remains difficult to assess 
uniquely. However, it has been confirmed that, and 
better understood why, a coefficient χ related to profile 
consistency, such as the so called Coppi-Mazzucato-
Gruber coefficient, can be used to simulate discharges in 
JET as well as in smaller devices, without explicit 
dependence on the dimensions. A detailed study of the 
distribution of background neutrals in JET ohmic 
discharges has been performed, taking into account the 
poloidal asymmetry due to limiters, the effects of non 
circular plasma cross-section, and toroidicity. It has been 
shown that the poloidal asymmetry can be strong (a factor 
of 5) even well inside the plasma (r = 50cm). 

ICRH discharges 
(P.M. Stubberfield, A. Taroni, F. Tibone, M.L. 
Watkins) 
Existing transport models and energy deposition profiles 
for electrons and ions have been tested against 
experimental observations in JET with ICRH auxiliary 
heating. Results obtained show that the following 
simplified RF power deposition model can be used to 
produce "reasonable" results: 

• the additional power is uniformly deposited 
within a rectangular portion (the same for 
electrons and ions) of the poloidal plasma section; 

• the absorption region is bounded by major radii 
corresponding to the position of the ion-ion 
hybrid and the ion cyclotron resonance for the 
minority species, and by a height Ζ determined by 
ray tracing calculations (Ζ ~ 1.5 m); 

• direct heating of the electrons by mode 
conversion using the Budden formulae, and 
minority ion heating by ion cyclotron damping 
are estimated; 

• heating of the background plasma ions and of the 
electrons is then estimated using a steady-state 
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solution to the Fokker-Planck equation for the 
minority species distribution function. 

Confinement degradation during RF heating has been 
simulated through an enhancement of the ohmic electron 
thermal diffusivity by a power-dependent factor, along 
the lines suggested by the principle of profile 
consistency. 

Simulation of deuterium plasmas at various plasma 
currents, densities and toroidal fields, with either 
hydrogen or helium minority concentrations, and RF 
power levels up to 5MW indicates the following plausible 
scenario: 

• a significant fraction of the RF power is absorbed 
near the plasma centre; 

• electron transport near the plasma centre is 
moderate; 

• electron energy transport degradation (scaling 
roughly as PJPQ) is required to reproduce 
experimental results if most of the coupled RF 
power is absorbed in the plasma centre. 

However, a scenario in which less power ( — 50% Prf) 
is absorbed and transport is not degraded cannot be 
excluded at present. 

The interaction of transport, sawtooth activity, and RF 
absorption has been studied within the frame work of the 
sawtooth model developed at JET in 1984. It was shown 
that sawtooth activity can indeed help in separating the 
heating and transport properties of the plasma. 

7. Predictive Computations 

New regimes of plasma operations 
(P.M. Stubberfield, M.L. Watkins) 
Transport code predictions for tritium operation in JET at 
the full planned power have been made with the aim of 
allowing conclusions to be drawn regarding the choice of 
limiter material and the effect of dissimilar materials also 
being present. 

Results can be summarised as follows: 

• Systems consisting entirely of low-Z material 
lead to high edge temperatures, high power flows 
to the limiter, high limiter erosion and low 
impurity radiation for both low and high plasma 
density; 

• Low-Z impurity levels remain tolerably low 
(despite the large limiter fluxes and the assumed 
transport model which peaks impurities on axis), 
because redeposition on the limiter and modest 
transverse transport into the bulk plasma occurs. 
This model is appropriate for present ohmic 
discharges in JET; 

• Systems including mixed-Z materials are shown 
to be much more sensitive to changes in, for 
example, the plasma density. At low density, the 
edge temperature, the power flow to the limiter 
and the limiter erosion are all high and the 
impurity radiation is low, similar to the 
corresponding all low-Z cases. However, at high 
density the edge temperature, the power flow to 

the limiter and the limiter erosion are all low and 
the impurity radiation is high; 

• There is little to choose between beryllium or 
carbon as the limiter material for JET. This result 
is independent of the effective wall material, the 
plasma density and the heating model. 

The effects of pellet injection on JET performance was 
also studied. The range of pellet speeds and sizes 
necessary for present and future JET plasmas has been 
determined. Pellets up to 6mm diameter and speeds at 
least up to 10kms~' have been found necessary to 
penetrate to the q = 1 region in a plasma with central 
electron temperature and density of lOkeV and 1020m~\ 
respectively. 

The change in performance resulting from pellet 
injection into ohmic, auxiliary heated (neutral beam and 
RF) and deuterium/tritium plasmas have been examined. 
The results can be summarised as follows. Pellet 
injection can be beneficial in building-up the plasma 
density from low levels, with peaked density profiles 
leading to reduced edge particle fluxes, including 
impurity fluxes. However, pellet injection can also lead 
to higher edge radiation and a thermal collapse of the 
plasma. Additional heating helps to avoid this by 
facilitating the re-heat of the plasma following pellet 
injection. When all the additional heating power is 
needed to maintain the plasma close to ignition, it is 
necessary to rely on the alpha power available after pellet 
injection to re-heat the plasma. In general, this is 
insufficient, and a re-heat to ignition is only possible if 
the energy confinement improves after pellet injection. 

8. Analytic Plasma Theory 

Sawtooth Behaviour 
(J.A. Wesson, M.F. Nave, J. Hastie*, P. Kirby*) 
* EURATOM-UKAEA Association, Culham 
Laboratory, UK 

The sawtooth behaviour observed in JET appears to be 
inconsistent with previously accepted models. In 
particular, the absence of precursors and the rapidity of 
the collapse were not understood. In response, to this a 
theoretical model has been developed which predicts 
behaviour consistent with the observations. 

The first step was to recalculate the stability of the ideal 
m = 1 kink mode, allowing for the expected form of the 
q-profile. It was found that the mode was unstable, 
whereas previously it had been predicted to be stable. 
The nature of the eigenfunction gives a different type of 
behaviour from that previously assumed and corresponds 
to a convective cell motion in the plasma. The non-linear 
consequence is the formation of a cold plasma bubble at 
the centre of the plasma. (Such a bubble has subsequently 
been found experimentally in the soft X-ray tomography 
studies.) An explanation of the catastrophe nature of the 
collapse is proposed in terms of an off-axis minimum in 
q falling through resistive diffusion until qmii) = 1. This 
is calculated to give a rapid onset of the instability 
described above. 
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Sawtooth Control 

(J.A. Wesson, H. Hamnén) 

A study has been made of the methods and consequences 

of control of the m = 1 internal instability. In particular, 

the further instabilities resulting from feedback 

stabilisation have been investigated and the methods and 

feasibility of producing stable current profiles with ICRH 

and neutral beam current drive have been studied. 

Theory of Disruptions 

(J.A. Wesson, M.F. Turner*) 

* EURATOM-UKAEA Association, Culham 

Laboratory, UK 

The disruption density limit in JET has been explained 

in terms of the instability to contraction of a surface 

radiating layer. This phenomenon has been studied in 

detail and numerical simulations have been carried out 

including transport, radiation and the non-linear 

behaviour of the MHD instabilities. The results are 

entirely consistent with the observed behaviour. 

Constraints on JET Operations 

(J.A. Wesson, M.F. Nave) 

The MHD limits on β, the disruption limits on density 

and the observed energy losses constrain the achievable 

parameters on JET. The effect of these constraints on the 

α-particle power of a D-T plasma has been calculated for 

a number of models. 

Plasma Flows in Tokamaks 

(R. Zelazny*) 

* Institute of Nuclear Studies, Poland 

The MHD equilibrium equations have been analysed, 

including stationary poloidal and toroidal flows. Such 

flows may be driven by additional heating. Parameter 

space may be divided into two regions where the 

equilibrium equation is elliptic, separated by a hyperbolic 

sonic barrier. Equilibria in the different regions are being 

studied in more detail. 

Impurity Transport in Rotating Plasma 

(W. Feneberg*) 

* EURATOM-IPP Association, Garching, FRG 

The steady-state fluid equations are solved for the 

density and velocity variation over flux surfaces in a 

large-aspect-ratio tokamak. The toroidal and poloidal 

velocities are treated as free parameters, as opposed to 

some earlier treatments where they are assumed to be 

related by the neoclassical condition. Over certain ranges 

of toroidal and poloidal rotation a strong outward 

neoclassical impurity flux is found. 

Scaling Law Systematics 

(D.F. Diichs, L. Taroni) 

Following the theoretical work of Pfirsch and Diichs 

[4], a code is being implemented to identify and 

discard the inner relations from statistical material. In 

addition, experimental errors are taken into account to 

give the uncertainty on the exponents in the scaling 

laws. A procedure to find the maximum allowed 

number of variables to be discussed is under study. 
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Appendix II 

JET Task Agreements 1985 
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 

Started November 1984 

Present Status 

a method has been chosen 
a code is being developed 

RF ANTENNA DEVELOPMENT, EUC-CEA FAR 
TESTING, COMMISSIONING AND (FAR/TA2) 
OPERATION (J Jacquinot) 

Sept 1984-Aug 1986 a contract for additional Testbed 
equipment is placed. 
The Testbed has been moved 
from FAR to JET 

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, 
Experiments with a complete ICRH 
system on the Textor Tokamak 

EXPERIMENTAL DIVISION 1 
PHYSICS OF SHAPED 
CROSS-SECTIONS 

EDGE PLASMAS & PLASMA 
SURFACE INTERACTIONS 

PLASMA WALL INTERACTIONS 

MHD ACTIVITY, DISRUPTIONS AND 
RF WAVEFIELDS, EDGE PLASMAS 
UNDER INTENSE RF FIELDS 

NEUTRON PRODUCTION, RELATED 
PHYSICS AND ASSOCIATED 
DIAGNOSTICS 

PLASMA SURFACE INTERACTIONS 

EUR-CEA 
(FAR/TA3/GREN/TA1) 
(J Jacquinot) 

EUR-ERM/KMS 
(J Jacquinot) 

Sept 1984-Sept 1986 

1 Feb 1985-30 Sept 1986 

CULHAM 
CUL/TA4 
(Ρ E Stott) 

CULHAM 
CUL/TA2 
(Ρ E Stott) 

GARCHING 
IPP/TS2 
(Ρ E Stott) 

LAUSANNE 
CRPP/TA1 
(Ρ E Stott) 

SWEDEN 
SERC/TA1 
(Ρ E Stott) 

SWEDEN 
SERC/TA2 
(Ρ E Stott) 

Started March 1983 

June 1983-May 1986 

Since January 1985, FAR staff 
have been participating 
actively in analysis of results 
already obtained. 

Agreement just established 
(ERM2) 

Work continuing, and task 
agreement has been extended. 

Work proceeding 

January 1984 —December 1986 Work proceeding 

March 1984-March 1986 Work proceeding 

January 1984-December 1986 Work proceeding 

July 1984-June 1987 Work proceeding 
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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 

EUR-IPP 
FRG 
(W W Engelhardt) 

EUR-UKAEA 
CULHAM LABORATORY 
(W W Engelhardt) 

EUR-CEA 
FAR 
(W W Engelhardt) 

EUR-ENEA 
CREF 
(W W Engelhardt) 

EUR-UKAEA 
CULHAM LABORATORY 
(W W Engelhardt) 

Started February 1983 

Started February 1983 

Started July 1984 

Started October 1983 

Started July 1983 

Work proceeding 

Work proceeding 

Work proceeding 

Work proceeding 

Work proceeding 
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Appendix 

Articles, Reports and Conference Papers Published, 1985 
1. Manufacture of beam sources and neutralisers for 

JET neutral injection. 
Altmann H. 
Fusion Technology 13th Symposium, Varese, 
24-28 September 1984, Oxford, Pergamon, 1984. 
Vol. 1, pp. 579-585. 

2. Textbook finite element methods applied to linear 
wave propagation problems involving conversion 
and absorption. 7. 
Appert K, Hellsten T, Vaclavik J, Villard L. 
Ecole Polytechnique Federale de Lausanne, 
September 1985. 
Report LRP 268/85. 
Presented at the 3rd European Workshop on 
Problems in the 8. 
Numerical Modeling of Plasmas, Varenna, 
September 1985. 

3. Overmoded millimetre waveguide transmission 
system for the JET ECE diagnostic. 
Baker E A M, Daly D J, Dellis A, Bartlett D V, 
Campbell D J, Costley A E, de Kock L C J M, 
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ABSTRACT 

I t i s proposed to use in JET a s i n g l e lowZ mater ia l for the be l t l i m i t e r s 

and the walls to reduce impurity r a d i a t i o n losses to the lowest l e v e l . 

The only practical materials are graphite and beryllium. Their relative 

merits are compared in this paper. Graphite has better thermomechanical 

properties than beryllium, but simulation experiments on beryllium carried 

out at Sandia National Laboratory and in ISXB have proved these properties 

sufficient for the belt limiters. Recent measurements indicate that 

beryllium retains 23 times less hydrogen than graphite. The ISXB 

experiments have shown that beryllium has an excellent gettering action 

also. The main drawback of beryllium is the toxicity of i t s dust, but 

the control of beryllium dust is well within standard industrial techniques. 

I t is concluded that beryllium offers the best prospects as a material 

for the JET belt limiters and walls. 

I INTRODUCTION 

plasma current and, probably, in ß, disruptions occur faster, since the 

plasma requires a more important readjustment of the vertical field to 

stay in equilibrium. As the densities reached with additional heating may 

exceed the density limit with ohmic heating, termination of the discharge 

may well induce further disruptions, once additional heating is stopped. 

Experimentally, it has been found that disruptions are sensitive to plasma 

edge conditions (impurities, radiation, wall carbonisation on JET). In 

a theoretical model / 2 / , it is predicted that disruptions due to the high 

density limit could be suppressed by strongly decreasing external losses 

(radiation and recycling). 

Assuming that disruptions could be controlled, thermal collapse might 

occur, if the losses in the outer plasma region exceed the total input 

power. The power balance permits the derivation of an upper density limit 

in the edge, which depends on the nature of the impurities and on the total 

input power /3/· 

The study of plasmawall interactions is one of the four main aims of the 

JET experiment as outlined in Ref. /1/. To reach the nearreactor conditions 

aimed at in JET and hence to justify the eventual use of tritium, it will 

be necessary to solve the plasmawall problem to the extent that both the 

radiation and the dilution effects in the plasma core are sufficiently 

small. 

1. Belt limiters 

"Hraode" properties are interesting to improve the energy confinement time. 

"Hraode" is due to the emergence of a zone close to the separatrix in the 

outermost plasma layer, where the confinement is good (classical?). This 

allows a strong temperature gradient at the edge and higher plasma performance. 

Under these conditions, impurity accumulation is currently observed: e.g. 

iron in ASDEX, nickel, chromium and titanium in PBX. When their concentration 

becomes too large, most of the plasma energy is lost by radiation or charge 

exchange. This eventually returns the plasma to the "Lnode". 

In the next phases of the project additional heating will be applied 

progressively to increase the power input into the torus from the present 

ohmic level of 23MW up to ^lOMW. To take this increase in power the 

present discrete, uncooled, carbon limiters will be replaced by two continuous, 

radiationcooled, "belt" limiters mounted above and below the raidplane on 

the large major radius part of the vacuum vessel (see Fig. 1). The RF 

antennae will be mounted between these limiters. The design is such that 

the main plasmawall interaction takes place on the edges of specially 

shaped tiles on the belt limiters with a similar arrangement for the antennae 

protection. 

?.. Cool plasma mantle or high temperature edge 

There are two extreme scenarios for the operation of JET: 

impurities of mediumZ are present in the outer regions in sufficient 

quantity so that a large fraction of the power input is radiated by 

the "cool plasma mantle". This mode is probably inescapable if the 

limiter is made of middleZ material, (e.g. nickel), or if the Inconel 

walls are exposed to the plasma. The "cool plasma mantle" mode has 

the advantage of reducing the power load on the limiters and of being 

selfregulating. 

the alternative mode of operation is one in which the major part of 

the power input is deposited on the limiters with only a small fraction 

radiated. To achieve this, the impurities must have a very low Ζ (Ζ < 8 ) . 

This could be obtained, if the plasma only interacts with a very lowZ 

material (limiters, walls, antennae,....). In this case, it would 

still be possible to operate in the "cool plasma mantle" mode by 

controlled injection of elements, such as argon, into the plasma. 

Clearly, this lowZ solution gives maximum flexibility in permitting 

a study of both operational modes. 

3. Consequences of radiative losses 

To reach ignition conditions, radiative power losses due to impurities 

must be only a limited fraction ( <50j) of αparticle heating. When the 

impurities are fully ionised, bremsstrahlung losses impose an upper limit 

on Zef%f, (typically Z e f f <6 for Te si5keV), which defines a maximum impurity 

concentration in the pia centre. 

Although the global power balance in a tokamak is fundamental, radiative 

losses at the edge may play a critical role in plasma stability and 

confinement. 

This discussion clearly indicates the necessity of limiting the radiative 

losses right to the outermost plasma zone. Only impurities with very 

low atomic number could be tolerated at relatively large concentrations 

at the plasma edge. The main advantages of having only impurities of very 

low atomic number Ζ can be summarised as follows: 

ions are fully stripped and therefore line radiation loss is 

suppressed at temperatures of a few keV; this is true for Ζ .£10 at 

T=3keV; 

the tolerable concentration can be relatively large, since the critical 

impurity concentration for inhibiting ignition is proportional to 

Z"
1
 (see Fig. 2 ) ; 

for a stationary state, if the ion confinement is close to classical, 

the impurity density may strongly peak in the plasma centre. The 

maximum magnitude decreases, as Ζ decreases. 

'ί. Importance of haying a single material for the limiters and the walls 

In a tokamak, the main sources of impurities are the limiters and the wall. 
Their magnitude is generally enhanced by additional heating. 

Deposition of wall materials on the limiters and the inverse process are 
observed in all tokamaks. In JET, the graphite limiters have been covered 
by the constituents of the wall (in particular nickel) with an average 
layer of up to 50 monolayers; in ISX-B, the beryllium limiter has been 
covered with chromium, evaporated on the walls for a prior gettering 
experiment; in TFR, molybdenum has been deposited on the walls when molybdenum 
limiters were used and in ISX-B beryllium has covered a part of the wall 
after the melting of the beryllium limiter. This indicates that is is 
practically impossible to segregate limiter and wall materials. When different 
materials are used, it is difficult to know the composition of the materials 
in contact with the plasma and the effect of the mixture (e.g. carbides, 
when graphite is used). 

5. Present low-Z experiments 

In JET, recent experiments have been carried out with four discrete graphite 
limiters (total area 1.3m2) and power input in the range 1-3MW. In order 
to suppress high-Z impurities and to observe the effect of discharges with 
low radiation at the edge, the walls have been carbonised by glow discharge 
cleaning in mixtures of methane and hydrogen. After carbonisation, the 
main features of the discharges are: 

Disruptions impose a major limitation on tokamak performance: they impose 
limits on plasma parameters such as the maximum electron density and "-he 
lowest q-values attainable and, as a consequence, on the product ητ ; they 
limit machine performance by the forces induced on the vacuum vessel and 
coils, and by thermal stresses on limiters and walls. With increases in 

the nickel content is strongly reduced. Typically, for a relatively 
high density pulse (η = 3 χ 1 0 ^ α '· t n e measured impurity 
concentrations relative to the central electron density are 2.5Ϊ, 
M> and 0.015< for carbon, oxygen and nickel, respectively. 
These concentrations give Z e f f = 2.H and nD/ne = 0.77; 
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the power radiated by impurities is about 50Í of the ohmic power input; 

the release of hydrogen from limiters and wall makes density control 

difficult during the current pule«. 

The trend of using a single lowZ material in JET has been followed in 

TEXTOR, where heavy wall carbonisation has allowed the injection of 1MW 

RP heating without disruption, whereas previously it had been limited to 

lOOkW. 

6. Ideal limiter and wall requirements 

values for the Ion thermal losses and the electrical resistivity (including 

trapped particle corrections); transport in the scrapeoff layer is 

characterised by the parallel confinement time,
T
^=L/V (where L is the effective 

connection length taken to be ïïRq and V Is the effective ion flow speed); 

impurities are produced at the limiter by sputtering by charged particles, 

and at the wall by charged particles and chargeexchanged neutrals (self 

sputtering is included); coronal radiation loases are assumed. 

This model is applied to a circular crosssection torus with the same volume 

as the JET configuration (limiter radius, «Vsl·62Μ} wall radius, aw=1.72m; 

major radius R=2.96m). 

Ideally, the limiter and wall material should have the following properties: 

very low atomic number; 

negligible porosity; 

high melting point; 

large thermal conductivity; 

good resistance against thermal shock; 

low erosion through sputtering or chemical effects; 

low hydrogen retention and low chemical affinity with hydrogen; 

strong affinity to oxygen (gettering action). 

7. Summary 

These considerations all tend to the conclusion that using a single lowZ 

material for limiters and walls provides a solution to reduce impurity 

radiation losses to an acceptable level. The only materials which meet 

a sufficient number of the above criteria are beryllium and carbon. In 

this paper, the relative merits of the two materials are discussed. Section 

II sets out transport code predictions, and thermomechanical and physical 

properties are compared in Section III. To clarify these points, a beryllium 

limiter experiment has been undertaken in ISXB at OHNL, USA; the results 

of this experiment are reported In Section IV. Due to the toxicity of 

beryllium, precautions required when entering the JET vacuum vessel containing 

beryllium are discussed in Section V. 

II THE EFFECT OF LOWZ LIMITER AND WALL MATERIAL 

ON THE APPROACH TO IGNITION 

1. Introduction 

Transport code predictions for tritium operation in JET at the full planned 

power are presented with the aim of allowing conclusions to be drawn regarding 

the choice of limiter material and the effect of dissimilar materials also 

being present. 

Several Impurity contaminants are likely to be present in JET (e.g. nickel 

deposits from the wall and radlofrequency antennae onto beryllium or carbon 

limiters, Intrinsic oxygen, Injected neon). Two ideal situations are considered, 

classified as "all lowZ·* (the limiter and wall are of the same lowZ material, 

either beryllium or carbon) or "raixedZ" (the limiter is of lowZ material, 

the wall is nickel and is assumed not to contaminate the limiter). The 

oxygen level is assumed to be sufficiently low that gettering is not needed. 

100> recyollng of the hydrogen isotopes is assumed. Only physical sputtering 

of impurities is taken into account. 

Earlier calculations comparing the use of beryllium and carbon (and nickel) 

as limiter materials /5, 6/ used a variety of plausible transport models, 

since no single model existed then to describe tokamak plasmas in all detail. 

The results of ohmic operation in JET have allowed some of the uncertainties 

in these models to be removed, allowing the identification of the most 

appropriate transport model then used (Section II.2). The results of these 

calculations are reviewed in Section II.3· 

These calculations have also been updated, taking account of the results 

of JET operation to date (Sections TT.M and II.5). 

2. Model assumptions for the most relevant cases in Refs./5,6/ 

The form of the ICARUS transport model used can be found in /5,6/. 

The most Important features for the present study are: ALCATOR/INTOR anomalous 

electron thermal losses (Xe=5x10
19
/nel; anomalous diffusive 

i D =
** e) and inward convectiva (V=2rD/a

2
> particle fluxes; neoclassical 

The heating sources correspond to those for the full planned power of JET (Phase 

IV operation with a toroidal field of 3.Ί5Τ) and comprise the sum of: 

a. ohmic heating with a current of Í1.8MA from time, t=0s; 
b. injection of neutral deuterium at a power level of 10MW 

at an energy of l60keV (a total power of 17.25MW including the 
fractional energy components) from time, t=0s; 

c. a uniform ion heating profile of about O.IMWm"^ to represent 
some form of radlofrequency heating at an effective level of 
15MW within the limiter radius from time, t=1s; and 

d. alpha particle heating by plasma-plasma and beam-plasma interactions 
assuming a 50:50 mixture of deuterium and tritium. 

A mean deuterium/tritium starting density of Ί.ΊχΙΟ^πΓ^ | a ag3umed. 

3. Results of the most relevant cases In Refs. /5,6/ 

The results of simulations presented in /5,6/ for all low-Z and mixed-Z 
cases are summarised in Table I at a time of 3s, when the central ion 
temperature has, in most cases, reached its maximum value. 

In terms of plasma performance for these high density cases (central deuterium/ 
tritium densities M O ^ n T ^ ) , there Is little to choose between beryllium 
and carbon as the limiter material for either the all low-Z or the mixed-Z 
cases. The central temperatures are quite high (9-10keV) and a modest 
alpha power results (3-6MWÌ. 

The main difference arises between the all low-Z and the mixed-Z cases 
in the level of limiter erosion and radiated power. With all low-Z cases, 
the edge temperature, the power flux to the limiter and the limiter erosion 
are all high, and the radiated power is low. With raixed-Z cases, the edge 
temperature, the power flux to the limiter and the limiter erosion are 
all low, and the radiated power is high. 

U. Updated model assumptions 

A result of ohmic operation in JET has been the refinement of the basic 
transport model, the most important changes being an anomalous electron thermal 
diffusivity that is one-half of the ALCATOR/INTOR value (X =2.5x1019/n ) 
during the ohmic phase of operation; during additional heating the value of 
the ohmic diffusivity Is increased by a factor of two and held independent 
of density; twice the neoclassical ion thermal losses; and a particle diffusion 
coefficient, D=0.5m2s-1. 

The model Is applied to a full aperture, D-shaped JET plasma (limiter radius, 
aL=!l.21ra, wall radius, a^s'i.32m, major radius, R=2.96m in the horizontal 
raid-plane; elliptlcity=1.6; triangularlty=0.25). 

The heating sources are as indicated in Section II.2, except: 

a. ohmic heating with 3.8MA starts at time, t=0s; 
b. the injection of neutral deuterium from time, t=1s at a 

power level of 10MW at an energy of l60keV (a total power of 
15MW with the present best estimates of the fractional energy 
components) is modelled more accurately by a multiple pencil 
beam description which takes full account of the neutral beam 
Injection and tokamak plasma geometries; 

c. the radlofrequency heating starts at time, t=2s. 

A lower mean deuterium/tritium starting density of 2.2x10lom~3 is assumed, 
consistent with the density limit observed so far in ohmic operation. 
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5. Results of updated calculations 

The results of the more recent calculations are summarised in Table II at 

a time of 3s. Most differences with the previous calculations may be 

attributed to the assumed lower ohmic starting density. 

In terras of plasma performance for these low density cases (central deuterium/ 

tritium densities ̂ 6x10
1
9m3 at 3s), there is still little to choose between 

beryllium and carbon as limiter material. The central temperatures (1013keV) 

are a little higher than those obtained previously, but the alpha power is 

lower (^2MW) as a result of the lower density. The limiter erosion and the 

lowZ concentrations are higher. 

The main difference from the earlier calculations arises with the mixedZ 

cases, in which, at low plasma density, insufficient nickel accumulates 

in the low density edge region to radiate more than 50% of the input power. 

The edge temperature, the power flux to the limiter and the limiter erosion 

are therefore high, similar to the corresponding all lowZ cases. 

6. Conclusions 

With the models examined (which assume a negligible oxygen level, 100Í 

recycling of hydrogen isotopes and only physical sputtering of impurities) 

these calculations indicate there is little to choose between beryllium 

or carbon as the limiter material for JET. This result is independent 

of the effective wall material, the plasma density and the heating model. 

Systems comprising all lowZ material lead to high edge temperatures, high 

power flows to the limiter, high limiter erosion and low impurity radiation 

for both low and high plasma density. 

LowZ impurity levels remain tolerably low (despite the large limiter fluxes 

and the assumed transport model which peaks impurities on axis) because 

redeposition on the limiter and modest transverse transport into the bulk 

plasma ocurs. This model is appropriate for present ohmic discharges in 

JET. 

Systeras comprising mixedZ materials are shown to be much more sensitive 

to changes in, for example, the plasma density. At low density, the edge 

temperature, the power flow to the limiter and the limiter erosion are 

all high and the impurity radiation is low, similar to the corresponding 

all lowZ cases. At high density, however, the edge temperature, the power 

flow to the limiter and the limiter erosion are all low and the impurity 

radiation is high. 

Ill COMPARISON OF BERYLLIUM AND GRAPHITE PROPERTIES 

1■ Physical properties 

Table III compares some of the physical properties of beryllium and graphite 

in the ISXB tokamak at Oak Ridge, where a beryllium limiter 

was subjected to short high power heat pulses (2500 W/cm
2 

for 0.3a) (see Section IV.2); 

in an electron beam facility at Sandia National Laboratory, 

where beryllium samples were exposed to heat loads similar to 

those that would be experienced In JET (300  U50W/cm
2
 for 

10s). A first set of samples has survived 10000 cycles 

of 300W/cm
2
 without structural damage. Microcrack formatlon 

was observed after about 3000 cycles. These cracks widened 

in the course of the experiment and additional raicrocracks 

appeared. The range of crack growth did not exceed 5mra 

and is in good agreement with the range of plastic deformation 

obtained from elasticplastic finite element calculation. 

Thermal fatigue tests at higher heat loads (150 W/cm
2
 for 

10 a) are being performed, but from the elasticplastic 

calculations no dramatic change In crack formation is expected. 

Apart from thermal stresses, the heat load may also be limited 

by excessive temperatures at the limiter surface. This would 

result in very large evaporation of the Uralter surface material 

and in intolerable concentrations of this material in the plasma. 

Surface temperatures of the JET belt limiters have been calculated 

for an average heat load of 300W/cra
2
 and different peak loads. 

They are compared in Table IV for beryllium and carbon materials. 

The values shown In Table IV are steady state temperatures after 

about 10 pulses with a duration of 10s and at a repetition rate 

of 20mn. 

In the case of beryllium, a conservative upper limit for the 

heat load on the limiter can be defined by the surface temperature 

at which the evaporation rate is about a factor of 10 lower than 

the sputtering rate* (see Fig. 3): it is about H O W/cra
2
. Assuming 

that the scrapeoff layer thickness varies by less than a factor 

of 4, it is possible to shape the belt limiter so that the local 

peak loads are about fiol higher than the average load. 

*As the sputtering rate has been calculated for the maximum energy 

of the particles impinging on the limiter (E=900eVÌ, it la 

a lower limit. For lower energies (300<E<900eV), the particle 

flux would be larger for the same power flux and the sputtering 

yield would also be higher. 

Taking for the peak loads IlOW/cm?, the average power flux 

on the belt limiter Is 275W/cra
2
, which corresponds to a total 

load of about lOMW. Surface melting is expected at heat loads 

of 600W/cra
2
 for 10 a. The margin between UU0 and 600W/cm2

 may 

be considered as a safety factor of 1.4 for the beryllium belt 

limiter. 

b. Damage by runaway electrons 

Properties favouring beryllium as a limiter material are its low Ζ value 

and its negligible porosity. However, its relatively low melting point 

makes it more vulnerable to disruptions (see Section 2c). 

Graphite has the advantage of not melting but sublimating and exhibits 

a larger heat of sublimation. Its main disadvantage is its relatively 

large porosity, which could generate a serious outgassing problem if a 

complete coverage of the inner wall with graphite is envisaged. 

2. Thermal and mechanical resistance 

a. During normal plasma pulses 

To compare the effects of thermal stresses on different materials, 

Op/E.a.ûTs is usually quoted as a figure of merit. For short 

temperature pulses, ûT g a(o.k) , the figure of merit is about 

5 times larger for graphite than for beryllium (see Table III). 

However, this factor of 5 is likely to be an overestimate, since 

it does not take into account the large ductility of beryllium 

(particularly at high temperature). 

To test the thermomechanical properties of beryllium for 

suitability as the JET belt limiters, thermal fatigue experiments 

have been undertaken: 

In this case, the temperature Increase is not determined by the 

thermal conductivity, but by the specific heat. The figure of 

merit then becomes ° B. C/ E.a. The value for graphite Is about 

5 times higher than for beryllium, but this comparison does not 

take into account the high ductility of beryllium. 

So far, damage by runaway electrons has been observed for graphite 

only /7/. It shows a laminar fracture about 1 ram deep. Similar 

damage is expected for beryllium, since the heat effected zone 

(determined by the density of the material) should be the same 

for both materials. 

It should be noted that, in contrast to Inconel in JET, beryllium 

is not expected to melt under runaway electron Impacts. The 

temperature Increase resulting from volumetric energy deposition 

should be only about 500°C in beryllium due to Its low density. 

c. Damage by disruptions 

Only theoretical calculations are available. For example, 

disruptions depositing an energy density of lOOOJ/cra
2
 over a 

period of 5ms are expected to evaporate a ΙΟΟμπι thick layer and 

to melt an additional layer of about 100um thickness for beryllium. 

Evaporation to a depth of only 50pm is expected for graphite 
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due to lts higher heat of sublimation. Since it is not clear 
whether the melted layer of beryllium will be stable against 
eddy current forces /Θ/ or internal pressure, erosion could be 
2 to 1 times higher for beryllium than for graphite. 

g. Sputtering 

For graphite, sputtering depends strongly on temperature: It Is enhanced 
by ohemlcal effects around 550°C and by radiation damage at higher temperatures 
/9/* By contrast, for beryllium, the sputtering exhibits only a weak temperature 
dependence /10/. At the temperatures indicated In Table IV, yields on 
sputtering by hydrogen and deuterium are lower for beryllium than for graphite. 

4_. H..~, recycling 

a. Retention and release of injected (250eV) hydrogen 

6. Conclusions 

Although the thermomechanical properties of beryllium are not as good as 
those of graphite, simulation experiments have proved them sufficient for 
JET application. However, compared to graphite, beryllium has a lower 
Ζ value, has a negligible porosity, retains less hydrogen at high temperatures, 
has a lower yield on sputtering by hydrogen and can be used as a getter. 

IV RESULTS OF THE ISX-B BERYLLIUM LIMITER EXPERIMENT 

Before using beryllium as a limiter material in JET, it was decided to 
study the behaviour of smaller tokamaks equipped with beryllium limiters. 
A preliminary experiment was carried out in a small tokamak, UNITOR, in 
Dusseldorf. After the first encouraging results, a more comprehensive set 
of tests was carried out in ISX-B in Oak Ridge. A brief summary of the ISX-B 
experimental results /13/ Is given in this section. 

During plasma build-up, a fraction of the hydrogen Impinging on 
the belt Uralter Is trapped in a thin surface layer. When the 
limiter is heated up by the plasma pulse, part of the trapped 
hydrogen is thermally released. The amount of hydrogen trapped 
and released during the pulse depends on the limiter material, 
on its temperature when implantation occurs and on the energy 
of the impinging hydrogen. 

Most of the experimental studies for hydrogen retention in materials 
as a function of temperature have been made using the following 
procedure: after hydrogen implantation at 20°C, the hydrogen 
content is measured for different temperatures of the material. 
The data obtained for beryllium and graphite are shown in Fig. 4 
(full symbols). A comparison is only possible for implantation 
at 1500eV. At room temperature, the amount of trapped hydrogen 
Is larger by nearly a factor of 2 In graphite than in beryllium. 
However, the release of hydrogen upon heating is quite different 
for both materials. Beryllium exhibits two release stages at 
200 and 1l80°C, whereas for graphite hydrogen is released In a 
single stage at about 700°C/11/. These measurements Indicate 
that after heating above 300°C hydrogen retention is larger by 
more than one order of magnitude In graphite than In beryllium. 

However, the above results do not reflect the reality. In JET, 
while hydrogen implantation occurs, the temperature of the belt 
limiter will be about 300°C and will further increase after additional 
heating is applied (see Table IV). Recent measurements for hydrogen 
retention in beryllium as a function of the implantation temperature 
/12/ are compared with the data for graphite in Fig. 4 (open 
symbols). In the case of implantation at 1500eV, beryllium retains 
less (factor 2-3) hydrogen than graphite above 200°C. This reflects 
the fact that hydrogen is thermally released from beryllium at 
a lower temperature than from graphite. As the hydrogen retention 
ourves for beryllium seem to present the same type of behaviour 
as a function of Implantation temperature for different energies, 
the factor of 2-3 is assumed to be valid for lower energies also. 

Hydrogen release by the belt limiter In the case of graphite 
has been estimated in two different ways: (1) from Isotope exchange 
experiments In JET (e.g. Pulse No. 2751); (ii) by a simple calculation 
which assumes an electron temperature of 100eV in front of the 
limiter and a maximura value of 300eV for the sheath potential. 
Both estimations indicate that an Increase in average density 
of 2 to 8X10''B~3 ia expected during the discharge as soon as 
the limiter temperature exceeds 800°C (see Table IV). This might 
make density oontrol difficult in JET. 

b. No reliable data are available for diffusion, solubility and 
surface recombination of hydrogen for beryllium and graphite. 

5. Reaction with oxygen 

Carbon combines with oxygen to give volatile oxides (carbon dioxide and 
carbon monoxide). In contrast, beryllium forms a non volatile, thermally 
extremely stable oxide. This property allows the use of beryllium as an 
oxygen getter, as shown in the experiments performed in UNITOR and ISX-B 
(see Section IV). 

1_. __ Experiment specifications 

The objectives of the experiment were to study in a beam heated machine 
the behaviour of plasmas in the presence of a beryllium limiter and to 
investigate the mechanical suitability of this material under high heat 
loads and high particle fluences. 

The experiment was specified for a deuterium fluence of about 10 2 2 ions/cm2 

to the limiter. This corresponded to 3000 beam-heated discharges. The 
limiter was designed to experience a surface temperature rise of 600°C 
per discharge. The resulting power flux was 2.5kW/cm2 during a plasma 
pulse of 0.3s· 

To simulate JET conditions, the base temperature of the Uralter was kept 
between 200DC and 300°C at all times. The beryllium limiter was lnertially 
cooled during discharges and had an actively cooled baseplate to remove 
heat between discharges. 

The beryllium limiter was Installed at the top of the machine, acting as 
a rail limiter. 

Up to the introduction of beryllium, ISX-B operated with titanium carbide 
coated graphite limiters, the walls of the vessel being stainless steel, 
sometimes gettered by titanium and for a short period by chromium. The 
reference discharges for the assessment of the beryllium limiter were made 
with the TIC limiter and without gettering. A set of standard parameters 
was established with plasma major radius 94em, minor radius 24cm, elongation 
S1.2, toroidal field 1.4 T, plasma current 120kA, average electron density 
4.5x1019m~3t electron temperature ^700-800eV and Injected power 0.8MW. 
The operational envelope was surveyed by scans of plasma density and current; 
at the same time, spectroscopic measurements were carried out to assess 
the impurity behaviour. 

?.. Limiter performance and heat loads for the different 
conditions of operation 

The beryllium limiter was mainly studied under three conditions: 

a. ungettered discharges 

During the first three weeks of operation, about 800 shots were 
performed with ohmic heating only. Power fluxes to the limiter 
of 400-900W/cra2 caused surface temperature rises of 100-200°C, 
and no damage to the limiter was observed. 

For the remainder of the experiment, in addition to the ohmic 
heating, the plasma was heated by neutral injection. With power 
loads on the limiter up to the design load of 2.5 kW/cm2, daily 
still photography of the limiter did not reveal any damage either. 

During the first phase of the experiment, the plasma behaviour 
was dominated by the wall. Due to the high power losses by radiation 
from impurities coming from the wall, the specified temperature 
rise of 600°C for the limiter surface could not be achieved 
with the parameters chosen for the load test (power flux of 
2.5kW/cm2; plasma current of 120kA). 
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A current scan up to l65kA revealed that the power deposited 

onto the limiter increased with the plasma current. With current 

exceeding l40kA, power fluxes of 45kW/cm
2
 were measured and 

the limiter surface showed signs of melting. Some cracks were 

observed on the limiter surface and a few chips spalled off the 

centre tiles (see Fig. 5a). Reducing the power flux to the design 

load again caused no further limiter melting. 

b. discharges with limiter surface melting 

In order to reduce the effects of the wall on the plasma, it 

was decided to raise the power load on the beryllium limite'· 

to melt Its surface and to cover the walls with beryllium. 

In the course of a prolonged series of high power discharges 

at a fixed plasma current (150kA), the power flux to the limiter 

was Increased from 2.2kW/cm
2
 to values exceeding 4kW/cm

2
. 

The limiter surface melted and evaporation of beryllium caused 

strong gettering of the vacuum vessel. Fig. 5b shows the damage 

done to the limiter surface by melting after 500 such discharges. 

During the shots where melting occurred, plasma operation was 

possible but not very reproducible. 

o. gettered discharges 

The power flux was then reduced to the design load again (2.5kW/cm
2
). 

Because of the roughness of the limiter surface, the power flux 

was high enough at solidified droplets and protrusions to melt 

the surface locally. This resulted in beryllium evaporation, 

which gettered the walls sufficiently. Even with the limiter 

surface damaged, the discharges were good and reproducible. 

About 2000 shots were performed under these conditions (fluence 

test). There was no further gross melting and the surface topology 

was mainly preserved throughout the fluence test. Towards the 

end of the test, the features became somewhat finer due to evaporation 

and probably surface cracking (see Fig. 5c). 

Half of the limiter tiles were tesselated (as shown In Fig. 5a) 

to reduce surface stress. Postmortem analysis of the limiter 

tiles revealed that the tesselations had been quite successful 

in reducing surface stresses. While the non tesselated tiles 

show (as expected) surface cracks up to several millimeters deep, 

the tesselated ones show considerably less cracking. The total 

weight loss of the limiter, mostly in form of molten droplets, 

was 2g compared to a total weight of 3kg. 

Impurities 

a. ungettered discharges 

For ohmic discharges as well as for low current beam discharges, 

the main impurity source was the wall and not the limiter. The 

beryllium content In the plasma was negligible (0.07* at the 

oentre corresponding to a density of 4x10
1
^m~3l. The Impurity 

content was dominated by oxygen, carbon and nitrogen with 

concentrations of about 1< each. The total Ζ f r o n ] hydrogen 

and light impurities was 2.4. The contribution from metals was 

only a few tenths; the titanium and chromium content of the 

plasma appeared to be 4 times smaller than that observed during 

operation with the TIC limiter. 

b. discharges with limiter surface melting 

For discharges with limiter surface melting, the radiated power 

dropped from 300kW to 150kW at constant plasma current (150'ΛΑ) 

and density. The beryllium line Intensities Increased by factors 

of 15 to 300. The beryllium content in the plasma could reach 

values of about 5%. At the same time, radiation from light impurities 

decreased, indicating that beryllium was very effective in gettering 

the walls. The central radiation of C and 0 fell by factors 

of 2 to 4. Radiation from peripheral ions decreased by a factor 

of about 10. Fig. 6 illustrates for Be IV and 0 VI radiation 

the differences between ungettered and gettered discharges. 

c. gettered discharges 

Throughout the fluence test and during the postfluence test, 

the beryllium Influx was comparable (only a factor of 2 lower) 

to that observed for the discharges with limiter surface melting. 

The beryllium content in the discharge was about 2$. Because 

of its low atomic number (Z=4), beryllium does not contribute 

significantly to the plasma radiation. This is demonstrated 

very clearly in Fig. 7 which shows the total radiation together 

with the Be I and 0 VI radiation. Although the beryllium influx 

at the limiter Increases drastically during the discharge, the 

total radiation seems to be dominated by the oxygen radiation, 

even though the oxygen content in the plasma is less than 0.5Í. 

Table V gives a comparison between the intensities of a few impurity 

lines for different conditions of operation of ISXB. Note in 

particular that during the postfluence test the oxygen radiation 

was considerably reduced compared to its level when TIC limitera 

were used. 

4. Plasma behaviour 

density limit 

In ohmic discharges, the plasma performance in the presence of 

the beryllium limiter was much the same as with the TiCcoated 

graphite limiters. This is shown In the Hugill diagram (open 

and full squares In Fig. 8 ) . The density limit was 6x10
iq
m~3 

for a plasma current of 170kA. 

Scans obtained with additional heating (neutral beam injection) 

before properly gettering the walls are shown in Fig. 8 (full 

circles and open triangles). In particular, the density scan 

for a 11fikA plasma current Indicates that the plasma performance 

was comparable to previous data obtained with TIC limiters. 

The density limit was 9x10
1
^m~^. 

When the limiter surface melted during the shot, the discharges 

were not very reproducible and it was difficult to make a full 

density scan (crosses in Fig. 8). The highest electron density 

investigated was 9x10^9m3 for a 150kA plasma current. 

With well gettered walls and a plasma current of 1l6kA, a maximum 

electron density of 1.3x10
2
"m3 was achieved before disruption 

(open circles in Fig. 8 ) , 

In ISXB, beryllium gettering made it possible to reach density 

limits about 50t larger than titanium getterlng and about 20% 

lower than chromium gettering. It should be emphasized here that 

the measurements were performed under different experimental 

conditions for the three investigated getter materials: evaporators 

were used to getter the walls either with titanium or chromium; 

during the chromium experiment, pump limiters with a gas flow 

rate of about 20 torr.l.s

^ were also operational; beryllium 

gettering was done bv merely melting the limiter. Thus It cannot 

be concluded that there is a significant difference In the density 

limit obtained with the three materials investigated. 

Confinement 

In the case of pure ohmic heating, the energy confinement time 

was 15ms for an electron density of fixlO^m

' and a plasma current 

of 170kA. This value Is comparable to the previous measurements 

made with TIC limiters. 

Typical values of the energy confinement time τ measured with 

neutral beam heating in beryllium gettered discharges are plotted 

In Fig. 9 against the mean plasma density η , 

The majority of the i^ values measured under these conditions 

are independent of ng a n d l n g o o d agreement with the empirical 

TISX scaling found In ISXB for gettered discharges: U
B
8 

However, a small number of these measurements exhibit a density 

dependence and are observed to approach the empirical scaling 

found in ungettered discharges and in gettered discharges with 

controlled neon puffing (the socalled Zmodel. This Improvement 

in confinement Is attributed by the ISXB team to an outward 

radial shift of 12 cm in the plasma position /14/. 

After careful analysis of the data for the beryllium gettered 

discharges, it can be concluded that beryllium gettering is similar 



In lts effects on confinement compared to titanium and chromium 
getterlng. 

If conditions should ever require them full suits, as Fig. 12, could be 
used. 

5. Conclusion 

As far as we can conclude from the results of ISX-B experiments, beryllium 
is a prime candidate as a limiter and getter material for JET: 

Its contribution to the plasma radiation is negligible, even at high 
concentrations, due to its very low Ζ value. 

It is an excellent getter material; its getterlng efficiency is similar 
to that of titanium and chromium, when considering the plasma performance. 

the Uralter has successfully withstood the specified fluence and load 
teats. In addition, thousands of reproducible plasma shots could 
be performed with the limiter, the surface of which was very rough 
after intentional melting. 

L·. JET MAINTENANCE WITH BERYLLIUM 

1. Introduction 

Beryllium la one of the industrial materials (such as asbestos and sandblast 
debris) for which precautions must be taken against inhalation when they 
are present as airborne dust. This section explains how the JET vessel 
can be entered safely to carry out hands-on maintenance when there is a 
possibility that fine beryllium dust or lightly activated dust has been 
produced by plasma action. When tritium is also used, all maintenance 
within "the Torus Hall will be executed remotely. 

There is no intention to clean up the inside of the torus In order to declare 
it an area for working with no protection, or to provide ventilation at 
20 changes per hour, as required for direct breathing. The greater throughflow 
might carry dust and would require larger filters which In turn need to 
be disposed of. 

3. Using the articulated boom 

An existing overhead rail and travelling hoist can be passed in pieces 
through the entry cabin and erected inside the torus to carry and position 
heavy components. 

If monitoring shows contamination levels to be sufficiently low, the articulated 
boom could be used instead, through the port opposite to the entry cabin. 
Contamination of the boom itself should be insignificant; It will not touch 
the walls and It is designed so that it oan be washed as it is withdrawn. 
As an extra guarantee against any risk of spreading contamination beyond 
the boom support rail area, a local PVC enclosure can be set up. 

4. Peripheral equipment connected_tq the torus 

Experiments with beryllium in the UNITOR tokamak at the University of Dusseldorf 
and in the ISX-B at Oak Ridge show that transfer of .beryllium into the vacuum 
circuit will be trivial and probably negligible. Monitored temporary 
enclosures, tents and bags were used successfully in both cases and can 
be used similarly on JET components If the vacuum circuit is breached at 
a point other than an entry point. 

2, Inside the vacuum vessel 

It Is of paramount importance to the operation of JET that the surfaces 
forming the vacuum envelope remain absolutely clean, to a level at which 
molecular quantities are significant. Stringent precautions prevent 
contamination by people and tools when the vessel is opened. The vessel 
Is entered through an access cabin with a changing room, entering air is 
filtered, and finally the walls are washed with high pressure deralnera11sed 
water. It Is Intended that in future the flow of air Into the torus will 
be minimised by supplying breathing air to the 3 to 6 operators by using 
air blouses with airlines as shown In Fig. 10, which are light, comfortable 
and easy to work In. 

The neutral injection boxes and some of the diagnostics are identified 
as areas where these techniques must be carefully planned and proved in 
advance. 

5. In the Torus Hall 

With any possible contamination confined to the torus, or at worst to the 
access cabin or temporary enclosures, work on components having no connection 
with beryllium can continue in the Torus Hall with no precautions other 
than routine air monitoring. 

6. Contaminated material 

By the time beryllium is introduced the present access cabin will have 
been replaced by one Illustrated In Fig. 11, which is sealed onto the pumping 
chamber, contains a personnel access lock and showers and provides the 
services, air, light, power and communications. The cabin will ensure 
cleanliness of the vessel and prevent migration of dust In either direction. 

In the event that beryllium or active dust contamination is high enough 
to require precautions, the vessel will be washed with demineralised water, 
as at present, and wet vacuum cleaned. It might also be vented with steam 
before it is opened, to produce condensation which will damp down any 
dust, but the windows cannot at present tolerate water. 

Air blouses are readily available and widely used for cleanliness in the 
pharmaceutical and electronics industries and as protection against airborne 
dust in others. A probably acceptable average level of airborne beryllium 
during an 8 hour shift would be about 2 mg/m3. During entry and 
throughout the operations the air in the torus and in the various areas 
of the access cabin will he monitored by drawing known samples through 
filters and analysing the residue in an atomic absorption spectrometer. 
Results could be obtained every 30 minutes from any monitor. A static 
filter and mouthpiece are built into each blouse, for short-term safety 
in emergencies. Operators will carry monitors inside their blouses, close 
to their emergency filters. Protection from contact and inhalation of 
lightly activated dust or of beryllium dust is the same except for the 
monitoring methods. Radioactivity can be detected immediately. 

Materials which may have been contaminated will be washed in the lined 
operating box of the access cabin, then bagged and disposed of. The cabin 
can be sealed off and used for this and preparatory work while in the Assembly 
Hall. Large, new or decontaminated components will be passed directly through 
a roof hatch. If contaminated they could be passed through using bagging 
techniques. 

7. Extra time and personnel needed for maintenance of the vacuum 
vessel with beryllium 

The intended sequences of operations in sending personnel safely into the 
vacuum vessel are listed in Appendix I. The entry into and the exit out 
of the torus requires about 35 hours, when it Is contaminated by beryllium 
dust, and around 22 hours, when it is not contaminated. This represents 
an extra time of 13 hours. To this figure must be added the two days 
of continuous washing of the vessel to remove beryllium dust before entry, 
which brings the total extra time to 61 hours. Taking into account the 
lack of experience at the beginning, one working week extra would be needed 
for the shutdown in order to have access safely into the torus containing 
beryllium dust. 

One or two supplementary men are needed to look after the operations. 
An increase of 20* of the teams which enter the torus should be envisaged, 
to take into account the time lost in changes and showers. 

Surface contamination will also be monitored in the torus and in the various 
areas of the access cabin. This Is not important in the torus since the 
operators will in any case be completely covered. Beryllium firmly attached 
to the surface represents no hazard, although It could be removed by dilute 
nitric acid. Operators will wash down their outer garments in the access 
cabin and post them out to be cleaned and re-used or discarded. 
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VI CONCLUSIONS REFERENCES 

The relative merits of beryllium and graphite as material for the 

JET limiters and wall have been discussed in length in this report. 

They can be summarised as follows: 

As beryllium has a lower Zvalue than carbon, the total radiation 

losses are between 2 and 3 times smaller with beryllium than with 

carbon at the same concentration of impurity ions. However, in both 

cases, these losses remain low compared to conduction losses in the 

centre. Nevertheless, in the recent JET experiments with graphite 

limiters and carbonised walls, it has been observed that a large fraction 

of the radiated power at thé edge is due to carbon and oxygen. 

Beryllium has a negligible porosity and a lower yield on sputtering 

by hydrogen compared to graphite. At the actual temperatures of the 

JET belt limiters, the hydrogen retention is 23 times lower in beryllium 

than in graphite. After heating at 800°C, the graphite tiles of the 

belt limiter could release between 2 and 8x10
1
9 hydrogen atoms /nß 

on average. This might make density control difficult. 

The thermomechanical properties of beryllium do not appear as good 

as those of graphite; in particular, surface melting of the beryllium 

limiter could occur in the case of a severe heat overloading. However, 

the series of tests carried out at Sandia National Laboratory and 

in ISXB have shown that these properties are suitable for JET. In 

ISXB, even after melting the limiter surface by intentional heat 

overloading, its structural integrity was preserved and thousands 

of reproducible discharges could be performed. For a total input 

power of 40MW in JET, the beryllium belt limiter will he designed 

with a safety factor of 1.4 with respect to melting, taking for local 

peak loads an upper limit imposed by the evaporation rate. 

On best knowledge beryllium Is the only lowZ element which can be 

used as a structural material for limiters and which also acts as 

an excellent getter. Beryllium is then the best candidate to reduce 

radiated power losses in the centre as well as at the edge of the 

plasma, if used as a material for the limiters and wall. 

The main drawback of beryllium is the toxicity of Its dust. However, 

the control of beryllium dust is well within standard industrial techniques. 

This should be even simpler in JET, because it is a closed system 

conceived to operate with tritium. 

It should be possible to use graphite limiters covered by a thin beryllium 

layer, but the behaviour of such limiters is still not known (e.g.beryllium 

carbide formation, melting of beryllium on the graphite surface, which 

would be heated above the melting point of beryllium). Thus beryllium 

appears to offer the best prospects as a material for the JET limiters 

and wall. If getterlng is not needed and if the density can be easily 

controlled, the use of graphite limiters could also be a good solution. 
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SYMBOL KEY TO TABLES I AND II 

Central ion temperature 

Central deuterium/tritium density 

Central effective ionic charge 

Central ratio of low Ζ impurity and electron densities 

Central ratio of medium Ζ impurity and electron densities 

Global energy confinement time 

Volume averaged electron density 

Electron density at limiter tip 

Ion temperature at limiter tip 

Electron temperature at limiter tip 

Net input power from radlofrequency heating (15MW), 

neutral beam injection heating (17.25HW, Table II; 

15MW, Table IV) and ohmic heating  Prompt charge 

exchange losses from the neutral beam 

c
(lim) 

■'■(lim) 
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Alpha Power 

Radiated Power 

Parallel Transport Power to the limiter 

Perpendicular Transport Power to wall 

Chargeexchange and Ionisation Power 

Rate of increase of plasma energy 

Rate of erosion of low Ζ material 

Rate of erosion of medium Ζ material 
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L i m i t e r / W a l l 

Tj (keV) 

n ^ , ( χ Ι Ο ' Ί ι Γ 1 ) 

' low ' L d <*> 
Z e f f 

n ( x l O ' ' ^ " ' ) 
e ( l i m ) 

T. (eV) 
l ( l l r a ) 

Τ (eV) 
( l i m ) 

ïï ( x l O ^ m  1 ) 
e 

"E
 ( S ) 

P l n (MW) 

Ρ (MW) 
α 

P r a d < M W ' 

P l i m (MW) 

P w a l l ( M W ) 

" n e u t ( M f f ) 

W (MW) 

S, / S . ( x l O 2 3 

low med 

p a r t i c l e s / s ) 

Be /Be 

9 . 8 

1 0 . 8 

. 5 / 0 

1.1 

1.5 

181 

229 

0 . 5 9 

1.1 

2 6 . 6 

5 .6 

1.1 

1 9 . 5 

2 . 3 

3 . 5 

5 . 8 

. 6 / 0 

C/C 

9 . 8 

1 0 . 9 

. 5 / 0 

1.1 

1.3 

206 

246 

0 . 5 7 

1 .0 

2 6 . 5 

5 . 5 

1.3 

1 8 . 9 

2 . 6 

5 . 3 

3 .9 

. 4 / 0 

Be /N i 

8 .7 

1 0 . 2 

. 3 / . 1 

1.7 

0 . 7 2 

39 

21 

0 . 5 1 

0 . 6 

2 9 . 6 

3 . 4 

3 2 . 9 

0 . 6 

.6 

.4 

 1.5 

. 0 2 / . 1 

C/NI 

8 . 5 

1 0 . 2 

. 3 / . 1 

1.7 

0 . 6 6 

40 

20 

0 . 5 0 

0 . 6 

2 9 . 7 

3 . 2 

3 2 . 8 

0 . 5 

.7 

. 3 

 1.4 

. 0 4 / . 1 

Ζ 

dens i ty (g/cm3) 

poros i ty 

e l e c t r i c a l r e s i s t i v i t y (uti.era) 

heat of evaporation (J/mol) 

melting point 

bo i l ing /subl imat ion point 

k, t he raa l conduct iv i ty (W.m"1.K~1) 

c , spec i f i c heat (J .kg _ 1 .K~ 1 ) 

a, thermal expansion coef f i c ien t (°C~^) 

E, e l a s t i c modulus χ 105 ((j.mrn^) 

eg ,u l t imate t e n s i l e s t rength (N.mm2) 

d u c t i l i t y ( ï elongation) 

Be 

1 

1.85 

= 0 

0.03 

3.10? 

1277°C 

2770°C 

120 

2700 

13X106 

31 

300100 

150 

graphi te 

6 

1.61.85 

18»  28( 

11.« 

7 .10 5 


1150°C 

70 

1500 

5x10"6 

0.13 

50 

Peak load (W/cm
 2

) 

Τ ( ° c ) a t the end o f each pu lse 

T S ( °C) a t the s t a r t o f each pu l se 

• Be 

300 100 500 

710 920 1120 

280 280 280 

C 

300 100 500 

1050 1310 1610 

280 280 280 

TA s t i l l i n c r e a s i n g a t t i m e , t = 3 s . 

TABLE I I 

L i m i t e r / W a l l 

T j (keV) 

iiDT ( x l 0 " m 
!
) 

' l o w ' ' m e d ( ϊ > 

Kit 
η ( x l O ^ r n - 1 ) 

e ( l i m ) 

T. (eV) 
( l i m ) 

T (eV) 
e ( l i m ) 

ñ ( x l 0 ! a m  3 ) 
e 

7E ( s ) 

P i n (MW) 

Ρ (MW) 

P r a d <MW> 

P l l m (MW) 

Ρ , , (MW) 
w a l l 

Ρ . (MW) 
n e u t 

W (MW) 

S, / S . ( x l O 2 2 

low med 

p a r t i c l e s / s ) 

Be /Be 

1 2 . 8 

6 . 0 

3 . 7 / 0 . 0 

1.4 

.68 
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■ 42 

. 7 1 

2 5 . 4 

2 . 5 

.7 

19 .0 

2 . 6 

1.1 

4 . 5 

1 . 4 / 0 . 0 

C/C 

1 1 . 3 

5 .8 

3 . 1 / 0 . 0 

1.9 

.84 
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•43 

.56 

2 6 . 2 

1.8 

.9 

2 0 . 2 

2 . 2 

1.1 

3 .6 

1 . 1 / 0 . 0 

B e / N l 
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6 . 0 

3 . 5 / . 0 9 

2 . 0 

.68 
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•44 

. 5 1 

2 6 . 7 

1.7 
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1 3 . 5 

•2 

t 2 
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APPENDIX I: DETAILED PROCEDURE FOR INTERVENING IN THE VACUUM VESSEL 
THROUGH OCTANT NO. 1 

Intervention into the vacuum vessel includes three distinct phases: entry, 
work inside and exit. The successive operations for the three phases are 
listed below with their durations, when beryllium dust is present (column 
A) and absent (column B ) . The durations are given in hours. 

Entry into the vacuum vessel 

Work inside the torus 

16. Progressively extend lighting, TV cameras, 
microphones and other services. 

17. Proceed with work in vessel. Wearing air suits 
will not restrict the period over which a man 
can work without a break. Other factors would 
impose the limit. These suits, with fresh air 
eool or warm, are found to be very comfortable. 

Vent the vessel to atmosphere. Possibly add 
steam to condense and damp down dust. 

Carry the access cabin (Fig. 11) into the 
Torus Hall by crane, with prepared equipment 
in the operating box. 

Wheel access cabin into position so that the 
seal on the cabin mates with a flange on the 
pumping chamber door. Jacks controlled by a 
man on a platform adjust the cabin height. 

Inflate pneumatic seal between cabin and flange 
and fit extensible PVC sleeve around it (Fig. 13). 

Care must be taken as pockets which may contain 
beryllium dust are exposed when components are 
removed: they can be washed as they are exposed. 
Cutting and welding could release beryllium 
bonded to surfaces: debris must be drawn off by 
vacuum cleaners into filters. 

18. Contaminated components and materials will be 
passed into the operating box where they can 
be washed, bagged if necessary, and posted via 
the waste drum. 

Some bench work may be done in the operating box. 

Exit from the vacuum vessel 

Connect services to cabin, ie water (some at 80 
bar for washing vessel), electricity, compressed 
air, television, intercom, and breathing air for 
air lines. 

19. When work is finished, progressively dismantle 
equipment and carry it back into the operating 
box, cleaning up the vessel and water washing 
in the same way as at present. 

Swltoh on ventilation plant in cabin to produce 
about 5 mbar depression in operating box. Air 
is drawn through the change room and personnel 
lock and discharges back onto the torus hall 
through HEPA filters. 

20. Re-install the pumping chamber door and wipe 
down all the surfaces as far as the pneumatic 
seal (Fig. 13). 

21. Remove the pressure balance pipe, with filter. 

Connect operating box to pumping chamber by a 
flexible pipe containing a HEPA filter, to 
balance pressures. Check balance by flow meter. 

Operators don protective clothing (plastic suits 
and air blouses with airlines) in the interspace 
between showers in the personnel air lock. 
Minimum of 3 operators. 

Open pumping chamber door, either on hinges or 
remove by hoist on operating box celling. 

22. Pump down the vacuum vessel and test the door 
for leaks. Re-fit until satisfactory. 

23. Withdraw cabin until PVC sleeve is extended. 

24. Crimp weld and cut the sleeve (Fig. 13, 
broken lines). 

25. Fit a closure lid over the PVC bag stub on the 
cabin. The stub remains In position until the 
next intervention. 

10. Health physicist in full suit checks radiation 
level at and near the torus entry by radiation 
detectors, air dust samples and swabs, 

11. Additionally, if beryllium present, health 
physicists take air samples and swabs which are 
taken away for analysis. 

12. Fit seal face protector on door flange and tape 
it to the face of the operating box. Fit a 
protecting tube inside the pumping chamber 
passage (to prevent things falling into the pumps 1 
and lay staging along the bottom of the tube with 
a ladder extending down into the vessel. 

13· Plug in services leading below staging into 
the vessel. 

At convenient times while the services are 
connected, personnel may leave the operating box 
through the personnel air lock which contains 
2 showers. They doff their suits between the 2 
showers and post them out for decontamination 
and re-use or disposal. 

Take away the cabin which can be connected to 
services elsewhere so that further work and 
cleaning up can continue. 

Remove the PVC bag stub from the pumping chamber 
(Fig. 13, broken line), using vacuum cleaners 
with HEPA filters, washing down, air monitoring 
and taking swabs, all under health physics 
supervision. Access to the Torus Hall must be 
restricted. 

14. Health physicist enters vessel and monitors 
conditions. 

29. Normal operating conditions are restored. 

Times are for each measurement: the operation 
will be repeated as deemed necessary. 

15. Operators enter vessel and clean up contamination 
as and if necessary by: 

Total times assuming single monitoring 
operation at item 14 and excluding washing 
at item 15b: 

Washing at Item 15b: 

311 

U8 
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a. Dry vacuum cleaners with HEPA filters 
b. Protecting windows and washing with high-

pressure water followed by wet vacuum 
cleaning. 

4 
48 

If It Is necessary to have acoess also in the torus through Octant 
No. 5, 6 extra hours (3 for item 2 and 3 for item 27) should be needed 
to carry the intervention module in two sections over the neutral beam 
Injector. 



Fig. 1 Antenna and Toroidal Limiter. 

Fig. 2 Critical impurity concentration fc as a function of atomic number Ζ for two 
electron temperatures ( : T = 35keV; : T=12keV). For Z<6, radiation 
loss was considered to be bremsstrahlung only (see Ref./4/). 
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Fig. 3 Evaporation rate (full line) and sputtering rate (dotted 
line) of beryllium as a function of temperature. 
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Fig. 4 Hydrogen retention as a function of temperature. The full 
symbols are the data obtained for implantation at room 
temperature and a subsequent heating to the temperatures 
indicated on the graph. The open symbols correspond to the 
results obtained for implantation at the temperatures indicated 
on the graph. 
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a ) 

b ) 

c) 

Fig. 5 Surface structure of beryllium limiter after: 
(a) a few shots with power fluxes exceeding 4kW/cm2 

(b) melting 
(c) the fluence test. 
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Fig. 6 Temporal behaviour of beryllium and oxygen radiation 
for ungettered discharges at 116kA (solid curve) and gettered 
discharges at 150kA (dashed curve). The injected beam power is 
0.85MW. 
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Fig. 7 Temporal behaviour of total radiation, Be I radiation at 
the limiter, and Ovi radiation. The plasma current is 116kA 
and the beam heating power is 0.85MW. 
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Fig. 10 Typical air-blouse. Can use airline 
in place of filter/power unit shown. 
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Fig. 11 Torus access cabin. 
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Rear 

Fig. 12 Typical full air suit. 

1. Box docked onto 
pumping chamber 

pumping 
chamber 

operations 
box 

2. Box wi thdrawn to sea l off 
PVC shroud 

-PVC shroud taped between 
box and pumping chamber 

inflatable seal 

pumping chamber door flange 

sealing face ( integral w i th 
pumping chamber) 

PVC shroud shown crimped 
together for seal weld and 

s. separat ion 

Fig. 13 Access cabin docked onto pumping chamber. 
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ABSTRACT 

During the Ohmic Heating Phase of JET operation(June 1983 

September 1984), impurities in the plasma have been studied by 

visible and VUV spectroscopy, and from bolometer and soft Xray 

signals. The measurements provide information on impurity 

influxes and impurity densities in the plasma. Plasma dimensions 

and parameters were a1.1 m, b=1.31.5 m, R=3 m, I  3.7 MA, ñ 
y

 c
 p e 

S 3.310
19
 m

 3
. 

Oxygen, carbon, wall material (Ni,Cr,Fe), molybdenum and chlorine 

have been identified as the main impurities in the plasma. The 

metal impurities came mainly from the carbon limiter surfaces, 

where they had been deposited during operation and cleaning 

procedures. The metal densities increased with plasma current 

and decreased with electron density, while light impurities 

depended more on the state of the vacuum vessel and size and 

elongation of the plasma. There is a consistent anticorrelation 

of light impurities and metals. 

There were two main campaigns to clean the plasma: a period of 

12000 PDC pulses and repetitive carbonisation of the vessel 

walls. In the first case, some reduction of oxygen and chlorine 

was noted and the molybdenum fraction in the plasma decreased. 

However, at densities of 2.10
19
 m~

3
, the radiated power was still 

about 80Z of the ohmic input power and Ζ « was about 4.5. 

Carbonisation reduced the metal content by about a factor five, 

and oxygen and chlorine decreased gradually. Thus the radiated 

power was as low as 40Z Ρβ. High electron densities (̂  3.10
19 

m~
3
) led to higher radiated power (80* P,,, hollow radiation 

profiles), but reduced Ζ cr to values below three. The impurity 

levels of high density pulses after carbonisation were as low as 

2.5Z C, 17, 0, 0.05Z CI and 0.015Z metals, resulting in Ζ f f * 2.6 

and a fraction of deuterons of about 75Z. 

1. INTRODUCTION 

One of the main objectives of the large JET tokamak (plasma 

dimensions a=l.l m, b1.31.5 m, major radius R=3 m) is to study 

impurity behaviour and plasmawall interaction in a machine of 

near reactor size and with plasma parameters aiming for core 

ignition. Radiation losses caused by impurities were of 

particular concern for the JET startup phase, since the volume 

is large (£ 100 m
3
) and the ohmic power density is therefore 

small compared to other tokamaks. This was an important argument 

for operating with carbon limiters. Although radiation levels 

have been high, often quite close to 1001 of the input power, the 

aims in performance for ohmically heated plasmas have essentially 

been achieved or even exceeded. At toroidal fields of 3.4 T, the 

maximum plasma currents were 3.7 MA. A flattop length of 6 s 

and overall pulse duration of more than 15 s were standard 

parameters the end of the 1984 operation period. Peak electron 

densities of 5.10
19
 m

 3
 and temperatures of 34 keV were 

obtained. The energy confinement time approached 0.8 s in 

deuterium plasmas. A comprehensive description of machine 

operation and detailed results concerning plasma performance will 

be published elsewhere. The present paper concentrates on the 

study of impurities in JET plasmas, the control of which is of 

major importance in the JET programme. In particular, the 

effects of several cleaning methods are discussed, which have 

been studied during the Ohmic Heating Phase (June 1983 

September 1984). 

Diagnostic capabilities for impurity studies improved steadily 

during the first 15 months of JET operation. Therefore, impurity 

behaviour and impurity levels were much better known at the end 

of that period than at the beginning. In particular, 

spectroscopic observations had been restricted to the visible and 

UV range of the spectrum until the end of May 1984, when the 

first VUV spectrometer was installed. Visible spectroscopy 

enabled identifications of the main impurity elements in the JET 

plasma and, to some extent, their relative concentrations. 

Conclusions on absolute levels had to be drawn from bolometry and 

Ζ ££ measurements. Once VUV spectra were available, this 

knowledge improved considerably, particularly on heavy 

impurities. In the following, the present status of relevant 

diagnostics will be described and a few examples of individual 

measurements will be given. Subsequently, present methods of 

analysing visible and VUV spectra will be discussed, 

demonstrating the accuracy and limitations of present knowledge 

of impurities. Finally, results will be presented, dealing 

mainly with the cleaning methods applied in JET. These were glow 

discharge cleaning (GDC), pulsedischargecleaning (PDC) and 

carbonisation of the vacuum vessel, ie the deposition of a carbon 

layer on walls and limiters by means of a glowdischarge in 

methane. After each opening, the torus was baked to 300°C for 48 

hours. Prior to the initial operation in 1983 and the first 

operation in 1984 a high pressure water rinse was carried out 

using a detergent. During the major part of the plasma 

experiments the vessel walls were kept at 250°C. 

The sequence of operation phases, referred to in this paper, is 

shown in Table 1, together with the respective time periods and 

some information on the plasma pulses obtained. 

JET operation periods during the Ohmic Keating Phase 

Operation 
Phase 

Startup 

Parameter 
Studies 

PrePDC 

PDC 

PreCarbonisation 

Carbonisation 

Date 

June 25 
July 22, 1983 

October 10 
December 16, 1983 

March 19 
Hay 11, 1984 

June 18 
June 29, 1984 

July 2nd 
July 13, 1984 

July 16 
August 4, 1984 

August 26 
September 29. 1984 

Vessel 
Conditioning 

GDC 

GDC 

water rinse, 
CDC 

GDC 

12000 PDC 
pulses 

light/heavy 

carbonisation 

He. of 
Pulses 

26 

181 

124 

32 

41 

124 

186 

I , max 
p
(KA) 

0.6 

3 

3.2 

3 

3 

3.4 

3.7 

2. DIAGNOSTICS FOR IMPURITY STUDIES 

The main diagnostics referred to in the following sections are 

indicated in Fig.l, showing their position on the torus and their 

linesofsight with respect to the vacuum vessel and the 

limiters. During this phase the four carbon limiters were used 

to define the plasma boundary, while the nickel limiters were 

withdrawn from plasma contact. All these diagnostics have been 

described in the JET Progress Report 1983 11/. Detailed 

presentations of the Η diagnostic and the bolometer array are 

available in /2/ and /3/. Therefore, only brief outlines will be 

given here. 

2.1 Bolometer Diagnostic 

A 14 channel vertical bolometer array and a 20 channel horizontal 

bolometer array are used for measuring the integral radiation 

losses and the local radiated power from the plasma, P_„J

Abelinversion of the raw data, using all available channels, was 

carried out originally by assuming constant emissivity on nested, 

elliptical surfaces, the elongation e = b/a of which was taken 

from magnetic measurements. Subsequently, the calculated shape 

of the magnetic flux surfaces was fed into the inversion program 

and the results were obtained as a function of flux coordinate $ 

or as a function of R in the horizontal midplane of the torus. 

In either case, the measured lineofsight integrals were 

transformed to a common coordinate system in order to check the 

assumption of constant emissivity on flux surfaces. Eight single 

bolometers, one on top of each octant, provide information on the 

toroidal symmetry of the radiative power losses. 

As an example, Fig.2 shows the bolometer raw data and the 

inverted radiation profile as a function of horizontal viewing 

angle for Pulse No. 3049. The radiation of this high density 

plasma after carbonisation is dominated by light impurities. It 

is concentrated in a narrow shell at the plasma boundary and the 

power losses from the plasma centre are very small, ie less than 

10 kW/m
3
, while the input power density is about 70 kW/m

3
. In 

this example, the global radiation amounts to about 702 of the 

ohmic input Pn. 
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2.2 Visible Spectroscopy 

Visible spectroscopy utilises light from the JET tokamak relayed 

by optical fibres to detectors outside the biological shield, 

where personnel access is unrestricted. Eleven telescopes 

collect plasma light along selected chords of diameter ^ 12 cm, 

terminated on the upper torus walls (vertical chords), or on 

carbon or nickel limiters (horizontal chords). By means of 

fibres and photomultipliers most of the channels monitor the H Q 

line emission, one channel observes the continuum radiation at 

523.5 nm. These signals have been used routinely for deriving the 

hydrogen fluxes at walls and limiters, and for measuring the 

effective ion charge of the plasma Ζ « . Three fibres are 

connected to 0.6 m and 1 m grating spectrometers, one of which is 

equipped with an optical multichannel analyser (OMA). In this 

way, the temporal and spectral evolution of various spectral lines 

can be followed. OMA recordings have shown that the wavelength 

range of 523.5 ± 0.5 nm, used for the continuum measurement, is 

free of line emission. However, the spectral range of these 

instruments is restricted to wavelengths above 350 nm by the 

cutoff in the fibre transmission. All channels were calibrated 

from lens to detector by means of a standard tungsten ribbon lamp. 

In order to extend the wavelength coverage down to about 200 nm, 

a closecoupled torus spectrometer is set up on Octant No. 5 

viewing the carbon limiter in Octant No. 8. This 1 m instrument 

is used in photographic and in monochromator mode. Spectral 

scans are easily obtained by rotation of the grating during the 

long JET pulses. Thus, spectral line widths can be measured and 

impurity ion temperatures can be derived. 

Part of a photographic spectrum recorded by the torus 

spectrometer is shown in Fig.3. The respective carbon limiter 

and the adjacent outer wall are imaged on the entrance slit, such 

that the horizontal coordinate represents the different 

locations while the vertical coordinate corresponds to the usual 

wavelength scale. In the wavelength range shown, lines of low 

ion stages of carbon and oxygen have been identified. Neutral 

lines of metals (Cr I, Fe I, Mo I) appear just at the limiter 

surfaces (short lines) demonstrating the existence of metal 

influxes from the carbon tiles. 

2.3 VUV Spectroscopy 

The JET VUV survey spectrometer is a Schoeffel McPherson Model 

251 grazingincidence instrument covering the wavelength range 

from about 10 nm up to 170 nm by means of two interchangeable 

gratings. The instrument is similar to that developed by 

R J Fonck et al /4/ and tested on the PDX tokamak. Spectral 

resolution is only moderate (0.2  0.3 nm) leading to some 

problems in the identification of spectral lines. For a first 

sensitivity calibration of the spectrometer, Fonck's results ¡kl 

served as a guideline. The relative system response curve was 

modified slightly according to the observed relative intensities 

of hydrogen and oxygen lines. The absolute calibration is based 

on the H Lß branching ratio. Usually, the VUV instrument was 

used in survey mode, ie recording about 70 complete spectra 

during a plasma discharge. These were taken in 16 ms intervals 

during the breakdown phase of the pulse and at 600 ms intervals 

subsequently. 

After the JET operation, the VUV survey spectrometer was 

installed on the ASDEX tokamak in collaboration with Euratom IPP 

Association, Garching, FRG. The purpose of this experiment was 

to study charge exchange excited lines during neutral beam 

injection. The intensity ratios of these lines are well 

established theoretically allowing a relative sensitivity 

calibration of the instrument /5/. A preliminary analysis of the 

respective results essentially confirms Fonck's calibration 

curve. 

Fig.4 shows an example of the JET VUV spectrum between 10 and 100 

nm during the flattop phase of Pulse No. 2892. This is a high 

density plasma after carbonisation, and the VUV radiation is 

dominated by the lines of light impurities, ie oxygen and carbon. 

Lines of chlorine are also prominent, while there is hardly any 

evidence of metals frcm the vessel walls. These walls consist of 

Inconel 600, ie 72Z nickel, 16Z chromium and 8Z iron. The time 

dependences of the impurity lines 0 VI, 103.2 nm, and Ni XXV, 

11.8 nm, are shown in Fig.5 together with the plasma current, I , 

and the average electron density, ñ , for the same plasma pulse. 

The metal line intensity decreases when ñ is high. Signals from 

light impurities and metals are inversely correlated, a behaviour 

which has been observed regularly in JET. 

2.4 Soft XRay and PulseHeight Analysis Systems 

The single channel soft Xray system consists of four detectors 

behind a single pinhole. These silicon diodes are equipped with 

beryllium filters of different thicknesses in order to 

distinguish high and low energy radiation. Foil thicknesses of 

0, 2, 12.7 and 50 pm have been used, the latter resulting in an 

energy cutoff at about 1300 eV. The main aim of this diagnostic 

was to look for MHD effects, particularly sawtooth activity 

(during the more recent JET pulses with electron temperatures in 

the several keV range only inverted sawteeth could be observed), 

Additionally, the diode signals yielded estimates of the high 

energy radiation losses of the plasma and of the Xray continuum 

enhancement factors. 

The single channel pulseheightanalysis system consists of a 

beryllium window, a variable aperture and a mercuryiodide 

detector. This detector does not require cooling but its energy 

resolution is somewhat poorer than that of the usual SiLi 

diodes, ie about 500 eV. As an example, Fig.6 shows the recorded 

Xray spectrum for JET Pulse No. 3058. The' continuum slope 

yields an electron temperature of 3.2 keV in this case, in 

agreement with that from electron cyclotron emission (ECE) 

measurements. The K a lines of nickel and chromium are clearly 

visible. The nickel line has been used for deriving the nickel 

content in the centre of the plasma and the respective results 

will be discussed together with the data from VUV spectroscopy. 

3. INTERPRETATION OF VISIBLE SPECTROSCOPY 

The effective ion charge of the plasma, Ζ « averaged over the 

chord length, is determined from the visible continuum at 523.5 

nm. In the analysis, Τ profiles are taken from the ECE 

diagnostic. For η , typical, essentially parabolic profiles are 

being used as indicated by a fixed frequency reflectometer. Ζ « 

is given by the ratio of the measured radiance to that calculated 

for a pure hydrogen plasma, taking into account the appropriate 

Gaunt factors. Due to the n? dependence of continuum emission, 

the main contribution originates from the centre region of the 

plasma. Therefore, the results essentially represent Ζ  on 

axis. The Maxwellian averaged Gaunt factors involved are 

calculated in a hydrogenic approximation as a function of 

temperature and ion charge, and are in agreement with Karzas and 

Latter /6/. Ζ f f values referred to in this paper are always 

derived from visible Bremsstrahlung. 

JET spectra in the visible and UV wavelength range contain lines 

of neutral atoms, low ionisation stages of different impurity 

ions and forbidden ground state transitions of nickel and 

chromium. An example of the latter is the
 2p

3/2 "
 2p

l/2 

transition in Ni XII at 423.1 nm. At proton densities above 

10
lfl
 m~

3
 statistical population of these levels may be assumed 

ΠΙ and the line emission coefficients reflect directly the Ni 

XII ground state population. This line has been used routinely 

as a monitor of nickel edge density. For quantitative analyses, 

emission shells and ionisation balance have been calculated by 

the impurity transport code described in Section 4. The other 

lines have been regarded mainly as an indication of local influx 

at the observed plasma surface position. 

3.1 Flux Measurements 

The neutral particles are ionised in a narrow shell at the plasma 

periphery. Under usual conditions of negligible recombination, 

the ionisation rate per unit surface area, integrated over the 

shell width, equals the neutral influx density. The ionisation 

process is accompanied by the emission of spectral lines and, in 

the most important case of corona population equilibrium, the 

numbers of ionisation events and emitted photons are closely 

correlated. Therefore, the local flux density rQ may be derived 

from the lineofsight intensities of the neutral line emission, 

I . The flux Γ is given by the relation 

(1) 

V
B
n Ο Ο 
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where, respectively, 5 and X are the average values of 

ionisation rate coefficients and excitation rate coefficients to 

the particular upper level, and Β is the branching ratio for the 

observed spectral line. Since S and X have roughly the same 

temperature dependence for the lines in question, Τ need not be 

known with high accuracy for flux measurements. 

The above equation, or a somewhat more sophisticated version /8/, 

is commonly used for deriving the hydrogen influx from Η 

measurements, a method which is used here as well. Wall and 

limiter fluxes are measured separately by vertical and horizontal 

chords of the H diagnostic. Neutral lines of several metals (Cr 

I, Ni I, Mo I) have been analysed in terms of limiter and wall 

fluxes, and have been used to evaluate the relative densities of 

these elements in the plasma. In the cases of chromium and 

molybdenum, there is a complication with the existence of 

metastable
 5
S and

 5
D ground states. A significant population may 

accumulate in these levels, or the sputtered atoms may already 

enter the plasma in these excited states. 

The importance of these metastable levels has been assessed 

experimentally, assuming that the excitation of allowed 

transitions within systems of the same multiplicity is much more 

likely than intersystem excitation. This assumption is 

particularly well justified in this case where electron energies 

are much higher than the level energy differences, ΔΕ. The 

comparatively low intensities of lines in the quintet system (eg 

5
D

5
F ) are considered as an indication that the metastable atoms 

represent only a small fraction of the ground state number 

density. These levels are probably underpopulated in the plasma 

because of the short lifetime of the atom before ionisation. 

Within certain limitations, ion lines of low ionisation stages 

can still be used for flux measurements. However, the higher the 

ionisation stage, the more the local information is lost and is 

being replaced by a spatial average, since the ions spread along 

the magnetic field lines. Furthermore, the lines no longer 

reflect the neutral influx, but a flux diminished by the losses 

in all lower ionisation stages including the observed one. In 

the case of once or twice ionised ions the latter fraction is 

small for the JET edge plasma conditions. Its value follows from 

detailed transport calculations. 

The electron excitation rates of strong ion lines in the visible 

are often difficult to calculate, since the respective upper 

levels do not combine with the ground state. As discussed for 

metal atoms, the levels may not even be populated by an 

excitation from the ground state, but rather from a metastable 

level of the same multiplicity. Examples of the latter case are 

the 3s  3p
 2
D transitions in Oil, which are stronger than the 

3s  3p
 hO transitions, and are probably not a result of 

intersystem excitation. In order to obtain the influxes of 

light impurities presented in this paper, the populations of the 

metastable stater, have been estimated from the measured visible 

or VUV lines. Then, ground states and metastable state have been 

added. Electron excitation rates for nondipole and intersystem 

excitation have been calculated from a van Regemorter type 

formula /9/, using fvalues of corresponding allowed lines and. 

Mewe's prescription /10/ for the Gaunt factors. In some cases, 

the validity of this procedure is supported by detailed 

calculations (eg Mann /ll/ for C II). Ionisation rates are taken 

from Lotz /12/. The electron temperature at the plasma boundary 

is obtained by an interpolation of ECE and Langmuirprobe 

measurements. Depending on electron density, Τ (a) is in the 

range 50100 eV. Several lines of different ionisation stages 

have been analysed and found to agree within about a factor of 

two. Nevertheless, it is clear that the flux measurements based 

on visible lines have considerable error bars due to atomic 

physics and plasma physics problems. 

gradients, and is responsible for the radial profile shape of the 

total ion densities. In the present analysis, a numerical code 

/13/ is used to describe the impurity behaviour. It solves, in 

cylindrical coordinates, the coupled set of timedependent 

continuity equations for the individual ionisation stages of a 

particular element, taking into account ionisation, recombination 

and diffusion processes. The code calculates the radial 

distributions of ground state densities, as well as emission 

shells and lineofsight integrals of selected lines to be 

compared with the respective experimental results. It also gives 

local and global radiation losses caused by line emission. The 

code has been set up to compute the time dependence of the above 

quantities after impurity injection or for varying plasma 

parameters. However, at present, only the stationary solution is 

being used for impurity analysis during the stationary conditions 

of current and density flattop. The results presented were 

obtained between 4.4 s and 6.8 s in the pulse. 

For the interpretation of JET spectra, the T profiles from ECE 

diagnostics have been used in the code. Electron density 

profiles have been taken from fixedfrequency reflectometer 

measurements, except for the last few pulses of the 1984 

operation period, when profiles from the multichannel DCN 

interferometer became available. The conditions at the plasma 

boundary have been estimated from an interpolation of ECE and 

Langmuir probe measurements. Falloff lengths of density and 

temperature in the scrapeoff layer have been modelled as to fit 

the probe data. An example of the calculated ground state 

distributions of nickel for Pulse No. 2984 at 5 s, is given in 

Fig.7. 

4.1 Rate Coefficients and Radiation Data 

The ionisation rate coefficients are calculated as proposed by 

Lotz 1X2/. For the Nalike ions, where innershell ionisation is 

known to be important, correction factors to the Lotz formula 

have been calculated for the relevant temperature range and are 

implemented in the code. Inner shell ionisation enhances the 

total rate coefficients by a factor of two for Nalike chlorine, 

and by a factor of three for Nalike nickel ions. Radiative 

recombination is treated in the usual way by applying the 

hydrogen formula and introducing effective quantum numbers. For 

dielectronic recombination, the Burgess prescription /14/ has 

been used but taking into account modifications by Merts et al 

/15/. A density dependence of the latter rate coefficient has 

been adopted following Post et al. /16/. For calculating 

individual resonance line radiation of systems of one and two 

electrons in the outermost shell, a survey of the existing 

theories has been carried out /17/ and interpolation routines 

have been established, if necessary, for the present 

requirements. In order to calculate the total power emitted by 

line radiation, two effective resonance lines have been defined 

for each ionisation stage as to account for ¿n=0 and Δη/Ο 

transitions. For this purpose processed data sets were used, 

based on fvalues from Wiese et al /18.19/ for light impurities 

and fcr chlorine, and from Fuhr et al /20/ for nickel. An 

attempt has been made to fill in gaps by interpolation along the 

isoelectronic sequence. Line radiation is calculated according 

to a van Regemorter type formula /9/, the Gaunt factors being 

taken from Mewe /10/. In the case of nondipole lines, the 

fvalues of the allowed lines are used and the Gaunt factors are 

taken again from Mewe's prescription. The resonance line data 

for allowed transitions are also used for calculating the 

dielectronic recombination rate coefficients. Systematic 

improvement of the atomic rate data base is in progress. 

4.2 Transport Coefficients 

The fluxes of all elements and ionisation stages r^ are described 

by the sum of an anomalous spreading term and a convective term 

(2) 

4. ANALYSIS OF VUV SPECTRA 

In order to interpret the measured spectral line intensities i.n 

terms of impurity concentrations, line excitation rates and 

ionisation balance must be calculated from atomic physics models 

using measured plasma parameters for the respective discharges. 

Impurity transport modifies the ionisation equilibrium 

particularly at the plasma edge, ie the region of steep 

The anomolous diffusion coefficient D and the drift velocity V D 

are probably a function of plasma parameters, but are assumed to 

be constant in the present analysis. In Eq. (2), n«̂  is the 

number density of a particular species. 

Due to an accidental impurity injection described in Section 6 of 

this paper, evidence exists that the spreading coefficient D in 
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JET iß similar to that in other tokamaks, ie about 0.6 m
2
/s. 

However, the magnitude of the corresponding drift velocity V, 

determining the radial profile shape of impurity densities, is 

not known, though a rough estimate is possible by analysing 

different ionisation stages of heavy impurities. In /21/ the 

drift velocity was assumed to be given by 

 2 D r/a? C3) 

resulting in moderately peaked radial profiles similar to those 

measured for electron densities. In the transport code, used for 

interpreting the JET VUV spectra, this same expression has been 

adopted. 

The problems associated with the uncertainties of the transport 

model are of a different nature for the light and for the heavy 

impurities. At the present electron temperatures in JET, metal 

lines are observed in the VUV spectrum, emitted from the inner 

half radius of the plasma, where corona ionisation equilibrium is 

expected to hold. Therefore, information on the metal content 

should be quite reliable from the transport view point. Light 

impurities radiate only at the plasma edge, where both the 

electron density and temperature are poorly known. Then, the 

transport model must be used in order to calculate the 

concentrations in the plasma interior. Due to these problems, 

the light impurity results at the plasma centre have large error 

bars. 

4.3 Consistency of Analysis 

The most important spectral lines, which have been used more or 

less routinely for analysis, are shown in Table 2. 

Table 2: Most important impurity lines used in analysis of the 

JET VUV spectrum. 

C III 

C IV 

0 IV 

0 V 

0 VI 

97.70 nm 

31.24 ran 

55.43 ran 

62.97 ran 

103.19 nm 

+ 

+ 

+ 

C III 

0 IV 

η ν 

45.96 ran 

62.51 nm 

76.03 nm 

CI VI 67.14 nm + 

CI VII 80.07 nm 

CI XIV 23.77 nm (+ 

CI XV 38.40 nm 

Ni XII 432.12 nm 

Ni XVIII 29.20 nm 

Ni XXV 11.80 nm 

Cl VI 73.03 nm 

Cl XIV 28.63 nm) 

(blended with CIV) 

(visible spectrum) 

(̂  30Z correction due to 

Ni XXII and Ni XXIV lines) 

Mo XXXII 12.78 nm 

By means of the impurity transport code, the respective impurity 

densities in the centre of the plasma are calculated from 

lineofsight integrals of these line intensities. The second 

transition, listed for light impurity ions, is used for measuring 

the metastable state population, which is found to be 

particularly important in the case of 0 V. The results obtained 

from different ionisation stages of the same element agree within 

about a factor of two, ie the expected error limits of 

calibration and excitation models. In the case of nickel, where 

ionisation stages are observed radiating within the inner half 

radius and right at the boundary, the radial profile assumed in 

the code is confirmed within the same uncertainty margin. 

In all cases checked, calculations of the total radiation losses 

based on measured impurity densities are consistent with the 

bolometer results, ie the total radiated power. This is not 

surprising, since the strongest lines contributing to the 

bolometer signals are observed in the region of the present VUV 

instrument and the impurity densities are derived from these 

particular lines. It is more difficult to compare measured and 

calculated radiation profiles. Examples of the code calculations 

are shown in Fig.8, together with the Abelinverted bolometer 

data. The local emission due to line radiation is shown as 

computed for 1Z of oxygen and 3Z of carbon, and for the 

parameters of the respective discharge. According to the 

calculations, carbon is mainly responsible for the radiative 

power losses in this particular case. The spatial resolution of 

the bolometer (15 cm in the respective midplanes) is obviously 

not sufficient to resolve the individual shells. Taking into 

account spatial averaging, the height of the measured profile is 

in reasonable agreement with the calculations. Its position is 

displaced by about 5 cm, a value which is certainly within the 

error limits of the measurement. 

The values of Ζ « derived from the measured impurity 

concentrations usually agree with those derived from visible 

Bremsstrahlungto within one, but can differ by up to 1.5. Under 

normal conditions, this discrepancy cannot be explained by the 

uncertainties of the metal concentrations, as they contribute 

little to Ζ cç. It must be attributed to light impurity results, 

which are less reliable too, since they are only obtained for the 

plasma edge. Insufficient knowledge of the plasma edge 

parameters may easily change the light impurity results by a 

factor of two, while their ratio is expected to be more accurate. 

Therefore a method of proceeding is to scale these numbers as to 

explain the measured Ζ . However, for the period reported, 

poor knowledge of density profiles and the usual uncertainties of 

intensity calibration and temperature measurements lead to about 

30Z error bars for Ζ f f from Bremsstrahlung. This means that the 

accuracy of the spectroscopic results cannot be substantially 

improved by such a scaling. Therefore, the light impurity 

densities are presented as derived from the code analysis. 

5. RESULTS 

5.1 Important Impurities and Trends 

Due to the presence of carbon limiters, carbon has always been an 

important impurity in JET. The carbon concentration in the 

plasma was 23Z η , consistently throughout the whole operation 

period. The limiters are a main source of carbon influx, but the 

vessel walls are found to be almost equally important, in 

particular, when the plasma elongation is high and the boundary 

approaches top and bottom of the vacuum vessel. The carbon 

influx is a steep function of electron density, just as the 

hydrogen flux, but is almost insensitive to the plasma current 

I . This means that the respective production mechanisms hardly 

depend on temperature but on the number of recycling hydrogen 

ions. 

The oxygen level in JET has been much more variable and reflects 

the cleanliness of the vacuum vessel. Judging from the 

respective influxes, the torus walls are equally effective 

oxygen sources as the limiter surfaces. Just as in the case of 

carbon, the oxygen production is not correlated with plasma 

current, but with electron density. However, since impurity 

shielding improves with η , the concentrations of both carbon and 

oxygen are weak functions of density for a particular 

experimental campaign. The lowest levels of oxygen were achieved 

at the end of the 1983 startup period, after extensive glow 

discharge cleaning, and in September 1984, after repetitive 

carbonisation. 

Strong lines of chlorine were observed in the visible spectra 

during the first JET plasma pulses, but their significance was 

only realised when VUV spectra became available, and the chlorine 

resonance lines could be analysed. According to these results, 

several per cent of chlorine must have contaminated the first JET 

plasmas. Chlorine was probably introduced into the torus by the 

washing procedure using a detergent. The chlorine level has 

decreased significantly in the course of operation and as a 

consequence of cleaning procedures. However, it is still an 

important impurity. In cases of strong plasmawall interaction, 

eg high elongation or density limit studies, the chlorine 
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fraction in the plasma is appreciable, and the VUV spectra may 

even be dominated by CI lines. 

Significant amounts of wall material, nickel, chromium and iron 

were found in the plasma particularly at low electron densities 

before carbonisation. The carbon limiters have been identified 

as the main source of these metal impurities. As confirmed by a 

postmortem limiter surface analysis, these have been coated by 

wall material either during glowdischarge cleaning or normal 

tokamak operation. Arcing and disruptions may play a significant 

role, too, melting and evaporating large amounts of metal. 

Molybdenum was found both in the plasma and on the limiter 

surfaces. It was deposited'on the graphite tiles by accident 

during manufacturing. However, it has always represented a minor 

fraction of the metals and has even become less important during 

the operation period. Metal fluxes and metal densities increase 

with plasma current and decrease with electron density. 

Furthermore, an inverse relationship was found to exist between 

metals and lowZ impurities, as has been observed before in other 

tokamaks /22/. This behaviour can be explained by the 

sensitivity of metal sputtering rates to the plasma edge 

temperature. 

The trends of light and heavy impurities, described above, lead 

to the usual steep decrease of Ζ « with η for a given 

experimental campaign, as long as metals play an important role. 

For light impurity dominated plasmas, Ζ « tends to be a rather 

weak function of η . In the first case, the radiative power 

losses, Ρ j, are reasonablv constant, since the increase of η 

' rad'  e 

is compensated by a decrease of metal number densities. However, 

the radiation depends strongly on plasma current. At high 

densities, metal impurities become insignificant.
 p

ra(j 

increases, usually up to 100% of Pfi at the density limit, due to 

light impurity radiation. 

5.2 Impurity Behaviour during the StartUp Phase 

In the NovemberDecember 1983 operation period, after extensive 

GDC, long quiet plasma pulses were obtained. The electron 

temperature approached 2 keV in the centre and sawtooth activity 

was observed regularly on the soft Xray diodes. The impurity 

behaviour had become fairly consistent, allowing trends and 

parameter dependencies to be studied, but only by visible 

spectroscopy. For the metal impurities, the following analysis 

was carried out: the relative concentrations of Ni, Cr and Mo 

were inferred from the respective influxes at the limiter, for 

which ratios of 7:1:1 were measured. The intensity of the Ni XII 

line was used to derive the nickel concentration in the plasma. 

In this way, a total metal content of 0.2Z n g was derived for 

I "2 MA, ñ =1.8 Ί Ο 1 9 m~3 and ε=1.2. This value is in good Ρ e 
agreement with the radiated power from the plasma centre and with 
the absolute signals of the soft X-ray diodes. The metal 
production rate at the limiter surface was measured to be 2" of 
the respective hydrogen flux (Î5.10

2I
s
 l
) , 

a value which is just sufficient to explain the metal content of 

the plasma, and which is.easily interpreted in terms of hydrogen 

and lowZ impurity ion sputtering, even if the carbon is only 

partly covered by metals (for rate coefficients see eg. /23/). 

During the Spring 1984 shutdown, a postmortem surface analysis 

of carbon limiter tiles was carried out. It confirmed that they 

were indeed covered by wall material with an average layer 

thickness of about 10
2 1
 metal atoms/m

2
. Considering that the 

measured sputtering rate was close to IO
2 0
 atoms/m

2
s, the metals 

must have been eroded and redeposited many times during JET 

operation. 

An assessment of light impurities in the plasma was more 

difficult. Carbon and oxygen influxes from the limiters were 

measured to amount to 10Z 0 H and 3% 0 H respectively. The high 

yield of carbcn may just be explained by a combination of 

hydrogen, impurity ion and selfsputtering. The mechanism 

responsible for the oxygen release is not known. From these 

fluxes concentrations of 2Z C and 0.5Z 0 were estimated, in 

reasonable agreement with a transport code analysis of C III and 

0 IV. The resulting Ζ *£ of 3.2 compares favourably with 3.5 

from Bremsstrahlung. The chlorine fraction in the plasma could 

not be measured but, according to the visible chlorine lines, it 

was probably quite small. 701 of Ρ was radiated in these early 

JET plasmas, metals being mainly responsible for Ρ ,. 

During the subsequent operation period in Spring 1984, cleaning 

procedures were the same as before and the impurity situation was 

not expected to change substantially. VUV spectroscopy was only 

available for the last few days, but the usual signals in the 

visible, ie 0 IV, C III and Ni XII, were recorded routinely. 

Judging from these results, the metals remained approximately 

constant for comparable pulses. The carbon wall influx from top 

and bottom of the vessel increased for vertically elongated 

plasmas generated during this period. The situation with respect 

to oxygen deteriorated somewhat during the Spring operation 

period probably due to this enhanced plasma  wall interaction. 

However, these observations could not explain the high values of 

Z
eff

 f o u n d
 particularly at the beginning of March 1984. A 

summary of Ζ « data for several experimental campaigns is shown 

in Fig.9, including some of the 1983 results. The measured Ζ f f 

values did show the usual decreasing tendency with η , and were 

decreasing gradually in the course of operation, but never quite 

reached the low results of 1983. A high fraction of radiated 

power (80100Z Ρ ) and flat radiation profiles confirmed that the 

plasmas were metaldominated as they had been in December 1983. 

For an unknown reason, pulses with lower toroidal field and lower 

q radiated a larger fraction of the input power, usually close to 

When the first VUV spectra were available, it was realised that 

chlorine was an important impurity in JET, which was probably 

introduced by the detergent used for washing. Since the torus 

had been washed again before the March operation, a possible 

explanation for the high values of Ζ ^c may be a high chlorine 

contamination (up to 1.5Z η would have been required), which 

reduced gradually in the course of operation. However, there are 

no measurements to prove this hypothesis. 

A detailed analysis of VUV spectra is available for Pulse No. 

2050, which is comparable to the 1983 plasmas as well as to the 

later reference discharges to be discussed in the next paragraph. 

It had the following parameters: Ip2.3 ΜΑ, ηε1.6·10
19
 m"

3
, 

Βτ=2.6 Τ, ε=1.4. The respective results for the metals are very 

close to the values obtained for the 1983 plasmas (values in 

parenthesis), ie a total metal content of about 0.2Z (0.2Z) and a 

ratio of Ni;Cr:Mo: of 8:1:0.5 (7:1:1). Iron was determined to be 

about 4% of the total metal content. The straightforward results 

for oxygen and carbon were 1.6Z and 2Z respectively. This means 

that the carbon level is in very good agreement with the 1983 

result (2%), while the oxygen may have been somewhat 

underestimated (0.5Z), though it has probably increased by a 

factor of two in the MarchMay operation. The chlorine fraction 

of pulse / 2050 was found to be 0.16Z. The respective values of 

impurity concentrations are marked on the lefthand side of 

Fig.10 as starting points for trends throughout the remaining 

operation time. 

5.3 PDC Period 

For the assessment of PDC effectiveness glow discharge 

cleaning, which had been used routinely before, was abandoned in 

order not to confuse the PDC results. A total of 12000 PDC 

discharges was carried out, mostly in Taylor mode (p^lO
 5
mb H2, 

I =3040 kA, BT=0.15 T, t^O.l s), some in high power mode (I =400 

kA, t»0.6 s). In order to study the plasma response, the 

parameters of a reference discharge were defined (I «2 MA, 

b/a=1.4, BT=2.5 T, ñ =2.10
19
 m ~

3
) , which was then repeated 

throughout the following operation periods and allowed an easy 

comparison of the plasmas achieved. The development of 

impurities will be described referring to the data in Fig.10. 

However, it must be kept in mind that only a few examples are 

being discussed, which are considered to be representative. Even 

comparing pulses with the same gross parameters, the scatter In 

the results amounts to 20Z or more. 

The reference discharges before PDC showed an increase in oxygen 

and a respective reduction in metal impurities as compared to the 

May situation. The CI level increased distinctively too. After 

about 4000 PDC pulses oxygen, carbon and nickel were virtually 
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unchanged while the chlorine showed a reduction of about a factor 

of two After 12000 pulses there is some effect on the oxygen, 

accompanied by an increase in metal concentration. Carbon and 

chlorine remained constant. These differences, which are all not 

dramatic, are essentially in agreement with the respective 

influxes of oxygen, chlorine and nickel. There was a change in 

the ratio of Ni:Cr:Mo, ie more chromium and less molybdenum were 

found after PDC, but again, the differences are only minor. The 

total radiated power hardly changed during the PDC period and was 

about 80Z of P_. At the end of the PDC assessment, Ζ cc was 

still of the order of 5 for the parameters of the reference 

discharges. All together, 12000 PDC pulses seem not to be 

sufficient to have a large impact on the impurity situation in 

JET. For the Pre PDC pulses, we estimate the following Impurity 

influxes from the C U , C H I , O H , OIV and Cri signals: 

♦C/»H * 0.20 

Φη/*„ * 0.15 ν
0
/ν
Η 

/Φ„ * 0.02 
'Metal' Η 

The limiter fluxes of carbon and metals are similar to the 1983 

operation. However, it was realised at that stage that the 

carbon wall production is similar to that on the limiters. For 

oxygen, influxes were higher than 1983 and the walls seemed to 

play an important role. 

5.4 Reference Discharges after Carbonisation 

After α period of high density and deuterium operation, which 

will be commented on in the next paragraph, light and heavy 

carbonisation of the vacuum vessel were carried out in order to 

remove oxygen and chlorine, and to assess the influence of an all 

carbon wall on plasma behaviour and metal contamination. Less 

than one monolayer of carbon was deposited on the vessel walls 

and removed again before tokamak operation (light carbonisation). 

The impurity situation was then much the same as after PDC (see 

Fig.10), except that the chlorine seems to have recovered again 

after the break in operation. 

During heavy carbonisation /24/, about 50 monolayers of carbon 

were deposited on walls and limiters. This procedure made a 

definite impact on plasma performance. Ζ  dropped, at least 

initially, the radiated power reduced to about 50Z Ρ at moderate 

densities, and consequently, the carbon limiters heated up to as 

much as 1500°C. 

From the spectroscopy viewpoint the main differences were a 

strong reduction in metals and an increase in carbon. The 

bolometer profiles became hollow and the centre radiation was 

very low. Metals considerably increased after a weekend of glow 

discharge cleaning, and even after ageing of the carbon layer for 

two days. Oxygen and, in particular, chlorine seemed to decline 

gradually during the last weeks of operation, but not as a 

consequence of specific actions taken. The conclusions drawn 

from the VUV spectra are again confirmed well by the respective 

impurity influxes and Ni XII signals. The higher carbon level is 

due to an increased influx from the carbon limiters. The 

observed reduction of metal influxes from the limiters confirms 

the present idea, that metal depositions on the carbon limiters 

had been responsible for the metal problem. 

When the limiters reached a high temperature at the end of the 

flattop period of some of the pulses, a sudden increase in metal 

influx was observed, which Is attributed to metal evaporation. 

It seems that due to this process the limiters were better 

conditioned throughout the remaining operation period, and metal 

influxes and densities never returned to such high values as 

previously. It should be noted that during these limiter 

temperature excursions the carbon influx, as derived from 

C II signals, followed the electron density in the usual way. 

There was no indication of the existence of chemical sputtering 

/25/ expected to occur around carbon surface temperatures of 900 

K. On the other hand, the high carbon yield measured (10Z Ρ«), 

could be indicative of a  temperature independent  chemical 

release mechanism. 

Although carbonisation had the favourable effect of reducing 

metals and lowering the radiated power in the plasma centre, 

there was a problem of a high concentration of carbon in the 

plasma leading to a dilution of the working gas. Furthermore, 

disregarding the pulses immediately after fresh carbonisation, 

the values of Ζ  were again up in the range 45. 

5.5 High Density Discharges 

During the Precarbonisation period, toroidal field and plasma 

current were increased at moderate plasma elongation (ε1.2). 

Then, average electron densities of about 3.10
19
 m~

3
 were 

achieved in both hydrogen and deuterium at I ^3 MA, BT=3.4 T. 

Later on, similarly high densities were achieved at lower 

toroidal fields and lower currents, but at an elongation of 1.4. 

The consequences of carbonisation on high density plasmas were 

studied for different plasma currents (2.83.5 MA), elongations 

(1.21.4) and toroidal fields (2.63.4 T). Nevertheless, these 

discharges behaved quite similarly in many respects, though there 

was some scatter in the individual results. 

At high electron densities and a significant level of light 

impurities, edge radiation cools the plasma boundary and reduces 

the production of metal impurities. Therefore, the metal 

concentration of such discharges was very low throughout, even 

before carbonisation. If the density is pushed even further the 

plasma may eventually detach completely from the limiter and 

shrink, as is demonstrated by the bolometer profiles of Fig. 11 

for the later phase of Pulse No. 2471. Before carbonisation, the 

level of oxygen and carbon could have been as high as 4Z, but 

there may be some problems in analysing the VUV signals because 

of poloidal asymmetries. After carbonisation, oxygen was reduced 

and the carbon stayed at about 2.5Z, very similar to Fig.10, but 

the analysis is not consistent in all details with that of the 

reference pulses. A consistent result was that the chlorine 

showed a tendency to reduce and reached the very low level of 

0.05Z at the end of September operation. For high density pulses 

after carbonisation, typical impurity concentrations are 1Z 0, 

2.5Z C, 0.05Z CI and 0.015Z metals, resulting in a Z g f f value of 

about 2.6. 

During the Precarbonisation and carbonisation periods, no 

significant change in impurity levels was observed when changing 

the working gas from hydrogen to deuterium. 

5.6 Radiation and Ζ cc efri

The reference pulses after light carbonisation still radiated 

about 90Z Pfi. It was only after heavy carbonisation that the 

radiation levels for moderate densities (̂  2.10
1 9
 m"

3
) reduced to 

50Z and even 40Z after repetitive carbon deposition. Judging by 

the spectroscopic results, this reduction is due to lower 

concentrations of oxygen and chlorine. The metals do play a role 

but, when they recovered significantly after removing the carbon 

layer, the increase in radiated power was only moderate, ie from 

40Z to 60Z Pfl. 

For higher electron densities, the fraction of radiated power 

increased both before and after carbonisation. In the latter 

case, however, it increased from a much lower level. Thie 

behaviour is demonstrated in Fig.12. Going from low to high 

densities, the radiation in the plasma centre dropped from about 

10 kW/m
3
 to almost zero, while the edge radiation increased. JET 

high density discharges are obviously light impurity dominated 

and, after carbonisation, oxygen and carbon contribute about 

equal amounts to the total radiation. 

Fig.13 shows the measured values of Ζ « before and after 

carbonisation as a function of electron density over current 

density, a presentation, which accounts for the increase of Ζ „ 

with current. Generally, the pulses with carbon have somewhat 

lower Ζ C£ values, the reason being again a reduction in oxygen 

and chlorine. The diagram also shows that higher electron 

densities have been achieved at a given current density. The 

lowest Ζ ¿c values of Fig.13 are between two and three. 

5.7 PHA Results 

Nickel impurity concentrations have been deduced from the line 

emission spectra at 7.8 keV. The nickel line emission intensity 

is generally found to increase steadily in the beginning of the 
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pulse and to stay constant or to decrease during the flat top and 

the decay of the pulse, just as observed by VUV spectroscopy. 

The nickel concentrations have been evaluated during a 4 s flat 

top of the pulse, using theoretical excitation rates for the four 

main lines in the Ni26 spectrum and using the electron 

temperatures as obtained from the high energy tail. Corona 

ionisation equilibrium is assumed to predict the total nickel 

impurity concentration in the centre of the plasma. Xray 

enhancement factors calculated from the intensity of the 

continuum at 15 keV are in general agreement with those values 

obtained from the Xray diode signals measured at 2 keV. 

However, the enhancement factors have a tendency to be lower than 

these predicted from the %« measurements using the visible 

continuum particularly at high electron densities. 

The nickel concentrations after carbonisation deduced from the 

Xray spectra are shown in Fig.14 as a function of line average 

density ñ . The trend of a decreasing nickel concentration with 

increasing ñ is in agreement with data obtained from the VUV 

spectroscopy. The respective results are also shown in Fig.14. 

The different methods give consistent values within the 3040Z 

error bars although the values deduced from the pulse height 

spectra have a tendency to be lower than those deduced from the 

VUV spectra by about 50Z. 

6. ADDITIONAL OBSERVATIONS 

6.1 Measurement of Diffusion Coefficient 

During the flattop of Pulse No. 2542 a sudden increase and 

subsequent decay was observed in the spectral line intensities of 

iron. Apparently, a piece of iron fell into the plasma, which 

was sufficiently small that it did not perturb the plasma 

parameters. The decay of the respective lines can therefore be 

used for measuring the impurity particle transport in the plasma. 

As shown in Fig.15, the different ionisation stages yield the 

same time constant, ie 390 ms. Within the framework of a purely 

diffusive transport model the resulting spreading coefficient is 

0.6 m
z
/s, a value close to those found in other tokamaks. 

6.2 Measurement of Ion Temperature 

Lines of different impurity species and ionisation stages, 

located in the visible or UV spectrum, have been scanned during 

the pulse in order to obtain values of Doppler broadening, ie ion 

temperatures. Examples are the ls2s
3
Sls2p

3
P° transition in C V, 

which, in second order, have a full halfwidth of about 0.14 nm. 

When corrections are made the instrument width, the following 

typical ion temperatures result: 

0 II 

0 III 

0 IV 

0 V 

Λ. 

1. 

<\. 

30 eV 

37 eV 

60 eV 

60 eV 

C III 

C V 

Cr XIX 

*u 

1. 
Λ, 

35 eV 

190 eV 

1300 eV 

These values are upper limits because of Zeeman splitting, which 

has not been taken into account. In the case of 0 II, 

0 III and C III the ionisation times may actually be too short 

for the impurity ions to be in equilibrium with the 

protons/deuterons. Assuming that the ion temperature is equal to 

the electron temperature, 0 IV, 0 V and C V are just found where 

they are expected from the code calculations, ie at a temperature 

corresponding to half the ionisation energy. This is another 

important corroboration of the present analysis assumptions. 

Cr XIX should appear at T £ 800 eV. In this case, the 

measurement is probably high due to a neighbouring carbon line. 

The spatial scan spectrometers have to be awaited, in order to 

determine the pertinent radial locations of the shells. 

6.3 Poloidal Asymmetries of Radiation 

At high electron densities, poloidal asymmetries of the plasma 

radiation are frequently observed. An example is given in 

Fig.16, showing the 20 channels of the horizontal Bolometer 

camera as a function of time for Pulse No. 2471. The phenomenon, 

which has been observed before in other Tokamaks (e.g /26,27/) is 

first indicated by a local increase of radiation in the 

horizontal midplane near the inner wall. At the same time, the 

intensities of low ionisation stages of C, 0 and CI, viewed along 

a horizontal chord, increase steeply. The radiating layer then 

grows in poloidal direction and eventually forms a radiation 

mantle all around the plasma. Judging from the individual 

bolometers around the torus, the effect is toroidally 

symmetrical. These asymmetries are precursors of a high density 

disruption which, in the above case, occurs at t9.2 s. 

7. SUMMARY 

In spite of its low heating power density, JET had no problems in 

overcoming the radiation barrier after an initial period of 

baking and glow discharge cleaning. In fact, light impurities 

appeared to be well controlled by these methods during the 

startup phase in 1983. Significant amounts of metal impurities 

led to high radiation power losses for fully developed plasmas, 

ie 70Z Pfl. Wall material (Ni, Cr, Fe) deposited on the carbon 

limiter was mainly responsible for the metal contamination of the 

plasma. A comparatively small amount of molybdenum was detected 

both in the plasma and on the limiter surface, which is due to 

the manufacturing process of the carbon tiles. Chlorine was a 

very important impurity in the early JET discharges and was 

reduced subsequently by cleaning procedures. It was probably 

introduced by washing the torus. At the end of 1983, Ζ f f was 

about 2.5 for ñ = 2.6·10
19
πΓ

3
. 

e 

During the subsequent operation period in Spring 1984, cleaning 

procedures were the same as before and the impurity situation was 

not expected to change substantially. However, Ζ f f and radiated 

power were considerably higher than 1983. The reason for this 

behaviour is not clear, since the essential impurities, ie C, 0, 

Ni, were virtually unchanged. Chlorine was not monitored and 

only received attention when the first VUV spectrometer was 

installed at the end of May 1984 and strong CI lines were 

observed in the VUV spectrum. The torus had been washed again 

before the 1984 operationj therefore, a high fraction of chlorine 

may well be responsible for the early 1984 results. The plasmas 

became cleaner gradually in the course of operation, although the 

oxygen level was increasing due to enhanced plasmawall 

interaction. 

The period of PDC assessment was expected to reduce light 

impurities and possibly metals due to lower light impurity 

sputtering rates. However, the PDC campaign made little impact 

on the plasma impurities. Oxygen and chlorine concentration were 

somewhat lower after PDC, but the metals had increased instead 

and there were only minor improvements in Ζ , and P.ati· 

High density operation at higher toroidal fields and plasma 

currents resulted in a much reduced metal content, but led to 

oxygen dominated plasmas with strong edge cooling. Poloidal 

asymmetries were observed in the radiation and sometimes a 

radiation mantle formed and led to a shrinking of the plasma 

radius. 

By means of heavy carbonisation, the metals could be reduced even 

at lower electron densities and without high edge radiation. In 

the process of depositing and removing carbon, both oxygen and 

chlorine levels reduced, leading to quite clean plasmas with 

radiation levels between 40Z Pfi
 a t

 moderate densities and 80Z Pfi 

close to the density limit. A drawback of carbonisation is the 

high percentage of carbon present in the plasma. At Ζ « values 

around 3, about 40Z of the plasma electrons originate from 

impurities. 

Generally, it was observed that light impurity concentrations 

hardly depended on plasma current or electron density. Metals 

increased with current and decreased with η . An inverse 

relationship was found to exist between metals and lowZ 

impurities. These trends, as well as the behaviour of Ζ cc and 

Ρ j, are much in line with findings on other limiter tokamaks. 

Typical impurity levels at the end of the 1984 operation were 

1Z 0, 2.5Z C, 0.05Z CI and 0.015Z metals resulting in a Zfiff 

value of 2.6. According to the code calculations, oxygen and 

carbon are responsible for the measured radiation losses and 

contribute about equal amounts. By means of longer operation and 

repetitive carbonisation the oxygen level can be further reduced. 
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This will probably allow higher electron densities, even if the 

carbon fraction remains In the range of a few percent. For the 

Ohmic Heating operation phase, the present Impurity levels did 

not cause any serious problems. However, they would raise the 

<n τ£> requirements for ignition by a factor of two due to 

enhanced BremsStrahlung and dilution of the deuterium/tritium 

plasma. 
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Fig. 1 Location and sightlines of diagnostics for impurity studies. 
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JET UV SPECTRUM 
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Fig. 3 Photographic spectrum recorded by the torus spectrometer 
during a single JET pulse. Parts of the carbon limiter and of the 
adjacent wall are imaged on the entrance slit. Wavelengths are 
given in Angstroms. 
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Paper 170 

+ 

ANALYSIS OF NEUTRAL PARTICLES IN JET 

S Corti, G Bracco*, M Brusati, A Gondhalekar, G Grosso , 
F Hendriks0, S Segre*, V Zanza* 

JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, UK 

* on attachment from CENTRO RICERCHE ENERGIA, Euratom-ENEA Association 
Frascati, Italy 
on attachment from ISTITUTO FISICA DEL PLASMA, Euratom-CNR Association 
Milan, Italy 
Euratom Fellow 

This paper describes features related with the analysis of neutral 
particles and the ion temperature in JET as measured with a passive Neutral 
Particle Analyser. Ten energies for two species (Hydrogen and Deuterium) are 
detected simultaneously so that the two energy spectra can be obtained at any 
time of a discharge. 

An analysis code taking into account all the relevant processes, 
including recombination, is available. This code, using the measured neutral 
particle fluxes, the measured T and n profiles, taking the edge neutral 
density as a free parameter and assuming a T. profile shape, allows to compute 
the neutral density profile and the maximum ion temperature along the line of 
sight. The ion and the electron densities are assumed equal throughout the 
calculation. The analyser used, one out of a final array of five, views a 
horizontal chord in the the equatorial plane of the torus at an angle of 10° 
with respect to a major radius /l/. 

In Figure 1 typical results for a deuterium pulse are shown. The fitting 
of the experimental points in la shows a maximum ion temperature of 2.5 keV. 
The contribution to the neutral density due to recombination is shown in lb 
while lc and Id show the radial location, along the line of sight, of the 
detected source functions. The importance of the recombination in obtaining 
information closer to the centre of the discharge should be noted. 

Using the source function for each energy and the corresponding absolute 
measured flux it is in principle possible to determine an average ion 
temperature over the halfwidth of the source, obtaining thus ten points on the 
ion temperature profile. This has been done for a 1=4 MA, B =3.4 T discharge 
and the resulting ion temperature profile is compared in Figure 2 with the one 
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Some JET deuterium discharges following CH, carbonization, have 
comparable H and D concentrations due to H influx from the walls. Preliminary 
studies of the time behaviour of the ratio H/(H+D) at different plasma depths 
indicate that hydrogen reaches a stationary concentration profile in about Is, 
possibly with signs of accumulation at the plasma centre. 

At relatively high values of n/I, transient phenomena with strong 
poloidal asymmetry of the edge density and radiation (Marfes) have been 
observed /2/. During these events a marked enhancement of neutral particle 
fluxes at all energies is observed (Figure 3a). 

Although the NPA is looking at the volume where marfes occur, it cannot 
detect particles from that zone (as shown in Figure lc). The fact that the 
enhancement is observed on all channels is indicative of a modification of the 
neutral density beyond the zone directly affected by marfes. This is 
supported by a concomitant increase of the H measured along a vertical chord 
through the centre of the machine (Figure 3b). 

The NPA diagnostic has been used extensively during ICRH (Ion Cyclotron 
Resonance Heating) studies both with He3 and with H minority in deuterium 
using various types of antennae configurations (monopole, dipole, quadrupole). 
As an example, Figure 4a shows the ion temperature (obtained with a simple 
linear fitting of the measured spectra for E < 2 Τ ) when RF power is coupled 
through two antennae (1 MW on a quadrupole antenna between 6 and 8 seconds and 
1.5 MW on a monopole between 7 and 9 seconds) for hydrogen minority heating. 

Figures 4b and 4c show deuterium and hydrogen spectra. 
It can be seen that the shape of the D spectra remains unchanged below 

6 keV indicating that RF heating affects mainly the central ion temperature, 
causing probably a peaking of the profile. 

The hydrogen spectra, having been corrected for background, show the 
appearance of an energetic tail above 7 keV with a slope corresponding to 
about 20 keV. 

REFERENCES 
11/ G Bracco, S Corti, V Zanza et al - 'First Results from JET Neutral 

Particle Analyser* - JET Report JET-IR(84)04. 
12/ J O'Rourke et al - 'Poloidally Asymmetric Edge Phenomena in JET' - this 

conference. 

125 



Ί- r 

Ι 
c 
9 .5 1 

9ο i-
Τ. 

1. 

U. 

<η 3. ο 
τ , 2. 

Η . 

Do 

Λ 

\ 

Ι >""<» 

FLUXES 

* 

i H^WÏ^ 

a. 
¡ C H Π 

f 3 Mr.vi 

τ" 
i CH IS 

Λ E, 5.7 «.ν 

| CH 18 

H,,  VERTICAL 

TIME C*) 

FIGURE 3: Neutral fluxes (a) and vertical H (b) measured during a plasma 

discharge showing the appearance of a Marfe around 11 s (pulse number 3428) 

_I_ 

H\*w 
... ii MW 

"\ 
w nue (>} 

FIGURE 4: JET RF pulse no.5414. T. 

versus time (a) and comparison or 

Deuterium (b) and Hydrogen (c) 

spectra before and during the RF 

pulse. 

10 .« 

1 0 ' 

. ό 

\ v 

. MO » F - t . 5 . 5 * . 
. . . e WITH RF- t . 7 . 5 * 

L ^ · . . . . 

t \ 

10 10 

NO IF - t . 5 . 5 » 

WITH å F - t . 7 . 5 « 

Mr·««*«* 

\ 

\ 
X) 14 E (k .V ) 20 

„10 bV 

30 (k«V) 

126 



Paper 171 

A Theory of Marfes 

T.E. Stringer 

JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, UK. 

Introduction A marfe is a toroidally symmetric band of enhanced radiation 

sometimes observed in tokamaks. It is strongly localised near the plasma edge, 

typically has a poloidal width of about 30°, and always occurs on the inboard 

side. They were first reported on Alcator C 

Marfes have been attributed to a radiative thermal instability As is dis

cussed later, a local decrease in temperature leads to a local increase in 

radiation cooling. This destabilising effect is opposed by parallel thermal 

conduction. Instability can occur only near the plasma edge where parallel 

thermal conductivity is low. A criterion for the onset of such an instability 

will be derived and its saturated state studied. Theoretical predictions are 

consistent with experiment. 

Linear Analysis of the Radiative Thermal Instability The balance between 

radial conduction into the edge region, enhanced radiation from the cool region 

and parallel conduction of energy into the cool region, is described by the 

total energy conservation equation: 

ST 
3 χ (nT) = 3 { K„ τ 5nTv„\ +  «sr

dt ds ι " ds "( r dr 

1 3 
rK 

3T 
Σ nn L (T) 
ζ ζ ζ 

(D 

where T=T =T., s denotes distance along a field line, K„ and K, are the thermal 
e ι " χ 

conductivities parallel and perpendicular to the magnetic field, η is an 
ζ 

impurity density, L (T) the radiation rate, and other notation is standard. 
ζ 

Since marfes are observed to be toroidally symmetric, the temperature and den

sity perturbation are assumed to be functions only of poloidal angle and radius, 

i.e. ï(r,θ,t)=T(r) cos m6 βχρ(γί). To obtain a dispersion equation for γ, Eq.(l) 
is linearised and combined with the continuity equation and the parallel com
ponent of the fluid equation of motion. This gives 

K. 
Ύ Ύ2 C 2k. 1 

3n K k 2 + — + nn — " " Δ2 ζ dT γ2 + C 2k„ 2 4 n L 

where C 2=2T/M and k„2=-32/3s2=m2B2/r2B 2. In deriving this equation the 
perpendicular heat conduction term in Eq.(l) has been replaced by -Κ^ϊ/Δ2, 
where Δ= the radial half-width of the perturbation, and the fractional density 
perturbation of the impurity is assumed equal to that of the electrons. The 
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condition for instability is: 

K„k„
2 

Δ
2
" 

2nn 
ζ dL 
 + nn — < 0 

ζ dT 
(3) 

An equivalent criterion has been derived independently by J. Neuhauser 
[2] 

Both the parallel and perpendicular heat conduction tend to inhibit the insta

bility, the former is usually the more important. The third and fourth terms 

in Eq.(3) express the change in radiation due to density and temperature varia

tion respectively. Density varies roughly inversely with temperature as plasma 

moves to maintain constant pressure along the magnetic field. The temperature 

variation in the radiation rate for carbon in coronal equilibrium is shown by 

the solid curve in Fig.l. However, impurity 

ions near the plasma edge are generally far 

from coronal equilibrium. A rough approxi

mation to noncoronal radiation may be 

obtained by shifting the coronal radiation 

ιο
32

μ 

E 
in 

Ï IO
3 3 

LCD 

10 
.31 

ι Αι 

r l I 
-Ji ¡ι 
\\ \ Λ 
 / \J \ 
: / \ 

curve L (T) to higher temperatures, i.e. 
c 

L(T )=L (ζΤ ), where ζ can vary from 1 to 
e c e 

0.3 depending on how far the ionisation 

[3] 
distribution differs from coronal . The 

third term in Eq.(3) is always destabilising, 

while the fourth is destabilising for T 

e 

larger than the maximum in L(T ). The two 

e 

terms are comparable in magnitude. 

When applied to Alcator C with 1% carbon 

concentration and ζ=0.5, Eq.(3) predicts a 

critical edge density of 1.1x10 m
 3
 for marfe onset. This is close to that 

io' 10' 10
J 

T(eV) 

Fig.l Coronal radiation rate 

for carbon (solid curve) and 

analytic model (dashed). 

observed 
[1] 

The measured Doppler broadening in the CIII line in JET suggests 

ζ=0.3. This gives a predicted critical edge density of 8xl0
1 8
m~

3
 in JET which, 

although about twice that observed, is within the uncertainty in the present 

analysis. 

The Saturated Instability This must satisfy the nonlinear steady state form of 

Eq.(l). An important nonlinear effect is the variation of parallel thermal con

ductivity with temperature, Kl,sCT
5
'
2
mTsec7 To allow a simple analytic solution 

of Eq.(l) the following form is assumed for the radiation rate: 

L(T) = PT 
11/2 

for T<T, 

where Τ =T [(1+b)/b] 
1 0 

2/7 

= bPT
2
 [T

7/2
T

7/2
] for Τ <T<T 

1 0 1 

= 0 for T>T 

The dashed l i n e in F i g . l i l l u s t r a t e s t h i s funct ion for 
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Τ =6eV, b=0.1. The analytic solution should be at least qualitatively correct, 
and the scaling can be seen more clearly than in a numerical solution. Omitt
ing the convective term, the solution of Eq.(l) is then 

T7/2 = A cosh g6+H/g2 for θ<θ. 
= -Β cos (he+ijO-rF/h2 

υ ι 
(5) = Τ7/2+Η(θ-θ )(2π-θ -θ)/2 1 1 1 

0 
θ <θ<θ 
0 1 

θ>θ 
1 where g2=uPT2nn , u=7r2B 2/2CB 2 

ζ φ θ 
H=uD, h2=bg2, F=h2T7/2-H. 

D=total conducted heat influx to the edge region/8TT ΓΒΔ, where 2Δ is the 
radial width of the marfe. θ and θ are the angles at which T=T and Τ 
respectively. The boundary conditions τ(θη)=τ

η» τ(θ ) = τ > and continuity of 
7/2 3T /3Θ at Θ. and Θ, give five equations for the constants Α,Β,ψ,θ and θ . 0 1 0 1 

Thus the poloidally asymmetric steady state, if one exists, is completely 
determined by the plasma parameters nT, η /η and D, and the radiation rate 

ζ 

parameters P,T and Τ . The steady state is arbitrarily taken to be centred 
around θ=0, in practice its poloidal location is determined by poloidal asym
metry in the flux or impurity drifts. Figure 2 shows the predicted temperature 
variation for Alcator C parameters, with carbon 
as the radiating impurity, and several values 
for nT. D=2xl06w/m3 corresponds to a total 

25 

conduction influx of 200kW spread over an 
edge region 2.5cm wide. Asymmetric steady 
states become possible only when the maximum 
radiation rate (at Τ where L(T) has its 

max 
maximum) exceeds the energy input. For the 
chosen parameters this is when nT>2.1x1020eV/ 

20 

15 -

Τ eV 

10 -

m' The steady state has a central region 
around 0=0 where T<T max such that radiation 

nT: 

_ 

- / / 

/ 3' 

5 

2x10 
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,102 0 

v^jl^:===^=^ 

io2' 
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10 2 0 30 

locally balances the energy input, and an 
outer region around θ=ττ where T>T and 

max 
radiation is less than the energy input. The 
surplus energy is conducted into an inter
mediate region where radiation is near its 
maximum, and locally exceeds the energy 
input. As nT increases,the strongly 
radiating intermediate region becomes narrower and moves to smaller θ until 
finally it reaches 9=0 and the inner region disappears. The experimental marfe 
illustrated in Reference 2 has nT=2xl02leV/m3, the radiating region extends 

Fig.2 Stationary poloidally 
asymmetric temperature distribu
tions for various nT. 
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poloidally over 30°, and the temperature varies poloidally by a factor of 
about 2 with an inverse variation in density. This is quite similar to the 
predicted variation in Fig.2 for the same nT value. 
Acknowledgement The author is grateful to W. Engelhardt for pointing out the 
destabilising effect of density variation and other constructive criticism. 
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Paper 172 

TWO DIMENSIONAL ANALYTIC AND NUMERICAL MODELS OF THE 
SCRAPE-OFF LAYER OF TOROIDAL LIMITERS 

R. Simonini, W. Feneberg*, A. Taroni 

JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, UK 
* On attachment from IPP, Garching 

1. Introduction 
From the classical system of equations describing the transport processes 

we derive a simplified system (one fluid, two spatial dimensions) of flow 
equations for the density n, the parallel velocity v.. , the perpendicular 
velocity vDc^ and the pressure ρ in the plasma boundary layer (Section 2). 

A code has been written for the solution to these equations, based on a 
splitting technique in spatial directions (Section 3). Classical effects are 
taken into account and shown to be important: they lead to radial fluxes near 
the limiter tip of the same order (or even larger) of the anomalous ones 
usually adopted, resulting in a non-symmetric layer around the limiter. 
Another characteristic feature of this code with respect to other 2-D codes 
[1-3], is the avoidance of any symmetry assumption along field lines. A JET-
like plasma with one toroidal limiter has been considered in the computations 
reported here. 

2. Description of the Physical Model 
We start from the moment equations for electrons and ions given in [4], 

assuming toroidal symmetry. We use an orthogonal coordinate system: ρ labels 
the magnetic surfaces, θ is a poloidal coordinate and φ the toroidal one. The 

0 0 0 0 0 0 0 

metric is given by ds = HQ dp + Ha do + R αφ , R being the distance from 
the torus axis. In the electron equations we neglect the resistivity and the 
external toroidal electric field, which is justified in the thermal-diffusion 
dominated scrape-off layer. Using an expansion in the ratio ε of the toroidal 
Larmor radius to the layer thickness we find that in lowest order the flow is 
parallel to the magnetic field. From the toroidal component of the electron 
equations of motions we find the flow velocity ν , perpendicular to the 
magnetic surfaces: 

3 3 T 

Vi = e^tiTse <ν"Ί,2) " °·71 eiXTT ··· (1) 

here c is the light velocity, e the electron charge, m. the ion 'mass, Bi the 
toroidal magnetic field, T the electron temperature. The first term in eq (1] 
gives the contribution of a perpendicular electric current related to the 
inertial term of the ions, while the second comes from parallel thermal 
diffusion. 

Assuming T e = T. = T and one fluid, one is left with the system: 

/g 3n < 
3t 3p |H ρ [P 

_3_ 
3Θ 

h/g 
Τ7Ώ Ì + /g si 
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/ g  T E  =  3p [ i ¡ nVllJ  3Θ l l f nv|| J + V 3Θ nv|| + m" 3Θ [ " i^ V W J 

_ 2 _ hv^_ _3_ Γ _h_ ^ [ j j l _2_ hv^_ 3p j 
3m. HQ 3Θ | η ο HQ 3Θ J m. H„ 3Θ + g F | | 

1 Ü D 1 0 

*%-h vg 3 r/gh 3 Γδ/gh 2/g ,_ 3p , 

- w ^ ¡ ~
 q

nj  3θ [ Ί ς - viPj " / g 
L Ρ H„ 'y Q" ; q p j ' 

... (2) 

Here ρ = nT, /g = HQHQR, h = BQ/B is the ratio of the poloidal to the 
total magnetic field, while ν = ν c1_ + vQ , ν being an anomalous trans
verse diffusive velocity vpan = D/YnHp) 3n/dp; D can be any anomalous diffusion 
coefficient. Here we choose for simplicity an Alcator-Intor form D = D* τ/η 
with constant DAI· ηο and q.. are the classical viscosity and parallel heat 
flux as given in [4]. q„ is the transverse heat flux, that we choose to be 
anomalous, again of the Alcator-Intor type: qp = χ,, 3/30(p/n). S^, F.. and Q 
are related to the neutral background and radiation losses. Here we assume 
F.. = 0, while S. and Q come from a simplified analytic background neutral 
model, relating the neutral density to their mean free path. 

The model described above, with proper boundary conditions (see Sections 
3 and 4), is on one side sufficient to study the effect of the classical term 
vocl anc^ o n ^ e other side contains, from the mathematical and numerical point 
of view, most of the features that are present in more complex boundary models. 
For this reason, it has been chosen as a test model for the present 2-D limiter 
edge code. 
3. Numerical Method 

The system of equations (1) and (2) requires a careful choice of the 
numerical scheme because it is not of the type solved by standard methods of 
numerical fluid dynamics. In fact, not only does it present a mixture of terms 
with hyperbolic and parabolic character, but the relative importance and even 
the presence of these terms depend on the direction considered. This must 
reflect on the choice of both the numerical method and the proper boundary 
conditions. We decided to adopt a splitting technique along directions as the 
one that can best treat the anisotropy due to the magnetic field. Thus, the 
per-se interesting sets of the 1-D parallel and perpendicular equations can be 
solved independently, and, moreover, the technique and the code can be easily 
extended to include additional equations (e.g. Τ χ T., impurities). 

A staggered finite difference grid is used for spatial discretisation to 
avoid unstable wriggles in the solution. Good resolution near the limiter is 
achieved by a non-uniform grid. Different terms can be centered in space and 
time in a different way by prescribing a set o:f parameters. Implicitness is 
treated by linearisation and iteration. An important feature characterising 
this code with respect to others (see e.g. [1-3] is the possibility to combine 
a periodicity condition for the plasma with given boundary conditions for the 
limiter, thus avoiding any assumption of symmetry along field lines. This is 
of course necessary to study the effects of eq. (1). 

A full 2-D Monte-Carlo code is at present being interfaced to the fluid 
code to treat the background neutrals, with the aim to allow benchmark comp
utations to calibrate simpler models of neutrals. 
4. Numerical Results 

To test the code and to study the effects of vn ·, we have considered a 
simple configuration with a toroidal limiter that in the poloidal plane maps 
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as in Fig. 1. Dimensions are JETlike: 

R = 300cm, p„_ = 110cm, px = 130cm, ρ = 150cm, ρ (Tf  θ )  40cm 
O MP L W L L 

These assumptions, in particular circular magnetic surfaces, are not essential 

to our code. Noncircular plasmas can be treated by supplying the appropriate 

metric coefficients (possibly tabulated). An extension to two toroidal 

limiters and different limiter and wall shapes is being implemented. 

The following boundary conditions have been considered: 

ρ = ρ , ρ ,   π < θ < + π „ , , , 

MP W ^
 v

 : given η, T; v.. advected by vp or comp

uted through 3v../3p = 0. 

θ = ±ΤΓ;ρ < ρ < ρ : periodicity. 

ρ = p ,  ir < θ <  θ o r θ < θ < ïï _ , . , . . 

L ν L Lv  : η , Τ are computed by interpolation from 

the values at (ρ, , ± Θ) ; v.. ei ther 

advected or computed as above. 

ρ < ρ < Ρ ; θ = ± θ : n advected by v.. ; v.. computed Joy the 
L free surface condition [1],[5] 2p = 

η„ h/Hfl 3ν../3θ, v.. < c .· q. = βην„ Τ, 
Jo θ

 d
V '

 ν
|| $

 c
s'· l̂ 

Β ~ ι - 5,"τ > Tw. 

The transition of v.. from the sound velocity c to zero at the limiter 

tip is represented by a linear decay along ρ over 2 or 3 steps (̂= 2cm) . The 

width of this transition region influences the details of the nearby profiles, 

but not the general pattern. Similarly, we have found that reasonable changes 

in the values of Tw (2  lOeV) and rfy (10
10
  10

11
 cm

3
) do not influence the 

results noticeably. More important can be the changes in the background 

neutral model and in particular the recycling model at the limiter. For this 

reason benchmark computations and/or coupling with a MonteCarlo neutral code 

are required. 

Within the frame of our present model and assumptions, the importance of 
v
pcl

 :
'
s
 Illustrated in Figs. 14. Figures 13 map n, v.. and T in a typical 

case (nMD = 10
13
 cm

3
, TMP = 400eV) with v n . . Here Dai = 4000cm

2 

Î7 _T _i MP 1. Here Dftj = 4000cnT/s, 

χΑΙ = 5 χ 10 cm

 s~ . T near the limiter tip varies from T = 32eV upwards 

to TJ = 25eV downwards. More significant is the change of particle flux from 
U. TP 1 Q 0 1 

<t>u = 4. 0 χ 10 to φ, = 2.5 χ 10 cm

 s~ . The updown asymmetry does of 

course decrease as vp increases, but it is still noticeable at D^T as large 

as 40,000cm
2
/s. In this case we find Tu=32eV, Td=29eV, φ^^χΙΟ^οπΓ^

 1
, 

φ^Ζ.ΞχΙΟ
18
™

^"

1
. 

For comparison, Fig. 4 shows the pattern of the parallel velocity when 

the classical term is absent (dashed lines represent negative velocities). 

In conclusion, even if these results are to be considered as preliminary 

only, due to the simplifying assumptions in models and geometry, they show 

that classical effects can indeed play a role in the boundary layer. Moreover, 

they illustrate the potential capabilities of the code which is at present 

being adapted to more realistic JET situations. 

References 

[1] Igitkhanov, Y.L., Kukushkin, A.S., Pigarov, A.Y., Pistunovich, V.l., Proc. 

11th European Conf. on Controlled Fusion and Plasma Physics, Aachen, 59 

September 1983. 

[2] Braams, B.J., Ibidem. 

[3] Petravic, M., Heifetz, D., Post, D., Proc. 10th IAEA Int. Conf. on Plasma 

Physics & Controlled Nucl. Fusion Research, London, 1219 Sept. 1984. 

133 



[4] Braginskii, S.I., Rev. of Plasma Physics, edited by Leontovich, M.A., 

(Consultant Bureau, New York, 1965), Vol 1, ρ 205. 

[5] Landau, L., Lifchitz, E., Mécanique des Fluides, Editions MIR, Moscow, 

1971. 

Pw=150 
  π 

Fig 1 

η = 
max 

Density (cm" ) 

2.6 χ ΙΟ
13
 Δη 7.2 χ 10 11 

Fig 2: Parallel flow velocity 

(cm/s) 

Δν„ = 1.6x10
s v.. = 5.0x10' 

Umax II 

^ \ S ' 

ν V s s 

'   . s
x o o 

Sg£¿ ¿ ~ i 

\ \ \ 1 

Fig 3 : Temperature (eV) 
Τ = 189, ΔΤ = 5.2 
max 

Fig 4 : Parallel flow velocity 

(cm/s) when v p r ; 1 = 0 

v „ = 4 . 8 x l 0 6 ' , Δν„ = 1 . 3 x l 0 5 

I max II 

134 



Paper 173 

TRANSPORT CALCULATIONS FOR JET DISCHARGES WITH ICRH 

A. Taroni, A.E.P.M. Abels vanMaanen*, W. Core, D.F. Düchs, T. Hellsten, 

D.G. Muir, P.M. Stubberfield, F. Tibone, M.L. Watkins. 

JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, UK 

* On attachment from Mathematical Institute, University of Oxford, UK. 

1. Introduction 

In this paper we discuss the results of 1D and ΗD transport codes in 

simulating JET discharges and in predicting future JET performance. 

In Section 2 ohmic plasmas are studied with particular emphasis on the 

possible importance of ion thermal transport, especially at the highest JET 

densities. In Section 3 the transition from ohmic to auxiliary heated dis

charges (ICRH) is simulated. Results are compared with observation's in JET. 

Extrapolations to higher levels of additional power are briefly discussed in 

Section 4. 

2. The Ohmic Phase 

The transport models used to simulate JET ohmic plasmas (including 

target plasmas for ICRH) are basically those discussed in [1]. In particular, 

electron energy diffusion coefficients of the AlcatorIntor (ΧθΑτ'
 ancî

 °f
 t n e 

CoppiMazzucatoGruber (XeCMG) form are considered. Classical energy transfer 

between electrons and ions and neoclassical resistivity Tineo are assumed. 

Impurities are treated either as in [1] or without assuming coronal equili

brium. Results given in this section are shown not to be sensitive to the 

choice. 

The dependence of computed results on the ion thermal conductivity has 

been studied taking χ. = ctX;CH' XiCH
 De:i


n
9 the ChangHinton neoclassical 

expression [2]. Results are illustrated in Fig. 1, showing observed and 

computed peak temperatures as a function of the lineaveraged electron density 

ñ for various values of a. At the highest densities, the maximum temperature 

difference computed with α = 1 and with a model of sawtooth activity based on 

Kadomtsev's reconnection scheme (with flattening of both Τ and T. profiles) 

is ΔΤ Ξ T e o  T i o < 400eV. An anomaly factor α ^ 10 is required to produce 

ΔΤ ;> IkeV at intermediate and high densities. At the same time χ must be 

reduced by a factor up to 3 with respect to the values given in [ï]. 

The need for large anomaly factors, if confirmed, would mean that anomal

ous ion thermal conductivity, possibly having a functional form different from 

neoclassical, could play an important role in determining JET performance. On 

the other hand, Fig. 1 shows that the conventional picture with χ^ ~ 3χ·ρττ <χ 

produces results within the error bars, albeit with ΔΤ consistently towards the 

lower limits. 

Another important result to be pointed out is that the high ohmic electron 

temperatures and values of Ζ from Bremsstrahlung as observed now in JET are 

compatible with neoclassical but not with Spitzer's resistivity η ς . This 
result differs from that reported in [1] when lower temperature plasmas with 
higher values of Ζ _f were available for simulation, and neither 1 n e o nor n.s 
could be excluded. 

3. ICR Heated Plasmas 
RF heating of JET plasmas is simulated by a model for additional power 

sources for the electrons and ions, and by allowing for an enhancement of 
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transport losses during RF pulses. 

In order to determine the auxiliary power deposition profile, we derived 

a simplified model for use in transport codes and containing as much as 

possible of the information provided by 'standalone' codes treating different 

aspects of the RF heating problem for an assumed background plasma. This model 

can be summarised as follows: 

the additional power is uniformly deposited within a rectangular portion 

(the same for electrons and ions) of the poloidal plasma section; 

the absorption region is bounded by major radii corresponding to the 

position of the ionion hybrid and the ion cyclotron resonance for the 

minority species, and by a height Ζ determined by ray tracing calculations 

(Ζ ~ 1.5m); 

direct heating of the electrons by mode conversion using the Budden 

formulae, and minority ion heating by ion cyclotron damping are estimated 

[3]; 

heating of the background plasma ions and of the electrons is then 

estimated using a steadystate solution to a FokkerPlanck equation for 

the energy distribution function of the minority species. 

Confinement degradation during RF heating has been simulated through an 

enhancement of the ohmic electron thermal diffusivity by a powerdependent 

factor, along the lines suggested by the "Principle of Profile Consistency" 

[4]. 

These models must be tested against observations and can be used in a pre

dictive way only for studies of sensitivity of results to the assumptions they 

involve. Both purposes have been pursued by undertaking an extensive series 

of computations. Our findings are summarised in the following. 

Assuming that most of Ρ f (the total RFpower coupled to the plasma) is 

deposited in the central region of the plasma, as suggested by theory, a 

degradation of energy confinement is required to produce variations in Teo, 

T^0 and <Te> comparable to the experimental ones. Furthermore, numerical 

results are in better agreement with observations when the power globally 

coupled to the electrons, Prf
S
/ is not less than that to the ions, Pjf

1
· This 

is illustrated in Fig. 2 for the case of He minority heating, under the 

following assumptions: 

strong ion transport (χ^ > χ ) as described in Section 2, but no further 

degradation of xi during RF pulse's; 

Xe
 = c

"XeCMr'
 w
'

Lth
 C ~ 1 during the ohmic phase but C > 1 during RF 

heating (scaling roughly as C ~ (Ρ0^ + Prf)/
ρ
0^) · 

Similar results have been obtained for the case of Ηminority heating, with 

substantially different target plasmas. 

Enhanced particle (including impurities) influxes at the plasma boundary 

allow simulation of the experimentally observed increases in lineaveraged ñ 

(up to 30% when Ρ _ ~ 5MW) and total radiated power (without significant 

changes in Zeff and in Prad/Pinput)· 

Our main conclusions, namely the need for transport degradation during RF 

heating and Prf
e
 £ ̂ rf

1
»
 a r e

 stable against model variations as long as central 

power deposition is retained. If, however, a large fraction of the absorbed 

power (> 50% when Ρ  ~ 2MW) is assumed to be deposited in the plasma external 

region, where radiation dominates, then both peak and average temperature 

increase can be simulated without degrading χ . 

The evolution of the central electron temperature constrains the power 

to the electrons in the central region to a minimum of ~ 50% Prf, as mentioned 

above. In addition, the moderate saturation of Τ during sawtooth rise 
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suggests that electron transport is strongly reduced towards the plasma centre, 

and even degradation does not play a significant role there. 

4_. Extrapolation to Higher Levels of RF Power 

The picture emerging from the previous Sections indicates that it is only 

reasonable to predict ranges of possible performance that take into account 

variations of all important parameters in the model, and possibly of the model 

itself. It is practically impossible to follow such a procedure systematic

ally. The only way to face the problem would consist of treating all of the 

parameters within a given model on the same basis, and changing them randomly 

within reasonable ranges and constraints. 

A few preliminary results using different scalings of χ with additional 

power are shown in Fig. 3 for Prf = 5, 10, 15MW. They refer to two sets of 

transport assumptions for two different target plasmas: the 'large' χ ^ > 
10xiCH with xe ~ XeCMG

 w h e n Δ τ
 ~ 1.5keV and Zgff ~ 4.0 (Fig. 3a) and the 

'standard' χ ± ~ 4 x i C H with χ β ~ χ Α Ι when ΔΤ ~ 0.6keV and Z g f f ~ 2.5 (Fig. 3b). 
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Fig 2: Computed and experimental peak 

temperatures for different levels of 

RF power with Pzf
LlPrf = 25%(A,A'), 

50%B,B"), 75% (C,C) and degraded( ) 

and undegraded ( ) electron trans

port. 

Fig 3 : Predictions for Ρ f up to 15MW 

based on plasmas with BT=3.4T and 
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DENSITY LIMIT DISRUPTIONS IN JET 
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Abstract 
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# On attachment from IPP, Garching. 

The experimental observations on density limit disruptions in JET are consis

tent with a model in which radiation losses lead to a strongly mhd unstable 

configuration. 

Introduction 

The operating regime in JET has a disruption density limit given approximately 

by 

10 19 
< 12 

R q 
o^c 

(1) 

where n is the mean electron density, B T the toroidal magnetic field, R the 

major radius of the plasma and qc = 2ΑΒτ/μο IR , A being the plasma area and I 

the plasma current. For a given value of plasma current the highest electron 

density is achieved at disruptions on the current fall, that is for currents 

lower than the peak current. Figure 1 shows a plot of such disruptions in the 

Hugill diagram. 
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Fig 1 : Hugi l l p l o t of dens i t y l i m i t 
d i s r u p t i o n s . 

Radia t ion [17] 

c(MqJ 

Fig 2: (Radiated power/ohmic power) 

against (nR/B)q. 

It is found that prior to density limit disruptions, the total radiation in the 

plasma increases, reaching a value ~ 100% of the input power at the time of 

disruption. This radiation comes mainly from the edge of the plasma. The 

relationship between this variation in radiated power and the quantity nRq /B T 

can be seen from a simple model. Inside the radiating layer the radiation 

losses are balanced by thermal conduction, and taking the layer to be thin 
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d Τ 2 K —r = R(T)fn2 dr2 e 

where Κ is the thermal conductivity, R(T) the radiation parameter and f the 
ratio of impurity ion density to electron density. Integration of this equa
tion across the layer gives the radiated power as a fraction, φ, of the total 
plasma heating power. 

φ = 1 - [ l -
8Ti AKR.fn2- | i 

— ] -. (2) 

where R. = ƒ R dT, Ρ is the plasma heating power per unit length and A is the 
o plasma area. 

Now 2TfR Ρ = VI = V2ABT/y0R q where V is the loop voltage, and substitution 
into equation (2) gives the relationship between φ and neR0(3c/Brri» 

. , - [ . α 
n R q e o e !Ì 

(3) 

where 
α = 8τΓ KR„f(u R /v)

2
/A. 

1 o o 

This relationship is complicated but it can be seen from equation (3) how the 

observed growth of the radiation fraction φ can occur as the disruption para

meter nR0q / B T is increased. Figure 2 shows the result of a bolometer measure

ment of φ as a function of ñR qc/B„ during a particular discharge together with 

a normalised plot of equation (3) assuming α is a constant and that n
 œ

 ñ. 

Stability to contraction 

When φ = 1 the plasma is thermally disconnected from the limiter. This may or 

may not lead to a contraction of the plasma. Some understanding of this 

question can be obtained from a simple model in which the plasma is taken to 

be circular and the radius, a , of the radiating layer is taken as the depend

ent parameter. Thus the energy balance equation may be written 

4r (ira
 2
ε) = I

2
R (a ) + 2π 

dt ρ p p 
 en (a )a  K 

e ρ ρ aa 

(4) 

where ε is the average plasma energy density, I is the plasma current and R 

the plasma resistance per unit length. The second term gives the radiation 

loss, the linear dependence on rig coming from the analysis outlined above, and 

the last term gives the thermal conduction loss from the layer, TR being the 

temperature of the peak in the radiation parameter and a the radius of the 

limiter. Linearisation of equation (4) with constant I leads to the stability 

equation : 

ΎΤΕ = i 
a dR 
R da ρ ρ 

Φ 
a dn 
η da e ρ ] - (1 - Φ) a-a 

where γ is the growth rate and TE is the energy confinement time. 

It is seen that under normal circumstances, with φ well below unity, the last 
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term dominates because of the small denominator aa 

stable to contraction. However as φ approach 

The plasma is then unstable to contraction if 

p. The plasma is then 

stable to contraction. However as φ approaches unity this term goes to zero. 

a dn 

__£_?. 
η da 
e ρ 

> 1 

a dR 
_E_E 
R da 
Ρ Ρ 

It is very difficult to determine this criterion theoretically because of the 

complexity of physics involved. However the experimental results indicate 

that both stable and unstable behaviour is possible. Figure 3 shows the con

traction of the radiation layer observed before a disruption and Figure 4 

shows the contraction of the electron temperature profile. 

rod 

kW/m
3 50 

η 2471 

0.2 0 4 0 6 06 1.0 1.2 

horizontal minor radius (m) 
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Contraction of the temperature profile leads to an increasingly unstable current 

profile and ultimately disruption can result [8]. The condition for 100% 

radiation as given by equation (3) is 

η R 

e 
1_ J_ 
α q 

(5) 

It is clear that the form of this relation is similar to that of the disruption 

boundary shown in Figure 1. However what is plotted in Figure 1 is the instant 

of disruption whereas condition (5) is the condition for 100% radiation. These 

must be separated in time by a time γ
1
 ~ τ„ ~ lsec. A consistent description 

requires therefore that there should be an event prior to the disruption which 

marks the onset of the contraction. A candidate for this is the onset of a 

hesitation in the density ñ(t), which is observed typically 1 second before th¿ 

disruption as shown in Figure 5. In Figure 6 the hesitation onsets are plotted 

for discharges during a given period of operation. 

In many discharges no disruption occurs and the time trajectory in the Hugill 

diagram follows the'direction of the hesitation and disruption lines. It seems 

likely that these are cases where the 100% radiation limit is reached but where 

the plasma is stable to contraction. 
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Simulation 

A computer calculation has been carried out to simulate the disruption model 

outlined above. The code uses the large aspectratio, circular approximation. 

Maxwell's equations are solved together with an energy transport equation 

including the effects of impurity radiation losses. The selfconsistent quasi

linear tearing mode island growth and the effect of the m=l mode are followed 
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Fig 5 :■ Time dependence of electron line 

density showing hesitation before dis
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Fig 6: Hesitation onsets plotted in 

(I,ƒn d£) diagram. 
in time. Figure 7 gives results from these calculations showing the inward 
movement of the radiating layer leading to a disruptively unstable current 
profile. 
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Introduction 

As is well known, the combined effects of resonant ion interaction with a 
magnetoacoustic wave and the Coulomb scattering processes leads to the develop
ment of anisotropic distributions with the most energetic particles in deeply 
trapped orbits [1]. However, in an actual tokamak, trapped particle effects 
modify the tail formation process, and hollow distributions with the most ener
getic ions in banana orbits with their tips on or near the resonance layer are 
obtained. The effect of particle trapping in the tail formation process during 
second harmonic frequency heating are shown in Figs. 1 and 2. 

In this paper we report the results of a numerical study of trapped parti
cle effects on the tail formation process, heating efficiency, and thermo
nuclear yield in fundamental minority/second harmonic, and RF/beam-plasma hybrid 
systems. 

Computational Considerations 

The Fokker-Planck code used in the investigation is the BAFIC code which 
is based upon the finite element code BACCHUS [2] which numerically solves the 
time dependent equation: 

| | = C(f) + Q(f) + S, 

where f = ΐ(νΙ?,ν^,ΐ) is the resonant ion distribution function; C, Q, are the 
bounce-averaged linearised Coulomb scattering and quasi-linear RF operator in 
cylindrical coordinates in velocity space (ν1Ι,νχ), S is a source term describ
ing neutral beam injection. 

The fusion rates are calculated using the Asher-Peres cross sections [3] 
and takes into account the finite temperature of the bulk plasma ions. 

For the fundamental minority systems, we have examined the configurations: 
(i) minority 3He(5%) in a deuterium plasma, with n e = 3x1ο13cm-3, and T e = Tn = 

5keV; (ii) the beam/RF-plasma hybrid systems of 125keV 3He injection into 3He 
(5%)/deuterium admixture. These configurations give rise to the important 
thermonuclear reaction 3He+D->-l*He-i-H. The contribution to the total fusion yield 
due to the bulk plasma D/D reactions are not included in these particular 
calculations. 

For the second harmonic heating configurations, we have directed our 
investigation towards systems based upon a deuterium plasma with 125keV D-injec-
tion, ne = 3.5x10 3cm-3, and initial species temperatures Te = T Q = 5keV. For 
these systems the fusion yield is restricted to the reaction D+D-»-3He+n, and the 
D/3He reactions are not included in the calculations done. 

Finally, in each RF/beam-plasma hybrid system examined, a co/counter injec
tion beam configuration at angles 45° and 135° to the main toroidal magnetic 
field and a beam current corresponding to a power density of 0.1W/cm3 is 
assumed. 
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Figure Captions 

F ig- 1 : Contour plot of the velocity distribution formed during second harmonic 
heating of deuterium for ε=0. Configuration parameters η = 3. δχΙΟ13cm"3, Ti= 
Te=5keV, PRF=0.26W/cm3, V2=kTi/mi. 

Fig.2: The distortion of the velocity distribution due to trapping effects. 
The full line indicates the separation between the regions of trapped and 
passing particles. The broken line separates the heated particles from the 
non-heated particles. For this case P R F = 0.38W/cm3 and ε = 0.1 the other 
parameters are as in Fig.l. 

Fig· 3 : The absorbed power for second harmonic heating as a function of |E 
The full line indicates the absorption by a Maxwellian velocity distribution 
and the broken line RF-absorption by the plasma beam distribution neglecting 
RF-modifications. 

Fig.4 : The logarithm of the velocity distribution along the perpendicular axis 
in the absence of trapping effects for second harmonic heating with and without 
neutral beam injection. Neutral beam injection alone is also shown. The beam 
injection angle 90°, power 0.23W/cm3, and the RF electric field is the same for 
the two cases and corresponds to absorption 0.53W/cm2 and 0.95W/cm3, 
respectively. 

Fig.5: The effect of particle trapping on the fusion yield during fundamental 
ICRF heating of a 3He/D plasma is shown. The beam injection angles are 45° and 
135°; injection energy 125keV, and the power corresponds to 0.1W/cm3. 

Fig-6: The effect of particle trapping on the fusion yield during second 
harmonic heating of deuterium. The effect of energy clamping of the injected 
deuterium beam is also shown. The injection parameters are those of Fig.5. 

6 8 v./v i. O 

Fig.l Fig.2 
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Numerical Results and Discussion 

Since cyclotron absorption at the second harmonic resonance is proportion

al to Jx(k ν /ω J), a build up of the tail leads to a stronger absorption of 

the wave energy"for a given value of E+. In Fig.3 we have compared the power 

absorbed by a Maxwellian velocity distribution and that reached by steady state 

second harmonic heating, versus |E+| . The square of the electric field is 

here normalised to the corresponding power absorption due to second harmonic 

heating for a Maxwellian velocity distribution. The deviation from the 45° 

line is a measure of how the dielectric tensor obtained using the actual 

velocity distribution deviates from that calculated using a Maxwellian 

velocity distribution. 

The presence of neutral beam heating leads to a further enhancement of the 

tail and power absorption, Figs.3,4. The absorbed power for a given electric 

field increases linearly with the beam current. In Fig.3 the power absorption 

due to second harmonic heating for a constant beam power and having ε=0, where 

ε is the inverse aspect ratio, is shown. The dashed line in Fig.3 is the power 

absorption for second harmonic heating due to the increase of the βχ due to the 

beam alone. 

For heating at the fundamental and second harmonic frequencies the fusion 

rates have been calculated, and are shown with those obtained in the beam 

systems, Figs.5,6. The effect of trapping is not very important for the reac

tion rates. A slightly higher rate is obtained for a finite aspect ratio. 

This can be understood by the fact that in the case of finite trapping the 

power is being distributed over fewer particles than for ε=0. Since a fraction 

of the order of /ε of the total number of particles does not interact with the 

wave field, these fewer heated particles will then acquire greater energy. Due 

to the rapid increase of the crosssection with energy a further enhancement of 

the thermonuclear yield is obtained. 

When varying the injection angle, it is found that the fusion rate is not 

too sensitive a function of the injection angle. The highest rates are achieved 

for injection in the parts of the velocity space where vI?/v >/ε. The lowest 

fusion yields are obtained for parallel injection. In the finite aspect ratio 

situation, direct injection into the region of velocity space where no RF 

interaction occurs is also ineffective. 

Conclusions 

For the scenarios discussed here, the calculations indicate that trapped 

particle effects are not very important in the calculation of the fusion yield 

and bulk plasma species heating rates. Second harmonic heating leads to 

important modifications of the plasma's dielectric properties through the 

change in distribution function. These modifications are strongly dependent 

on the wave electric field. Combined neutral beam and second harmonic further 

enhances these modifications, which for practical power levels cannot be 

represented by a linear treatment. 

We may note here that in order for second harmonic heating of deuterium to 

be successful, the ßvalue of the plasma has to be large, and the level of the 

hydrogen impurities low. A small amount of hydrogen will change the polarisa

tion of the electric field near the second harmonic cyclotron resonance of 

deuterium, so that the E^ component diminishes. This will then reduce second 

harmonic heating. Instead, fundamental heating of hydrogen will occur. 
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Abstract: Systematic scans of the plasma density n have been completed for a 

large variety of plasma conditions in JET. The toroidal field Ê  the safety 

factor q, the elongation K, the major radius R and the minor radius a have all 

been varied. It is shown that the resulting data set contains two important 

parametric constraints, one which is a direct consequence of the ohmic heating, 

relates the electron temperature T e to the variables n, B, q, K and a further 

constraint which relates the effective plasma charge Zeff to the same set of 

variables. 

Subject to these constraints, the global energy confinement time 

T e is found to scale as (nB) I2- (q) A R a
1
" and this empirical scaling is 

shown to be consistent with low ßcollisional transport. 

I General Plasma Characteristics and Parametric Constraints 

An extensive series of experiments have been carried out during 1985 to 

determine the particle and energy confinement properties of ohmically heated 

discharges in JET, a preliminary account of the scaling of the global energy 

transport is given in this paper, other aspects such as local transport, plasma 

resistivity etc. are treated elsewhere [12]. 

The main plasma parameters line average density ñ, plasma current I and 

toroidal field B were varied in the ranges given in Table I. The plasma geo

metry was also varied from fully elliptical to small circular plasmas (a=0.8m) 

limited on the inside wall and on the limiter; Fig. 1 shows the outer flux 

surface for these three cases. The discharges had long flat tops in current, 

density and temperature, 412 sees, which was sufficient in all but the 3.5 and 

4MA discharges for the magnetic field diffusion to have been completed before 

the end of the flat top. The data for the scaling studies are extracted close 

to the end of the flat top, and the data set consists of some 200 shots. 

Table I : Parameter Ranges 

1.7 < B < 3.4T; 1 < X < 4MA; 0.5 χ IO
19
 < ñ < 3.6 χ IO

19
 m

3 

1 < K(= b/a) < 1.7; 0.8 < a < 1.23m; 2.5 < R < 3.4m; 2 < Ζ f f < 8 

1.7 < q(= ΒΑ/URI) < 12; 1.5 < t e < 6keV; 1 < <î± < 3keV 

All of the discharges exhibited strong sawtoothing behaviour on the flat 

top and the electron temperature profile which was measured by the ECE diag
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nostic, showed the characteristic flattening in the q < 1 region. Profiles 

for the three types of geometry are shown in Fig. 2. The calibration of the 

ECE system was checked with the single point Thomson scattering system [3]. 

The remainder of the data for the study was obtained from the following diag

nostics, 2mm and far infrared interferometers for the line average electron 

density, NPA and neutron yield for the ion temperature, visible Bremsstrahlung 

for the effective plasma charge Zeff, VUV and visible spectroscopy for the 

carbon to oxygen density ratio and metal concentration. The range of variation 

of these parameters is also given in Table I. 

Fig 1 : Outer flux surfaces for three 

extreme geometries a) R=2.5m, a=0.8m; 

b) R=3.4m, a=0.8m; c) R=2.95m, a=1.23m 

K=1.7. 

Fig 2: Typical electron temperature 

profiles for the geometries of Fig 1. 

The dotted portion of C is an extra

polation around the flux surfaces. 

In any scaling study it is essential to first identify the independent 

variables and determine the parametric relationships that exist between these 

variables and the dependent variables. The independently controllable 

variables are η, B, I, R, b, a; actually these are not fully independent since 

certain combinations violate stability limits. To enable comparisons to be 

easily made with the dimensional constraints [4] imposed by the various theor

etical models the above set is replaced by H, B, q ·, , R, a, K. 

Inspection of the data set shows that there is a strong relationship 

between the volume average electron temperature and the independent variables, 

which is a direct consequence of the ohmic heating. This ohmic heating scaling 

law for the JET data set is 

T « B 
e 

ι. n q 0 „ο. θ 
... (D 

and the fit is shown in Fig. 3. A similar scaling law was obtained by Pfeiffer 

and Waltz [5] in their study of confinement in small ohmically heated tokamaks, 

the main difference is the dependence on magnetic field which is much stronger 

in JET and apparently also in other large tokaraaks [6,7]. 

There is also a further parametric relationship in the data set between the 

effective plasma charge ^eff and the independent variables. This is 

Z e f f <χ B ñ
 0 . 0.7 κ 0 . 5 (2) 
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it is somewhat weaker than the ohmic constraint but nevertheless is statistic

ally significant as the fit of Fig. 4 shows. This constraint can also be 

reexpressed in the form Zefz œ Pn/ ñ where Pq is the ohmic input power 

suggesting that the origin of this relationship is that the density of impuri

ties in the plasma is related to the power flux on to the walls and limiter. 

It was not possible to obtain the dimensional scaling of either of these cons

traints due to the small range of R and a covered by the data set. 

II The Scaling of the Global Energy Confinement Time 

The global energy confinement time is defined as τ = 3/2 ƒ n(Te + T^) dv/Pq 
where the volume integral is taken over the magnetic surfaces. The variation 
of τ ε with density is shown in Fig. 5 for a few of the scans with different 
magnetic field, current and plasma dimensions. For the range of density 
explored by JET the τ is found to scale fairly weakly with density increasing 
as τ £ °= η A, and even this weak dependence comes mainly from the ions. This 
latter point is demonstrated in Fig. 6 which shows that the dependence of the 
electron energy confinement time 1 (= 3/2 J η 
weak indeed. 

T e dv/Pq) upon density is very 

Applying regression analysis to the full data set gives 

(nB) * <q»v= ,1.7 ,1.3 (3) 
the fit is shown in Fig. 7. This scaling is similar to that found in TFTR [6], 
except the q dependence is weaker and the B dependence stronger. The cubic 
dimensional dependence is close to that found by Pfeiffer and Waltz [5], the 
main difference between that initial study and present studies in larger 
tokamaks [6,7] is the B and q scaling. Interestingly, expression (1) also sat
isfies the constraints imposed by lowß collisional theory τ = 1/B F(nL

2
,B 

The other theoretical scalings considered by Connor and Taylor [4] give a 

significantly poorer fit. 

■V) 
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Paper 177 

RESISTIVITY AND FIELD DIFFUSION IN JET 

J.P. Christiansen, D.J. Campbell, J.G. Cordey, S. Ejima*, E. Lazzaro 

JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, UK. 

* General Atomic Co., San Diego, USA. 

Abstract : Studies have been made of parallel plasma resistivity and magnetic 

field diffusion in JET discharges. In these discharges plasma elongation, 

plasma current and toroidal field are varied. The first study includes com

parisons of Spitzer resistivity and neoclassical resistivity derived from 

several diagnostic measurements during the flat top of the current waveform. 

In the second study field diffusion is followed for discharges in which the 

plasma current is programmed to rise from one flat top to another flat top 

level. 

1. Resistivity and Ζ 

eff 

The following expressions are used to define the Spitzer resistivity ",.„ and the 

neoclassical resistivity η* in terms of ^eff and electron temperature Te: 

v2 · 
m e

2
 Än Λ . 

η
··

 = "TT % "eff
 a(Z

eff
} ~TT '" (1) 

3 CQ π
 ¿

 Τ
 ¿ 

e 

n* = g n,
0
,, ... (2) 

where [1] a(Z ì = 0.29 + 0.46/(1.08 + Ζ A , . . . (3) 

elf eff 

and g = (1  fT/(l + ξ v + ) )
_ 1
, ... (4) 

f , ξ and V being given in [2]. Ohms Law is integrated over the plasma cross 

section as 

I = ƒ Ε./η„ da, ... (5) 
φ φ " 

where ΙΛ is the plasma current and EJ. the toroidal electric field. 
Assuming a uniform Ζ -- we can determine two estimates of Zeff from (5) using 
for η„ either (1) or (2). These values of Z e f f are referred to as Zgpi and Z N e o 
respectively. A third estimate of Zeff is found from visible Bremsstrahlung 
data collected from a vertical sight line. This estimate referred to as Zyis i-s 
evaluated from 

-V, Z V i = C B (ƒ n2 g T 2 dl) - 1 ... (6) vi£> v e ff e 
where C is a constant, Bv the brightness and the integration taken along the 
viewing line. The variation of the Gaunt factor g^j with Te is accounted for 
and typically varies from 4.5 in the centre to 1.5 at the edge. ECE electron 
temperature data is used [3] and the density profile is matched to data from a 
single sight line interferometer. 
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2. Comparison of Estimates of Ζ 

eff 

From studies of 600 JET discharges it is found that Z N e o, the value of Zeff 

derived from (5) using neoclassical resistivity (2) is a factor 0.81.2 times 
z
Vis g

l v e n
 °y (6)· The values of Zgpi are larger than Zyj.s by a factor 1.53. 

Figure 1 shows Z N e o and Z g p i plotted against Zyis> each point in Figure 1 

represents a JET discharge value calculated 1 second before the end of the 

current flat top. The difference between Zj^eo and Zgpi is approximately a 

factor 2 and is' mostly due to electron trapping in a tight torus, i.e. the term 

fT in (4) is typically 0.5 and V* is usually below 0.1. However, some JET 

discharges also included amongst the points in Figure 1 have low values of 

fieldcurrent with Te in the range l1.5keV. For such discharges V* is of 

order 0.20.5 and the reduced effect from trapping yields a ratio Z S p i/Z N e o of 

order 1.5. The dependence of resistivity upon v* is apparent from Figure 1 and 

shows up as a smaller spread in the Ζ^βο values for a given Zy¿s than it does 

for the corresponding values of Zgp¿. 

3. Field Diffusion 

In three JET discharges the plasma current has been programmed to rise from one 

flat top level of IMA to a second flat top level of 2MA. During this current 

rise phase lasting 2 seconds the plasma shape is approximately constant. Para

llel resistivity is studied both during the current rise phase and during the 

subsequent penetration phase at 2MA. A sequence of MHD equilibria [5] are 

calculated from magnetic pickup coil and flux loop data. The internal induc

tance Z^ calculated for these equilibria falls from 1.6 to 1.05 during the 

current rise as shown in Figure 2. Approximately 1.4 seconds after the end of 

the rise phase the current is fully penetrated and i^ has increased to its final 

value of 1.25. The period of 1.4 seconds is marked in Figure 3 as the time 

taken for the loop voltage on the plasma surface to approach the loop voltage 

on axis. From the calculated flux function ψ, current density JA and electric 

field ΕΛ = -9ψ/3ί we form the ratio η Μ = EA/J,tj as a function of space and time. 
The ratio η Μ is then compared with space-time dependent values of η„ and η* as 
given by Eqs.(l) and (2). The latter values are calculated from ECE tempera
ture profiles and Z e f f = Z V i s is assumed. Figure 4 shows the ratios ΠΜΛΐ„ and 
η,,/η* against major radius at a particular time during the current rise. The 
vertical bars indicate the time variation of these ratios. 

4. Discussion 
Both studies show that the resistivity inferred from Z„. or determined from 

' Vis 
MHD equilibria is within a factor 0.85-1.15 equal to the neoclassical value 
given by (2) and higher by a factor 1.4-2.6 than the Spitzer value given by 
(1) . This applies to plasmas in a steady state and plasmas with applied 
external electric fields. The variations from discharge to discharge in 
^Neo^Vis (Figure 1) are due to experimental errors in Τ (10%) [3], errors on 
the ne profile assumption used in (6) as well as unknown variations in impurity 
contents, e.g. metal vs carbon; the Gaunt factor g^^ used assumes an atomic Z2 

in the range 4-9. The variations with time of the ratio Titø/ΐΊ.. * (Figure 4) are 
mainly subject to errors in Τ and errors arising from the equilibrium fit to 
the magnetic data: errors on current density J. We conclude that the parallel 
resistivity in JET is close to neoclassical especially, since the ratio Π^/Π?, 
(Figure 4) clearly exhibits the lack of trapping effects. This result should be 
compared with a Doublet III study [5] in which trapping was found to be far 
less dominant. 
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using (1) D and (2) * versus Zeff 
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flat top value from a JET discharge. 

Fig 2: Internal inductance L· and 

plasma current 1± in MA as functions 
of time for shot 4896. 

RESISTIVITY RATIOS SHOT:4896 

Fig 3: Loop voltages on plasma surface 

(solid line) and on axis (dashed line) 

versus time for shot 4896. 

MAJOR RADIUS METRES) 

Fig 4: The ratios ηΜΛΐ*, (asterisks) 
and Itø/TT?! (squares) versus minor 
radius at 47 sec. The vertical bars 
indicate time variations during 
current ramp. 
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Paper 178 

LIMITS IN EVALUATING ENERGY LOSS PROFILES 

FROM BOLOMETRIC MEASUREMENTS AT JET 

N Gottardi, H Krause*, K F Mast* 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA. 

* On assignment from Max-Planck-Institut für Plasmaphysik, Garching, FRG. 

ABSTRACT In JET three pin-hole type bolometer cameras observe one poloidal 

cross-section of the plasma from three different viewing positions. A simple 

projection method is used to test the consistency of the assumed shape of 

isoemissivity surface with the integral measurements. If consistency is found 

a generalized Abel inversion can be performed. In a considerable number of 

discharges the surfaces of constant emissivity do not coincide with the 

magnetic flux surfaces. Besides the obvious asymmetry due to limiter and R.F. 

antenna, a strong (̂  30%) up/down asymmetry and MARFEs are presented as 

examples. A neoclassical explanation for the up/down asymmetry is proposed. 

Radiation losses play an essential role in the measurement of energy 

balance of tokamak plasmas. Bolometers measure the plasma emissivity only 

integrated along the lines of sight. Local emissivities, however, are wanted 

for the energy balance. A local emissivity can be obtained either by 

tomographic methods or through assumptions on the geometry of the 

isoemissivity surfaces. In JET, with the present arrangement (maximum 34 

lines of sight from only three view points [1], tomographic methods yield an 

unsatisfactory spatial resolution. A resolution of 10 cm would require 

several hundred bolometer channels distributed rather homogeneously around the 

plasma cross-section. Assumption of the surface geometry reduces the 

two-dimensional to a one-dimensional problem, and in JET a resolution of about 

^ 10 cm is possible. This can be achieved with the help of a generalized 

2-step inversion method [2] which can be applied to any set of nested contour 

lines. Usually the geometry has been assumed to be that of the magnetic flux 

surfaces derived at JET from magnetic measurements [3]. This assumption is 

not justified in general. We check the validity of this by utilizing the 

first step of the above mentioned inversion method. In this step all sight 

lines are projected to a common virtual observation point each line remaining 

always tangent to the same contour line. This procedure transforms also the 

integrated signals. If the assumed geometry is correct all transformed 

signals which are tangent to the same contour line must coincide. To 

illustrate this let us consider an observation plane (Fig. 2) with viewing 

lines (S.-S-) and selected isoemissivity surfaces (σ
η~

σr) each of which is 

tangent to one of the viewing lines. The spaces between adjacent σ are the 

pixels in which the emissivity ε is considered constant. If the total length 

of viewing line S. inside pixel ε is denoted by A then the line integrated 

intensity I. is given by 
1
 I. = Σ Α., ε, (1) 

i ik k 
Straightforward inversion of this linear system, where A is a 

lower-triangular matrix, would yield the emissivity ε from the measurements I 

but the resulting emission profile would be too discontinuous due to noise in 

the measurements and the pixel spacing too irregular. 

A method of spatial smoothing and interpolation of the measured I is 

therefore needed. Since measurements result from cameras with different 
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points of view interpolation between data from different cameras are not 
directly possible. Following a suggestion [4] the data from all cameras is 
therefore projected first into the viewing frame of a virtual camera at an 
arbitrary position, eg the position of a real camera. 

Let Τ -T be a set of view lines emerging from the pin-hole P (cf. Fig.2) 
of a virtual camera, each T. chosen to be tangent to the isoemissivity surface 
a.. The virtual intensities I1 are then given by 

I ' i = E B i k e k (2) 

with the Β being the total length of I . inside pixel ε . From Eq.l and 
Eq.2 then follows the projection of real intensities into virtual ones 

I' = Β·Α !·Ι (3) 
In this way all measurements can be represented as a function of a single 

coordinate. Cubic splines and/or Chebyshev polynomials are used to fit a 
smooth curve through all the data. At this stage it can be checked if the 
assumed isoemissivity surfaces are adequate by inspection of the deviations of 
the I' from the fit curve. In many cases a consistent set of I' can be 
achieved by the elimination of single strongly affected channels (eg limiter 
effects). Inversion then proceeds by sampling the fit curve on a fine 
numerical grid and solving a matrix equation (as in Eq.l) for the samples. 

Fig.3 illustrates this technique applied to an assumed hollow emissivity 
profile with the real camera geometry for a set of isoemissivity surfaces 
taken to be the magnetic flux surfaces of an actual pulse (cf. Fig.l). After 
projection of the (calculated) line averaged data on to the virtual camera the 
resulting inversion of the fit curve reproduces the initial profile very well. 

Fig.4 shows the procedure using actually measured intensities. The pulse 
shows a typical level of data scatter between the different cameras after 
projection which still allows a satisfactory inversion result. Some evident 
deviation might be explained by the nearness of structures (limiter, RF 
antenna) to the observation plane. 

For plasmas in the vicinity of the density limit MARFEs are frequently 
observed in JET. Details can be found in [5]. 

Differences of more than one order of magnitude are observed when the 
plasma is limited by the inside column of the torus rather than by the outside 
limiters. Those channels viewing the region where the plasma touches the wall 
both in the horizontal cameras and the vertical camera then show drastically 
enhanced signals. 

A similar observation holds for discharges with an internal separatrix 
whose flux surface geometry is similar to the one in Fig.l. Here the plasma 
streaming along the separatrix to the top and bottom wall of the vessel causes 
drastic local radiation which shows on some vertical and horizontal channels 
at about five times the intensity of a normal central channel while not 
affecting the majority of channels. 

Fig.5 gives a typical example of significant (̂ ±25%) up/down asymmetry. 
One possible explanation for this type of asymmetry is given by an analytical 
one-dimensional neoclassical two-fluid model [6,7]. It considers a radial 
electric field which gives rise to diamagnetic rotation of the bulk plasma and 
of the impurities with different velocities corresponding to their different 
electric charge Z. 

The friction force between impurities and the bulk plasma then results in 
a pressure gradient of the impurities in poloidal direction due to finite 
aspect ratio effects. With the assumption of constant temperature on flux 
surfaces and negligible radial transport the relative variation of impurity 
density η /η on a flux surface can be derived. This variation is then 

Ζ Ζ 
expanded in a Fourier series with respect to the poloidal angle Θ. There are 
two toroidally symmetric first order Fourier terms representing up/down 
asymmetry (first term) and inward/outward asymmetry (second term). 
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R 1+Ω 
3 cos θ (4) 

dPH/dr 
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H collision time, b/a axis 

The parameter Ω is given by 

„ VHH
b / a

 _rf 
Ω =
 r Z¿

 q(r)R¿ 
with Ρ„ pressure of H, ω„ Η gyrofrequency, 

Η _ . n . H Uri 

ratio of ellipse. 

Eq.4 shows that the up/down asymmetry changes sign with the toroidal 

magnetic field. The inward/outward asymmetry represents always an impurity 

accumulation at the torus inside plasma edge. 

With Nickel and Carbon as typical JET impurities Ω is estimated to be in 

the range of 2 to 3. Eq.4 then predicts up/down asymmetries larger than 

inward/outward asymmetries which in JET could easily be masked by effects of 

localised plasmawall interactions, eg by limiters. For up/down asymmetries 

Eq.4 gives a scaling law 

(6) 
(n /n ) max 'v

ζ ζ 

2r ·\. _r 

R Ω * Τ 
o e 

Ve 
*7: 

Since absolute numbers for η and Τ 

I
a
 (D b/a 
Ρ 

are quite uncertain at the plasma 
% 

edge the measured maximum up/down asymmetry in the emissivity ε/ε which is 

expected to scale with η /n_ is normalised to one for one time in a pulse and 

the subsequent development of density, temperature and current in this pulse 

is used to compare the normalised asymmetry with Eq.6. Fig.6 shows good 

agreement between the prediction and the experimental points. 

For high densities and/or low Τ Eq.4 predicts small up/down and large 

inward/outward asymmetries. This could explain why MARFEs nearly always form 

at the torus inside plasma edge. 
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FIG.2 Isoemissivity lines and 
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FIG.3 Generalised Abel inversion 
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FIG.4 Measured data from three 

bolometer cameras projected into 

the viewing frame of a virtual 
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outside the plasma and resulting 
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FIG.5 Up/down asymmetry evident 
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horizontal camera; a as in Fig.2. 

FIG.6 Normalised neoclassical 

prediction and normalised 

experimental data for the up/down 

asymmetry. 
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Paper 179 

THE FORMATION OF A MAGNETIC SEPARATRIX IN JET 

A. Tanga, D.J. Campbell, B. Denne, A. Gibson, N. Gottardi, A. Kellmant,' 
E. Lazzaro, K.F. Mast, G. McCracken*, P. Noll, F.C. Schüller, P. Stangeby*, 
D.D.R. Summers, A.J. Tagle, P.R. Thomas, M. Valisa 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, U.K. 
*UKAEA Culham Laboratory, Abingdon, Oxon, 0X14 3DB,U.K. 
G.A. Technologies, P.O. Box 85608, San Diego, Ca. USA Introduction 

The goal of increasing the quality of confinement in tokamaks has led to 
a renewed interest in the "divertor" and "magnetic limiter" configuration in 
which the plasma boundary is defined by a magnetic separatrix, detached from 
the material limiter and the vacuum vessel. Such a configuration may afford im
proved thermal insulation of the plasma as well as reduced contamination from 
impurities. The region at the plasma boundary may be able to sustain a high 
edge temperature with a large temperature gradient when substantial additional 
heating is applied. Such a so-called "H mode" shows a much reduced radial transport 
compared to the "L mode" (1,2,3). In this paper the initial results and the experi
mental observations on the formation of a magnetic separatrix in ohmic JET 
discharges are presented. 

Analysis of the magnetic configuration 
The transformation of a closed plasma boundary into one with a separatrix 

can be regarded as an extreme case of plasma shaping for which a particular 
mode of operation of the poloidal circuit is required. A poloidal cross 
section of the JET configuration is shown in Fig.l. The iron circuit, the 
equilibrium coil PF4 and the shaping doublet PF2 and PF3 are clearly shown. 
The field produced by the coils PF2-PF3 is largely quadrupolar and is suitable 
for the control of the plasma elongation. A field is also produced by the 
primary coil, especially when the primary carries its full current, due to 
the local saturation of the iron. 

This field has a strong hexapolar component and changes the triangularity 
of the plasma. In practice, a stagnation point can be produced near the top-
bottom of the vessel by cancelling the predominantly horizontal plasma poloidal 
field. 

The relative contribution of the field produced by the coil PF2 and of the 
primary can be seen by plotting the horizontal field produced by the current in 
the coil PF2 in the top of the vessel for a case in which the current of the 
primary was large and a case in which the current of the primary was zero. 

This effect is shown in Fig.2 in the upper and lower curve,respectively. 
The formation of a magnetic separatrix is possible, either by having a large 
current in the coil PF2, or at the end of a long plasma current pulse due to the 
effect of the field produced by the primary. The combination of these two 
fields makes possible the formation of a magnetic separatrix at large values of 
plasma current. 

The magnetic diagnostic of the configuration is based on the equilibrium 
identification calculations performed with the JET code IDENT B suitably modi
fied for accurate determination of the field null location. As reported else
where (4,5), the code solves an inverse equilibrium problem finding the free 
boundary solution of the Grad-Shafranov equation which fits best the magnetic 
measurements of flux and poloidal field. To locate the separatrix in the first 
approximationjan initial run of the code is made. 

Using a spline interpolation routine the separatrix line is traced and its 
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i n t e r s e c t i o n with the e q u a t o r i a l p lane i s taken as a new boundary p o s i t i o n . 
The success ive runs converge e a s i l y to the s o l u t i o n , i f the i n i t i a l case i s 
not p a t h o l o g i c a l . As a consequence, the r e l e v a n t parameters of the flux and 
c u r r e n t d i s t r i b u t i o n such as the sa fe ty f a c t o r a t the magnetic a x i s , the value 
of po lo ida l be ta and t h a t of the i n t e r n a l inductance a r e determined, wi th in 
the accuracy of the magnetic data (6) . 

Experimental r e s u l t s 
The s e p a r a t r i x con f igu ra t i on has been maintained for seve ra l seconds on 

d i scharges with plasma c u r r e n t s of 1.5MA and 2.OMA. The value of the t o r o i d a l 
19 — 3 

field was 2.6T, the line average density was 1.0.10 m 
In the 1.5MA discharge shaping has been obtained by applying a pulse on 

the coils PF2-PF3 only, with nearly zero current in PF1. A plot of the 
poloidal flux contours is shown in Fig. 3. 

The separatrix configuration for the discharges at 2.OMA plasma current 
has been obtained all along the final five seconds of a tokamak discharge 
lasting for twenty seconds, needed to bring the current in the primary coil to 
a high negative value. The poloidal flux plot is shown in Fig. 4. 

The presence of the two null points located approximately 10-15cm inside 
the vessel is apparent. The plasma is well detached from both the limiter and 
the inner vessel. This was also confirmed by the absence of H^ emission from 
these surfaces. The high value of triangularity 6=0.46 for the discharge in 
Fig. 4 is a consequence of the hexapolar moment produced by the PF1 coil. The 
IR camera viewed a poloidal section of the vessel. 

Areas of intersection of the plasma with the inconel protection plates 
were clearly visible. In Fig. 5, the intensity along the poloidal cross 
section of the vessel is shown. The intensity, within a window centred around 
the wavelength of 0.9μ, shows two maxima separated by 24cm which are in corres
pondence of the left and right intersection of the magnetic separatrix with the 
bottom of the vacuum vessel, in good agreement with the plot of the poloidal 
flux. The properties of the edge plasma during the 1.5MA experiments have been 
measured using an array of four Heat Flux/Langmuir probes as described in ref. 
(7). Three probes face the ion drift side and are located at distance 1,4,8cm 
from the array tip and one facing the electron drift direction is located 1cm 
from the array tip. The major radius position of the probe on the torus was 
Rp=3.252m and the array was moved up-down in the vertical direction between 
1.71 <Z< 1.76, Ζ being the distance between the probe array tip and the equa
torial plane of the machine. 

Fig. 6 gives an example of the ion saturation current density (particle 
flux density) radial profile. As can be seen, the e-folding length on the elec
tron-drift side λ= 57mm is about twice that on the ion drift side, λ= 28mm. 
The reasons for this difference are still under investigation. Measurements 
of radiated power have been performed by a multi-channel array bolometer 
camera, described elsewhere (8). 

The signals along the viewing lines pointing to the regions of the X 
point were up to ten times larger than the average. 

The generalised Abel inversion of the radial profile, excluding the 
channels affected by the enhanced radiation around the X points shows that, 
for the 1.5MA discharges, most of the radiated power comes from the outer 
regions of the plasma. The total radiated power can be described as the sum of 
the power which is radiated by the whole valome of the plasma =450kW and the 
power which is radiated in the regions of the X points =250kW. The total ohmic 
input power was 780kW. 

A preliminary analysis of the spectral lines of the impurities shows that 
the nickel content of the discharge was very low and well below 0.1%, whilst 
the concentration of oxygen and carbon was of the order of 1%; both these 
values are comparable with the concentrations of an equivalent limiter JET 
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Fig. 1 
Cross section of JET showing 
position of poloidal field 
coils (PF). 

Fig. 2 
Horizontal field produced by the PF2 
coil current at the tip of the vessel 
(T). Upper curve is with a large 
primary current, lower curve is with 
zero primary current. 
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Fig. 3 
Poloidal flux contours in the plasma: 
current 1.518MA, poloidal beta 0.26, 
internal inductance 1.29, plasma 
elongation 1.75. 

Fig. 4 
Poloidal flux contours in the 
plasma: current 1.995MA, poloidal 
beta 0.09, internal inductance 
1.4, plasma elongation 1.8. 
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Fig. 5 
Intensity of infrared emission along 
the protection plates as a function 
of the distance. 

Fig. 6 
Ion saturation current measured 
in the plasma scrape-off layer 
versus the distance from the 
plasma edge. 
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INTRODUCTION 
An understanding of recycling and particle confinement in tokamak 

discharges is an important prelude to achieving successful density control. 
Likewise, knowledge of isotopic-exchange processes permits a rapid and 
efficient changeover in the plasma hydrogenic content, when interchanging the 
working gas between H and D~. 

The study reported is based mainly on measurements using optical 
spectroscopy. Details of the apparatus are to be found in /l/. Absolute H 
or D intensities, measured simultaneously at the graphite limiters, 
antennae, inner and outer walls and at upper and lower walls, yielded the 
neutral influxes. Other selected spectral lines were used to obtain impurity 
influxes. A 7-channel interferometer provided electron density profiles, 
while information about H or D effluxes was obtained using a neutral particle 
analyser (NPA). 

RESULTS 
The temporal behaviour of plasma current and electron line density is 

shown in Fig.1(a). The evolution of the line density closely follows that of 
the current. Also shown, as a broken line, is the evolution of η . £ if it e were determined only by the initial torus prefill and the subsequent gas puff. 
To a reasonable approximation, the Η or D signals from the limiters follow 
the current, while those from the wall, after the initial breakdown, tend to 
remain constant until a few seconds before the discharge ends /2/. 

During current rise a substantial desorption of gas occurs. From 
particle balance 12/, the recycling coefficient 

R = Σ S. / (Σ S. + Φ - dN /dt) ι i g e 
is deduced to be > 1. It has the general form shown in Fig.1(b). ZS. is the 
electron production rate from ionisation of the recycled hydrogenic and 
impurity fluxes, Φ is the gas flux introduced by puffing, mostly during 
current rise, and Ν is the plasma electron content. The global particle 
confinement time τ = R Ν /IS may also be evaluated, and permits deduction of 
the characteristic time for density change, τ* = τ /(1-R). 

With no gas puffing, during the current plateau the plasma density is 
approximately constant, indicating that R ^ 1 (Fig.l). During this stationary 
phase, for sequences of shots in which the average density η is varied, to a 
good approximation the hydrogenic influxes from the limiters and wall vary 
quadratically with η (Fig.2) over the density range covered. The limiters 
are the main source of recycled particles. The ratio of limiter to wall flux 
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varies with plasma current and elongation, b/a, but is generally in the range 
3-15:1, during the current plateau. Since the total limiter area is < 1% of 
the plasma surface area, the corresponding H or D brightness ratio is in the 
range 300-1500:1. Fig.3 shows the variation of τ with η during the plateau, 
for several series of shots. Proton dilution by the impurities has been taken 
into account. For η > IO19 m 3, τ decreases with increasing density, but at 
lower densities the dependence is reversed /2/. The high density regime is 
consistent with the plasma becoming impervious to the penetrating neutrals and 
the recycling becoming predominantly an edge effect. 

During the discharge termination phase the plasma current is ramped down 
to zero in "V 5s. There is a simultaneous decrease in plasma density 
(Fig.1(a)) indicating that ^ 2-5xl02° part.icles/s are pumped by the torus and 
its accessories, with concomitant decreasing influx from the limiters. A 
recycling coefficient < 1 is inferred during this phase (Fig.1(b)). In 
contrast, the Η or D signal at the wall remains unchanged for several ot ct seconds following the start of current ramp-down, before steadily increasing 
as the discharge ends. In many discharges, particularly those at higher 
density, there is a sudden decrease in the influx from the limiters 
accompanied by a simultaneous increase in the influx from the wall and a 
peaking of the density profile. This is described in detail in /3/ - this 
conference - and is attributed to the formation of a 'marfe'. 

On changing the working gas from Η to D„, without conditioning the 
vacuum vessel, within ̂  10 discharges the concentration ratio η /(n + η ) is 
found to be > 0.9, from measurements of the neutral influx and efflux. 
However, for a series of discharges following carbonisation of the vessel, by 
glow discharge cleaning in H„ and ^ 5% CH,, the situation is different. The 
deposited carbon traps considerable amounts of H_. On changeover, it is 
observed that η /(n + η ) is only ^0.5 after 10 discharges and that it takes 
a further 20-30 shots to increase the ratio to >0.9. 

'Vi o 

ICRH experiments have been performed on JET, using 3He as a minority 
species. Controlled quantities of this gas are injected into the vacuum 
vessel towards the end of the current ramp-up. From interierometry, the 
increase in the plasma electron content is consistent with all of the helium 
entering the plasma. The increase in electron density penetrates to the 
plasma centre in approximately 0.5s, which is on the same time scale as the 
particle confinement time. Using Η as minority, the application of a 2s 2.5 
MW square pulse of RF power to the antenna resulted in brighter D signals, by 
a factor of ̂  3 at the wall and ^ 2 at the limiters. The RF power caused τ 
to drop to about half its former value of ^ 0.35s, in ̂  0.5s. After the puise τ recovered to its previous value on the same time scale. Ρ 
DISCUSSION 

The gas desorbed during current rise, due to the increasing power loading 
and rising temperature of the graphite limiters, generally accounts for a 
significant fraction of the plasma density achieved during the plateau, and 
limits the density range over which JET can operate - typically a factor of 2 
at fixed current. For mid-range densities desorption contributes ̂  50% of the 
plasma electron content (Fig.1(a)) the amount decreasing during the course of 
a long series of discharges. Overnight glow discharge cleaning replenishes 
the source. During a discharge, additional gas is puffed in to achieve the 
desired density. In the case of discharges at the high end of the density 
range, more gas is admitted to the torus than enters the plasma, which becomes 
increasingly impervious to the neutral atoms. 

The observed dependence of the recycled flux Φ on η 2 during the current 
plateau (Fig.2) is predicted by a simple transport model /4/. In it, the 
inward flux of neutrals penetrating the plasma, and ionised within a short 
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distance of the boundary, is balanced by the diffusion of electrons at the 

edge with an anomalous diffusion coefficient of order 0.4 m
2
/s. Since 

τ = Vn /εΦ, where V is the plasma volume and S the surface area, a 

consequence of the dependence Φ « η
 2
 is that τ « 1/n , which is in 

reasonable agreement with the results in Fig.3. 

No clear explanation can be offered at present for the temporal variation 

of the recycling coefficient during a discharge. Similar behaviour has been 

observed on ASDEX and TFTR. Considering R to comprise two components, one 

possibility is that at the limiters R̂  is > 1, decreasing from a high value 

during current rise, as the gas available for desorption becomes progressively 

less, whereas at the wall R^ is < 1. Under this hypothesis, during current 

rise the limiter recycling would dominate, while during the plateau the 

desorption from the limiters is approximately equal to the wall pumping. 

During current decay the safety factor at the edge q increases, broadening 

the scrapeoff layer and increasing plasmawall interaction, while the 

limiters cool and release less gas. In this phase, the role of the wall would 

dominate. However, the abrupt change in R at initiation of current rampdown 

(Fig.l) is not understood. Transport code modelling /5/ indicates that in 

order for the ohmic power to exceed the radiated power during current decay, 

which is the experimental observation, a density decay is necessary. For the 

specific case of Pulse No.3050, using a noncoronal radiation model for carbon 

impurities, a decay in the electron content in the range 24xl0
20
 s is 

required, which agrees well with the measured rate, ̂  3xl0
¿u
 s . 

The observed behaviour on changing the working gas from H to D„ can be 

explained on the basis of an isotope exchange model /6/. The main assumption 

is that the limiters, with which the plasma mainly interacts, are saturated 

with hydrogen. This is then exchanged with deuterium, in accordance with the 

local mixing model HI', hence, a recycling coefficient of unity is assumed. 

The calculated influx ratio Φ / (Φ + Φ ) has been compared with measurements 

from the NPA and with H /D intensity ratios determined by spectroscopy /8/, 

for a sequence of discharges. Good agreement was obtained between theory and 

experiment for the temporal evolution of the ratio during a discharge and 

throughout the sequence. The model also describes the shottoshot behaviour 

of the flux ratio for the case of carbonised walls. 

CONCLUSIONS 

The gross recycling and particle confinement properties of JET discharges 

have been evaluated, from considerations of particle balance applied to 

spectroscopic and interferometric measurements. This has resulted in an 

improved understanding of the behaviour of particle fluxes from various 

locations in the torus, the role of fuelling and of density control. 

Measurements made following a change in the working gas from hydrogen to 

deuterium, and the results from a model of this process, have provided an 

insight into the mechanisms of isotopie exchange. 
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during a discharge in H„. Shaded area indicates waveform of gas puff 
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coefficient R versus time, for same discharge. 
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INTRODUCTION 
Knowledge of the impurity concentrations in the JET plasmas is based 

mainly on the analysis of resonance line intensities in the VUV, with 
additional information coming from measurements of soft x-ray spectra. 

The plasma impurity content is monitored routinely by a McPherson Model 
251 VUV broadband spectrometer, covering the wavelength range 100-1700 A by 
means of two interchangeable gratings and equipped with a multi-channel 
detector. The spectrometer views a horizontal central chord in the torus 
midplane. Up to 128 spectra are recorded during a plasma discharge, allowing 
the study of the time evolutions of various spectral line intensities. 

A relative calibration of the spectrometer sensitivity has been obtained 
by studying transitions between charge-exchange populated, excited levels in 
C VI and 0 VIII during neutral beam injection on the ASDEX tokamak. The 
absolute sensitivity is derived from the H -L branching ratio using a special 
H monitor along the same line-of-sight. 

The soft x-ray spectra over the range 4-30 keV are recorded by a Hgl 
detector viewing the plasma in the horizontal mid-plane through Al, Be and air 
absorbers. The detector has an energy resolution of 0.6 keV at 6 keV, which 
is sufficient to separate the groups of He-like metal impurities in the 
plasma. The spectra show both continuous emission and the characteristic 
K-lines of Ni and Cr. The latter are used to calculate the nickel 
concentrations in the centre of the plasma. 

METHOD OF ANALYSIS 
A transport code is used for the interpretation of JET VUV line 

intensities. It solves, in cylindrical co-ordinates, the coupled set of 
continuity equations for the individual ionisation stages, taking into account 
ionisation, recombination and diffusion processes. The code predicts the 
radial distribution of ground state densities and emission shells, 
line-of-sight integrals of selected lines and local as well as global 
radiation losses caused by line emission. 

The ionisation rate coefficients are calculated as proposed by Lotz /l/. 
For Na-like ions, correction factors for inner-shell ionisation have been 
evaluated and implemented in the code. The Burgess formula 12/ is used for 
the dielectronic recombination rates, taking into account modifications by 
Merts et al /3/ and a density dependence according to Post et al /4/. The 
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resonance line excitation rates required are mostly found in the literature 
for light impurity ions, otherwise the g approximation is used. For the 
actual analyses, Τ profiles from the ECE diagnostic were used. Electron 
density profiles were taken from the multi-channel DCN interferometer. The 
conditions at the plasma edge were estimated from Langmuir probe measurements 
in the scrape-off layer. 

The impurity ion fluxes are described by an anomalous diffusion 
coefficient D and a convective term V = - 2Dr/a2, leading to 
moderately-peaked profiles for the total impurity ion densities. The analyses 
of several accidental injections of iron and nickel into the JET plasmas 
resulted in diffusion coefficients of 0.6-1.0 m2/s, as found in many other 
tokamaks. D = 0.6 m2/s is used in the code. 

Several ionisation stages of important impurities have been investigated 
routinely, in order to check the consistency of the analysis method. For ions 
with metastable levels, the population of these has been assessed by measuring 
the intensities of transitions within the metastable spin system. The number 
densities in the metastable levels have been added to the ground state 
densities. Results calculated from different ionisation stages of the same 
element are consistent to within about a factor of two. The total radiated 
power, calculated from the measured impurity concentrations, agrees well with 
the bolometer measurements. Ζ values, derived from the spectroscopic 
analyses, are usually within ί I of the Ζ _ results obtained from visible 
bremsstrahlung. The remaining difference is probably due to uncertainties in 
the light impurity levels, which are obtained from the plasma edge. 

Nickel concentrations have been evaluated from the x-ray spectra during 
4 s of the flat tops of the plasma pulses, using theoretical excitation rates 
for the four main lines in Ni XXVII and using the electron temperatures as 
obtained from the high energy tail. Coronal ionisation equilibrium is assumed 
to predict the total nickel concentration. The respective results agree with 
those of VUV spectroscopy within the mutual error limits, although the results 
from the x-ray spectra have a tendency to be somewhat lower. 

RESULTS 
The main impurities in JET are C (2-3%), 0 (1-4%), Cl and metals (a few 

tenths of a percent). 
Nickel is the most important metal impurity. In addition, chromium and 

some iron are observed. Ni and Cr are the main constituents of the Inconel 
vessel wall, and the Faraday shields of the ICRH antennae are made of Ni. 
During glow discharge cleaning and also normal tokamak operation these metals 
are deposited on to the graphite limiters, which thus become the main source 
of t-he metal impurities. 

Studies of the general impurity behaviour for a variety of ohmic plasmas 
have shown that the concentrations of light impurities are fairly insensitive 
to plasma current and electron density, but increase with electron density 
close to the density limit. Chlorine shows a similar behaviour. The metal 
impurities are especially prominent in low-density plasmas. They increase 
with plasma current, but decrease with electron density, particularly steeply 
near the density limit. 

Carbonisation of the vacuum vessel walls has been carried out on several 
occasions. The purpose of the carbonisations has been to assess the influence 
of an all-carbon wall on plasma behaviour and metal impurities; also to remove 
oxygen and chlorine. 

Spectroscopically, the carbonisation brought about a large reduction in 
metals. This is consistent with the observation of hollow bolometric radial 
profiles and an appreciable decrease in radiated power from the plasma centre. 
Generally, the total radiated power decreased to about 50% of the ohmic input 
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power after carbonisation, to be compared with typically ^ 70% radiated power 

before carbonisation. Both figures hold for low and intermediate electron 

densities. 

After carbonisation oxygen and chlorine are somewhat reduced. 

The effect of carbonisation on the impurity line intensities is shown in 

Fig.l for three selected lines: Ni XXV 117.93A, 0 V 629.73Â and C IV 312.43Ã. 

All the points plotted are for plasmas with Β =3.4 Τ, I =2.8 MA and 

ñ =2.32.6xl0
19
 m

 3
. The vertical dashed line between Ihots #4202 and #4228 

indicates where carbonisation took place (6 hours of glow discharge cleaning 

in deuterium doped with 12% methane). A drastic decrease in the Nisignal is 

seen immediately after carbonisation. However, within the following 2025 

shots, the Nisignal recovers to the level before carbonisation. This 

behaviour is consistently observed for heavy carbonisations. However, after a 

recent, much heavier carbonisation (48 hours of glow discharge cleaning in 

deuterium doped with 17% methane) the reduction in nickel persisted for 

approximately 2 weeks of operation (̂  200 shots). 

Analysis of the plasma impurity content before carbonisation (shot 

#4186) and immediately after (#4228), reveals a practically unchanged carbon 

concentration (2.3% ■*■ 2.5%), a slight decrease in oxygen content (1.4% * 

1.2%), a factor of 2.5 decrease in chlorine (0.1% ·*■ 0.04%) and a factor of 45 

decrease in nickel concentration (0.09% ·*■ 0.02%). 

During 1985, ICRH experiments have started on JET/5/. The maximum power 

available from the RFgenerators was 6 MW (3 MW per antenna) of which up to 

80% was coupled to the plasma. 

Figure 2 shows the relative increase of radiated power, lineintegrated 

electron density and two impurity line signals (C IV 384.1Â and Ni XXV 

117.93A) as a function of RFpower coupled to the plasma.
 3

He minority 

heating was used with B = 3.4 T and I = 4 MA. 

The radiated power increases linearly with RFpower. The fraction of 

the total input power lost by radiation is ^ 50% both before and during RF. 

The increase in lineintegrated electron density, η £, is approximately 

constant above 2 MW of RF power. The C IV and Ni XXV line intensities 

(corrected for the density increase during RF by dividing by η £) indicate 

that there is no appreciable increase in impurity concentrations during ICRH, 

within the RF power range investigated. It should be pointed out, that since 

the electron density profile changes during RF in the sense that the edge 

density increases (flatter profile), correcting the line intensities to the 

local change in η rather than η I would have the effect of increasing the Ni 

XXV points somewhat and decreasing the C IV points. The Ζ f f, as measured 

from the visible bremsStrahlung, does not change significantly during RF. 

Analysis of the impurity concentrations before and during ICRH for one of 

the pulses with 5 MW RFpower gives the following results: the carbon and 

oxygen concentrations do not change (3% C and 0.8% 0), also the chlorine 

concentration stays constant (0.06%) while the metal concentration increases 

slightly during RF. The metal concentration obtained from the VUV is in good 

agreement with that obtained from the soft xray measurements. 
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1. INTRODUCTION 
Sawtooth instabilities /l/, which are observed in virtually all JET 

'flat-top' discharges, have been investigated with a wide range of 
diagnostics: electron cyclotron emission, neutron emission, soft x-ray 
diodes, density interierometry and reflectometry, H and impurity emission, 
magnetic pick-up coils, and limiter viewing camera. Aspects of sawtooth 
activity studied include the onset of sawteeth at early discharge times, MHD 
oscillations associated with sawteeth, sawtooth fall times, 'giant' (double) 
sawteeth, and the variation of sawtooth behaviour when additional heating 
(ICRH) is applied. It is found that sawtooth behaviour in JET is not 
satisfactorily described by conventional models /2/ of the sawtooth 
instability. 

2. INSTRUMENTATION 
Second harmonic, extraordinary mode ECE is used to determine the temporal 

evolution of the electron temperature in JET /3/. An absolutely calibrated 
Michelson interferometer measures the electron temperature profile with a scan 
time of 15 ms. A static Fabry-Perot interferometer and, more recently, a 
twelve channel grating polychromator /3/ provide high time resolution measure
ments of the variation of electron temperature at predetermined radii. Both 
instruments may be scanned across the plasma on a shot-to-shot basis. Ion 
temperature measurements are obtained from a neutron total yield monitor /3/. 

A provisional 4-channel surface barrier diode array viewing just above 
and below the JET midplane provides measurements of soft x-ray emission. 
Density measurements are obtained from a seven-channel far-infrared 
interferometer, and a single channel 2-mm interferometer. Although the latter 
instrument measures the line integral of the electron density along a vertical 
chord, correlations of sawtooth measurements with the soft x-ray and ECE 
measurements reveal that it is a sensitive detector of sawtooth activity and 
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associated MHD oscillations. In addition, a microwave reflectometer monitors 

the variation of plasma density near the plasma edge. 

Edge diagnostics available include H and impurity line emission, 

infrared thermography of the limiters, and magnetic pickup coils. 

3. SAWTOOTH ACTIVITY IN OHMIC DISCHARGES 

Analysis of sawtooth behaviour in JET indicates that two distinct 

sawtooth regimes exist during ohmic discharges. During the current rise phase 

(which lasts several seconds), and during the current flattop in discharges 

with high values of q .. (VIO), sawteeth are generally preceeded by a growing 

odd m (presumably m=l)
y
oscillation with a frequency in the range 0*11 kHz. 

At such times the electron temperature profile is very peaked and the sawtooth 

inversion radius may be only 10 cm. Figure 1(a) shows a striking example, 

measured by 2 mm interierometry, in which the MHD oscillation frequency 

decreases during successive sawteeth. The corresponding electron temperature 

profile is shown in Figure 1(b) (note that R = 2.96 m and a = 1.25 m). 

During the current flattop in most JET discharges, a second sawtooth 

regime is observed: sawtooth behaviour may be very irregular with 'single' and 

socalled 'giant' sawteeth /4/ occurring, apparently at random. The principal 

characteristic of this regime is that precursor oscillations are invariably 

absent, though successor oscillations are often observed. In addition, 

'giant' sawteeth exhibit a partial sawtooth which i) does not penetrate to the 

plasma axis, ii) may occur on either the highfield or lowfield side of the 

plasma axis, and iii) within the resolution of the diagnostics (V5 cm), has 

the same inversion radius as the full sawtooth. Figure 2 shows such a 

sawtooth measured by the twelvechannel ECE grating polychromator. Note that 

only every second channel is shown. 

There are several possible explanations for the lack of precursor 

oscillations in this regime: there may be no magnetic island; an island may 

exist but be locked; there may be a very small rotating island which is beyond 

the resolution of the diagnostic instrumentation; or the growth time of the 

island may be so short that no significant rotation occurs before the 

disruption. These possibilities are currently under investigation, but it is 

clear that there is a discrepancy between these observations and the 

conventional picture of the sawtooth instability /2/. Similar discrepancies 

have been observed previously in TFR/5/. 

A further aspect of sawtooth activity in JET not explained by the 

conventional model is the collapse time. Figure 3 shows a time interval of 1 

ms around the collapse of central electron temperature. This observation was 

obtained from an ECE FabryPerot with signal bandwidth of 100 kHz and a 

sampling rate of 40 kHz. The electron temperature profiles obtained from the 

Michelson interferometer before and after the sawtooth collapse are also 

shown. It is clear that the collapse time is MOO us. Typical sawtooth 

collapse times in JET lie in the range 100200 με, though a range of times of 

up to 1 ms have been observed within a single discharge. The model of the 

sawtooth collapse due to KadomtseVi¡2/ predicts that 
T
c *

 (
V*

} (1) 

where τ is the resistive diffusion time, and τ* the Alfven transit time in 

the helical magnetic field B* associated with the sawtooth. For the discharge 

parameters relevant to the case shown in Figure 3, and making the simplest 

assumptions about the development of B*, equation (1) gives τ > 10 ms. 

4. SAWTOOTH ACTIVITY WITH ADDITIONAL HEATING 

During additional heating experiments in JET, carried out with up to 5 MW 

of ICRH for periods of 1  3 seconds /3/, sawtooth activity exhibits the same 
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basic behaviour as in ohmic discharges, though with some modifications. The 

most striking of these is a substantial increase in sawtooth amplitude. 

Whereas the electron temperature fluctuation due to sawteeth in ohmic 

discharges is ̂  15%, during ICRH the fluctuation on axis rises to 30 - 50% of 

the maximum electron temperature. By comparison, the ion temperature 

fluctuation shows a modest increase from ̂  10% during ohmic heating, to 10 -

15% during ICRH (while the average ion temperature on axis may show a 

substantial increase of order 30Z) 

The sawtooth inversion radius increases slightly during ICRH, but this 

may simply reflect an acceleration of the gradual expansion of the inversion 

radius which occurs during the current flat-top. In addition, the sawtooth 

period increases slightly relative to the ohmic phase, and giant sawteeth with 

a period ^ 300 ms have been observed. However, the details vary depending on 

the target plasma, heating mode, antenna coupling, and power level. 

A remarkable feature of this heating regime is the observation at 

relatively low values of q - (I = 4 MA., 3 = 3.4T, q . = 3.3) of a large 

saturated MHD oscillation preceding the sóvfooth collapse. This mode may 

exist in a saturated state for up to half the sawtooth period, with an 

amplitude > 30% of the sawtooth amplitude. An example of this phenomenon is 

shown in Figure 4. Correlation of soft x-ray and ECE signals indicate that 

this is an n = 1, m = 1 mode. 

5. PLASMA DIAGNOSIS BY SAWTEETH 

Analysis of the measured changes in temperature and density associated 

with sawteeth permits the determination of plasma parameters inaccessible to 

conventional diagnostic techniques. The use of the sawtooth heat pulse to 

investigate thermal diffusivity is well known /6/ and has been applied to JET 

plasmas /3/. 

Measurements of sawtooth fluctuations in the line integrated density have 

been used, together with some modelling assumptions about the variation in the 

electron density profile, to investigate particle convection in the centre of 

the discharge. It is found that the fuelling of the core of the discharge, 

and restoration of the peaked density profile between sawteeth can be 

explained by the neoclassical pinch effect /7/, with pinch velocities in the 

range 5 - 10 χ 10
 2
m/s. The role of this effect in the buildup of the plasma 

density profile is still under investigation. 

Study of the periodic electron and ion temperature variations during 

sawteeth allows the different components of the energy balance in the central 

region to be distinguished. Using an axial current derived from the condition 

that q = 1 on axis, ohmic heating during sawteeth can be derived. The mean 

rate of increase in the electron temperature during the sawtooth recovery 

phase then gives a measure of the central resistivity and hence of Ζ ff. 

Thus, for a typical JET ohmic discharge, this yields Ζ (o) = 5 compared 

with Ζ ,- = 4, derived from the neoclassical resistivity, and Ζ ff = 3, 

calculated from visible BremsStrahlung measurements. 
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Figure 4: Sawtooth measured by an ECE 

Fabry Perot interferometer, during ICRH, 

showing large saturated MED oscillation. 
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INTRODUCTION 

Impurity elements are observed in the JET plasma, typically at 1 to 4% 

for light elements (0 and C) and up to 0.2% for medium weight elements (such 

as CI and Ni) leading to Ζ ff values between 2 and 5 for most discharge 

conditions. For densities above 3x10*
9
m
 3
 power is radiated from the outer 

regions by 0 and C and the contribution of metals can be neglected. 

Surface analysis,of the limiter tiles after operating has shown a certain 

spatial distribution indicating migration from the wall to the limiter and 

erosion and redeposition during plasma discharges. However, a post-mortem 

analysis only gives an integrated picture of very complex sequences of 

operation. The information from the limiter has been supplemented by the use 

of collector probes which were exposed to different types of cleaning and 

tokamak discharges to show how these types of operation affect the impurity 

production. The measurements were carried out.using the vertical probe drive 

which normally operates as a Langmuir probe. 

EXPERIMENTAL 

(a) Method 

The probe is mounted vertically near the top of the torus on a long 

bellows as shown in Figure 1. When operating in tokamak discharges the probe 

head can be inserted to within 1.5 m of the midplane, and is preset at the 

required distance from the predicted last closed surface. Figure 1 shows that 

the head can be covered over with a cap which carries small samples of various 

materials to act as collectors for subsequent surface analysis: this device 

has been used to monitor carbonisation of the vessel (see below). 

On removal from the torus, the collectors, or the surfaces of the probe 

assembly itself, have been analysed using Auger Electron Spectroscopy (AES), 

Rutherford Backscattering (RBS) and Nuclear Reaction Analysis (NRA). Spatial 

resolution employed in the RBS and NRA was approximately 1mm (the diameter of 

the particle beam) and in AES was about 5um (the diameter of the electron 

beam). Information on the depth distribution of the elements can be gleaned 

directly from RBS and NRA spectra, whilst in AES (which only samples from a 

depth of 1 to 2nm) depth profiles are obtained by successive analysis and 

surface erosion by ion bombardment. 

(b) Results of Exposure to cleaning and tokamak operations 

The probe has been exposed to (i) 70 hours of glow discharge cleaning 

(GDC) (2A at 380 V in 10~
3
 m bar of H 2 ) , (ii) 2800 pulses of pulse discharge 

cleaning (PDC) (of 150 m secs and peaking at 50 KA, plus 30 pulses of ^ 600 

msecs peaking at 250 ΚΑ), and (iii) 60 tokamak discharges in September 1984. 

The results of RBS analysis are shown in the table below, and compared with 

graphite samples from the limiter and to long-term samples (LTS) from the 

wall. 
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GDC 

Ion Fluence m"2 1.6xl022 
Time exposed 70 hrs 

Ni+Cr(atoms m~2) 4x1o19 

Heavy species Ζ > 70 

0 (atoms m~2) lxlO20 

PDC 

1.2xl023* 
2800 

pulses 

2.8xl021 

3xl020 

Tokamak 

Discharges 
mm 

^60 

discharges 

0.8-1.2xl021 

4xl019 

? 

Integrated deposit 

Limiters LTS 
.__ 

March - September 

1984 

3.5xl021 1021-1022 

? ? 

5xl020 ? 

* From Η at the wall, α 
Following the tokamak discharges (in deuterium) the deuterium content of 

the surface was also measured, as well as the carbon on the tungsten probe 
elements. The carbon on the elements was 5-8 χ 1022 atoms m 2, whilst the D 
was ̂ 3 χ 1022 on the graphite body of the probe, 
(c) Carbonisation of the JET vessel 

The JET vessel was 'carbonised' on occasions near the end of the 1984 
operational period, by adding 3% methane to the usual GDC discharges (in 
hydrogen), and the impurity levels before and after treatment were monitored· 
by VUV broadband spectroscopy. Following 'carbonisation' metallic 
impurities such as nickel were typically reduced immediately by a factor of 5. 
Oxygen was reduced from 1.7 to 0.7% for reference discharges (2MA plasma 
current at an electron density of 2 χ 10 m 3) and to ̂  l%_from perhaps as 
high as 4% for high density discharges (̂  3MA, **» 3 χ 10 m 3) and chlorine was 
reduced by similar factors. Carbon levels increased slightly for reference 
discharges and decreased slightly for high density discharges. After 
'carbonisation' the plasma power loss mechanisms changed markedly, with much 
more power going to the limiters. 

The 'carbonisation' thus significantly improved the impurity situation. 
During the 1985 programme, the 'carbonisation' has been monitored using the 
surface probe, samples of Si, Ni and inconel being exposed on five occasions. 
Since deuterium plasmas have been used in the 1985 programme, deuterium has 
replaced hydrogen as the carrier gas, and the methane levels employed are 
either 2.15 or 12%: the wall temperature has also increased from 250 to 
300CC. Figure 2 shows profiles for oxygen and carbon in inconel samples (a) 
as received, without any exposure in the torus, (b) after 8 hours GDC 
'carbonisation' at 4A and 380V in 2.15% CH,, and (c) after a similar exposure 
in 12% CH,. For comparison (d) shows the carbon profile in nickel after 8 
hours in 2.15% CH,, and (e) shows the composition of an inconel long-term 
sample exposed throughout the 1984 programme. Note that the 'carbonisation' 
does not always produce a layer of carbon over the surface and in any case is 
certainly not uniform over the JET vessel due to the positioning of the 
discharge electrodes. Basically the treatment removes the surface oxide and 
carburizes the near-surface region. Tokamak operation following carbonisation 
is difficult for several pulses due to outgassing from the walls. 

DISCUSSION 
GDC and PDC each cause large amounts of metal and oxygen to move around 

the vessel, and some oxygen is removed from the torus by reaction to form H O 
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and CO. Nevertheless the oxygen and metal concentrations observed en the probe 
after the "cleaning" are also likely to arise at the limiters. They are a 
significant part of the equilibrium concentrations which are observed after 
tokamak discharges (and which clearly are soon established in the boundary 
layer as seen on the probe). 

Similar deuterium concentrations.were found on the probe after tokamak 
discharges to those on the limiter . The carbon concentration was a factor 
of 3-4 greater than the deuterium. Although some of the carbon may have been 
displaced locally from the body of the probe, it shows that co-deposition of 
deuterium and carbon is the main mechanism for deuterium incorporation with 
important implications for recycling calculations, and eventually for the 
tritium inventory. 

The 'carbonisation', is seen to have a marked effect on the oxygen level 
on the surface, and whilst significant carbon penetrates a clean inconel 
sample, comparison between (b) and (e) in Figure 2 suggests the carbon level 
on the actual wall is unlikely to be significantly affected by the process. 

What happens on the limiter during carbonisation to dramatically change 
subsequent tokamak operation? The majority of the surface is already carbon, 
and the metallic deposits on it are probably also thoroughly mixed with 
carbon: thus the carbon content of the surface is probably little changed. 
However, the oxygen concentration on the surface should have been reduced and 
calculations of sputtering rates based on precarbonisation discharges suggest 
that much of the carbon entering the discharge results from sputtering by 
oxygen. 

The combination of the lower oxygen level and the consequential reduction 
in sputtered carbon then leads to the immediate reduction in radiated power 
and increased limiter temperature observed. However, the total carbon level 
seen by VUV does not fall significantly, which suggests another removal 
mechanism for carbon from the limiter becomes significant at these high 
fluxes: it cannot be normal chemical sputtering as the correct behaviour with 
limiter temperature is not observed. The benefits of 'carbonisation' last for 
many tens of discharges, which is most unlikely to be due to an overlayer of 
carbon on the limiters (which might be ^50 monolayers thick) due to the rate 
of sputtering and redeposition on the surface. However, the immediate 
increase in limiter temperature (from ̂  500°C to M500°C) due to altered 
sputtering coefficient caused directly by the carbonisation could cause 
evaporation from, or diffusion into, the limiters of the metallic impurities, 
resulting in medium to long-term benefits. 
CONCLUSIONS 

Probe measurements, allied to limiter and wall analysis and spectroscopy 
show that GDC and PDC cause significant contamination of the limiters without 
significant removal of the oxygen. 

'Carbonisation' does reduce oxygen from surfaces in the torus and this 
may be the cause of its beneficial effect in JET in 1984, when carbon over-
layers were probably not produced. (However, if carbon overlayers can be 
produced they might well produce further benefits). 

Tokamak discharges in JET seem to produce similar levels of impurities on 
all parts of the torus (MO2 atoms m 2 for nickel) suggesting some form of 
equilibrium. Deuterium levels also reach a uniform value of ^3 χ IO22 atoms 
m.2 due to codeposition with carbon, except where significant heating occurs 

REFERENCES 
(1) J. Ehrenberg et al - this conference 
(2) P. Stangeby et al - this conference 
(3) K. Behringer et al - JET - Ρ(85)08 
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I Introduction r 

Study of walls and limiters of plasma machines by means of surface analysis 

techniques provides valuable information for the understanding of the causes 

of impurity fluxes into the plasma which is one of the most important problems 

in today's fusion research. Therefore, surface analyses of JET graphite 

limiters have been performed /1,2,3,/ after the experimental periods in 1983 

as well as in 1984. In addition graphite and metal long term samples (LTS) 

have been analysed. They were uniformly distributed over the vessel wall and 

placed well in the shadow of the bellow shields . They have been exposed to 

all 1984 discharges, in order to monitor effective erosion and redeposition of 

wall material in an extended run of the machine. 

II Experimental techniques 

Quantitative surface analyses have been performed by means of two accelerator 

based techniques, namely Proton Induced X-Ray Emission (PIXE) analysis with 

1.5 MeV protons and Rutherford Backscattering Spectrometry (RBS) with 2.5 MeV 

^He -ions. PIXE detects metallic contaminants up to depths of several um 

below the surface, whereas RBS is most sensitive in more shallow regions 

(^400nm). 

III Analysis Results and Discussion 

All deposits found either on the limiter or on the LTS must be regarded as 

nett deposition, as these surfaces were also subject to erosion. 

Limiters.- Fig.l shows the toroidal distributions of metallic deposits on the 

1983 and 1984 limiters as measured in both cases near the plasma midplane 

position. The most abundant elements are the constituents of the main wall 

material (Inconel 600) present in their correct ratios on the 1983 limiter and 

with deviations from this on the 1984 limiter. The other elements are trace 

elements in either inconel or carbon and have also been detected on the 1984 

limiter. Not shown is oxygen, which is present with more than 10
20
atoms/m

2
. 

Mo was introduced into JET by an accidental contamination of the graphite 

limiters during manufacture. Contamination with wall materials (Ni,Fe,Cr) 

occurs during glow- and pulse-discharge cleaning runs [4] as well as in plasma 

disruptions or by runaway electrons where high power loads may hit the wall 

causing melting and evaporation. During normal tokamak discharges wall 

erosion by charge exchange neutrals may also contribute, whereas erosion by 

hydrogen ions may be negligable because of the low energies involved/5/. 

However, wall erosion by impurity impact, such as by 0, C or Ni atoms cannot 

be excluded. Metal deposition on the limiters was found to have three 

different forms: firstly, between about 100mm and 350mm deposition on the 

centre tile (tile 4) of both limiters is mainly in the form of atomic layers, 
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Fig. 1 Toroidal distribution of metallic contaminants on two JET 

graphite limiter tiles (plasma midplane) from two experimental 

periods. 

secondly the side edges on the '83 limiter are contaminated with small metal 

droplets having diameters in the range of Um, and finally metal splashes of 

about 100 Mm in diameter are present on both limiters but are much less 

frequent than the small droplets. 

The zones on either side of the centre of the tile where the layer deposition 

is found correspond to the areas of plasma contact (and thus greatest heating) 

on the tile. The areas correlate with the "footprints" on the limiter seen by 

recycling light at λ = 900nm by means of a CCD video camera 161: Maxima of 
intensities are in the regions 100 mm to 200 mm and 250 mm to 350 mm defined 

in Figure 1. Here, erosion may be larger than on more remote locations such 

as the limiter side edges. 

The mechanism of droplet formation on the limiter side edges is not yet 

understood. However, they may constitute an effective source for metal 

erosion by evaporation as they might have poor thermal contact to the 

surrounding material. 
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During 1984 the limiter was exposed to about 400 discharges, with maximum 

surface temperatures towards the end of this period of 1800°C, whereas in 1983 

there were only 200 discharges and the temperature was always <650°C. As the 

limiter is the only source of molybdenum, much more is likely to have been 

removed during 1984 than in 1983, as is confirmed in Fig.l. However the Ni 

concentrations are comparable in the two cases, with a tendency for greater Ni 

levels in the zones of high heat load in 1984. 

Careful examination of the deposits by RBS and PIXE/7/ has shown that the Ni 

on the 1984 limiter is distributed to larger depths in the graphite than in 

the 1983 limiter. This would be expected due to the higher temperatures in 

that period (particularly after carbonisation of the vessel in Sept. 1984 

see reference 4). Thus, Ni is reduced at the very surface and has diffused 

deeper into the bulk and subsequently is less accessible for plasma erosion. 

This might have contributed to the conditioning of the '84 limiter. 

Long term samples (LTS) 

Examination of the inconel 

deposits on carbon LTS (Fig.2) 

revealed the following general 

trend in the distribution 

around the JET vessel: 

differences of deposited 

amounts are large in the 

poloidal direction whereas 

toroidally the distribution is 

more uniform. At the inside 

wall, the large deposits 

correlate with visible wall 

damage by gross melting which 

is also strongest there. A 

sourcesink correlation is 

also observed on those LTS 

which have been placed closest 

to the Ni limiters which were ¿J 

retracted 9 cm behind the 

graphite limiters at the 

outer vessel wall. There, 

the ratio [Cr]/[Ni] (Fig.2) 

shows an enrichment of Ni 

compared to every other 

position. In addition, Mo 

was found predominantly on 

the outer wall samples which 

have been closest to the 

graphite limiters. From the 

Mo distribution on the 

limiter, it can be assumed 

that Mo erosion takes place 

predominantly during plasma 

discharges (see also Fig.l). 

;·::3Γ· NI 

C" C Ni 30« 

Limiters 

180' 270' 

TOROIDAL POSITION 

Fig. 2 Toroidal distribution of metallic contaminants as found on carbon 

long term samples which have been distributed around the JET vessel 

wall. Top, etc. denotes the position in the vessel. 
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However, redeposition did not occur uniformly over the torus, but is 
concentrated on the outer wall at the midplane. Mo from the carbon limiters 
appears to travel further toroidally than Ni from the Ni limiters, since the 
latter shows an immediate response on those LTS which have been positioned 
close to the Ni limiters (see the Cr:Ni ratio in Fig.2 ). This may reflect 
the different distances of the respective sources from the scrape-off layer: 
as stated above the Ni-limiter was retracted by ^9cm behind the leading edge 
of the C-limiter. Thus the ionisation of eroded Mo is more likely than the 
ionisation of Ni from the Ni-limiters, and so transport of Mo would be more 
affected by the plasma and the magnetic field, resulting in a larger fraction 
of Ni being deposited as neutrals at wall positions close to this particular 
source. 

In general it is believed that wall erosion may affect the plasma directly but 
also contaminates limiters with wall material thus partially losing the 
advantage of the carbon limiters being a low-3 material. 

IV Conclusions 
Examination of the JET graphite limiters shows that they constitute an import
ant source for metal fluxes into the plasma. The amounts and distributions of 
deposits depend on the actual surface temperature which has been reached. 
Analyses of JET carbon Long Term Samples show a close correlation between 
metal erosion sources and redeposition sinks. Toroidally redeposition of wall 
material is rather uniform, whereas poloidally large differences exist. 
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IN JET USING NEUTRON DIAGNOSTICS 

O N Jarvis, G Gorini, M Hone, J Kallne, V Merlo, G Sadler, P van Belle 
JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK 

Introduction Two neutron diagnostic systems are in use on JET for determining 
the icn density and temperature for deuterium plasmas. The first comprises 
three sets of fission counters 1 , each mounted on a separate magnet limb on 
the horizontal midplane of the machine, to measure the instantaneous neutron 
emission from the plasma. The second is a 3He ionization chamber spectro
meter2 located in the well-shielded Roof Laboratory about 20 m above the 
midplane of the machine and viewing the plasma through a collimator (set in 
the floor of the Roof Laboratory) aligned with a vertical diagnostic port in 
the vacuum vessel. 

The neutron emission is related to the volume integral over the plasma of the 
product η 2 <σν>, where η is the deuterium ion density and <σν> is the plasma 
reactivity. For a Maxwellian plasma the reactivity varies with temperature as 
T?, with α * 4.0 for T. = 3 keV. Thus, assuming that the spatial profiles of 
density and temperature for electrons, which are measured routinely, apply 
also to ions with only the scale factors differing, then the neutron emission 
measurements provide an estimate for the product of central parameters ft. T.. 

The 3He chamber possesses excellent energy resolution (42 keV at 2.5 MeV) and 
is thus able to measure the thermal broadening of the thermonuclear neutrons, 
which should exhibit a nearly Gaussian energy spectrum with fwhm = 82.5/T , 
with T. in keV. The primary result from the spectrometer is therefore a value 
for T. which can be used in conjunction with the neutron emission measurements 
to determine ft,, α 
Neutron Emission Each set of fission counters comprises a 2 3 5U fission 
chamber and moderator, engineered to give a flat energy response, and a 2 3 8U 
fission chamber which has a neutron energy threshold at about 1 MeV. Both 
counters operate simultaneously in pulse counting and current modes to provide 
coverage for neutron emission intensities from IO10 to 10 2 2 neutrons/sec. 
Present yields from deuterium plasmas rarely exceed 10llf neutrons/sec. 

The 2 3 5U fission counters have been calibrated with both a 252Cf radioisotope 
neutron source and a pulsed 14 MeV neutron tube by placing them, separately, 
at a large number of positions within the vacuum vessel. The vessel is 
effectively enclosed within the copper toroidal field coils and an iron 
support structure in which the voids are filled with high density borated 
concrete. This copper/iron/concrete blanket is about 40 cm thick and 
effectively inhibits neutron leakage from the vacuum vessel except through the 
various penetrations. Because of this blanket, it is clear that those neutron 
which reach a fission counter do so only after having scattered a few times 
from the material surrounding the vacuum vessel before leaving through the 
large diagnostic port closest to the counter and scattering in or near the 
port closure plate into the direction of the counter. We have found that the 
counter response as a function of source position is remarkably insensitive to 
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neutron energy and that the positional dependence is easy to model in terms of 

the toroidal co-ordinates. With the aid of this model, the total neutron 

emission from a deuterium plasma of known dimensions can be determined from 

the fission counter response to an absolute accuracy of ± 10%. 

Figure 1 shows the time dependence of the central ion temperature T. for 

discharge number 3050 as determined from the neutron emission measurements. 

The analysis incorporates two significant assumptions: (i) that the d-d 

fusion reactivity is an accurately known function of temperature, and (ii) 

that the deuterium ion density is half the electron density. 

Neutron spectrometry In principle, analysis of the data obtained with the
 3
He 

spectrometer is particularly straightforward: the neutron energy spectrum is 

assumed to be Gaussian in shape
 3
 so the measured detector response function 

is convoluted with a Gaussian neutron energy spectrum appropriate to a trial 

temperature Τ and a maximum likelihood optimization of T. is performed to 

obtain the best fit with the measured pulse-height spectrum. In practice, 

entirely satisfactory fits have been obtained, but only after very careful 

measurements of the detector response function were made. It should be noted 

that it proved not to be acceptable to adopt the response function reported in 

the literature for a
 3
He spectrometer with identical specification to ours. 

The source of·difficulty is not the determination of the fwhm of the 

full-energy peak in the counter (from the η +
 3
He ■*■ ρ + t + 0.764 MeV 

reaction) but rather that of determining the precise shape of the apparently 

insignificant low-energy tail due to the wall-effect in the ionization 

chamber. The relative magnitude of this wall effect increases with neutron 

energy. It was also found that appreciably better counting statistics were 

required to determine T. to a given accuracy than was predicted on the 

basis of a simple Gaussian-shaped response function. This prediction connects 

the required accuracy (ΔΤ./Τ.), the spectrometer resolution (R), the width of 

the neutron spectrum (W) and the necessary total count in the measured neutron 

energy spectrum through 

Ν = 2 [Τ /ΔΤ ]
2
 [1 + R

2
/W

2
]
2 

where it is assumed that R is known precisely and that both spectrometer 

response and neutron spectrum are Gaussian in form. For R = 42 keV, W = 143 

keV (T. = 3 keV), we should be able to ignore R
2
/W

2
 and to deduce that a 10% 

measurement requires only 200 counts. In practice we find we need at least 

600 counts. This finding is also attributed, at least partially, to the low 

energy wall effect tail in the spectrometer resolution function; taking 

moments about the centroid of that portion of the repsonse function 

contributing to the measurement so as to obtain an "equivalent Gaussian" shows 

that R is comparable with W. Thus, we have found that the spectrometer wall 

effect is already very important and can be expected to become more so as ion 

temperatures rise and neutral beam heating with deuterium beams is introduced. 

Of the many plasma discharges now analysed, one sequence of 3 MA discharges 

(numbers 3447 to 3052) is outstanding because of their very long plasma 

duration, with flat-tops extending over 8 seconds (see Figure 1). These 

discharges used ohmic heating only and the plasmas were formed under identical 

conditions. It has been observed that in a sequence of repeated discharges 

the total neutron emission per discharge has been reproduced to ± 1%, implying 

a very high order of reproducibility in the machine control elements. The 
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individual discharges in the selected sequence were analysed and flattop 

temperatures in the range 23 keV have been deduced, but with only ± 20% 

accuracy. A considerably improved accuracy is achieved by summing the 

individual spectra to obtain 1000 counts in the peak, as shown in Fig. 2. 

Analysis of the summed spectrum gives a time averaged ion temperature of 2.73 

± .18 keV. This result refers to the lineintegrated neutron emission along a 

vertical chord and can be converted to the required central temperature by 

multiplying with the factor 1.08 ± .02 obtained from numerical studies on 

plasmas with density and temperature profiles similar to those on which the 

measurements were made. The short period temperature variations, such as 

those due to sawteeth, are not significant for ohmically heated plasmas as can 

be seen from the detailed time dependence in T. measured by the fission 

counters (see Fig. 1). 

Density fraction The mean value for the central ion temperature of 2.95 ± .21 

keV obtained from the spectrometer is to be compared with the mean temperature 

of 2.64 keV derived from the fission counters on the assumption of a density 

ratio ñ,/ñ =0.5. Adoption of the spectrometer value permits the density 

fraction to be refined to η,/û = 0.47 ± .08 for the discharge sequence 

studied. The uncertainty quoted here is determined primarily by the 

temperature measurement but includes contributions for the absolute 

calibration of the fission counters and for the uncertainty in the basic dd 

fusion crosssections. 
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Figure 1 The central ion temperature determined from the neutron emission 
measurements for discharge number 3050, with a toroidal field of 
3.4T and a plasma current of 3.6MA. The plasma is formed at time 40 
seconds. 
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Figure 2 The pulse-height spectrum obtained with the 3He ionization 
chamber for the sum of six discharges (numbers 3447 - 3052). 
Discharge numbers 3447-3052. Note that the thermal neutron peak 
(left picture) appears at a pulse-height equivalent to 764 keV. The 
excellent fit to the 2.5 MeV thermonuclear peak (right picture) 
substantiates the claim for a Maxwellian ion energy distribution. 
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A E Costley, E.A.M. Baker , M. Brusati, D V Bartlett, D J Campbell 

G Decker
T
, M Gadeberg*, R D Gill, E Kallne, S Kissel, Ρ Nielsen, 

D Pasini and R Prentice 

JET JOINT UNDERTAKING, ABINGDON, OXON, 0X14 3EA, UK. 

* On attachment from the Ris«5 National Laboratory, Denmark 

+ Permanent address: University of Düsseldorf, West Germany 

// Permanent address: University of British Columbia, Vancouver, Canada. 

t Permanent address: National Physical Laboratory, U.K. 

1. INTRODUCTION 

The electron temperature on JET is measured routinely using two 

independent diagnostics: a single point Thomson scattering system and a 

spatial scan electron cyclotron emission (ECE) system. In addition, some 

measurements of the electron temperature have been made with a preliminary 

soft xray pulse height analysis (PHA) system. 

In this paper these three diagnostics are described. Results obtained 

with the diagnostics are presented and compared, and some examples of the use 

of the measurements in the study of plasma physics phenomena on JET are given. 

2. THE SINGLE POINT THOMSON SCATTERING SYSTEM 

The Thomson scattering system has the conventional 90° scattering 

geometry/1/. Light from a ruby laser (λ = 694.3 nm) illuminates the plasma 

along a vertical chord. The laser has two operating modes: a single pulse 

mode giving one 20J pulse during a JET discharge and a multipulse mode with 

lower energy and repetition rates up to 1Hz. The scattering volume (2 mm 

diameter by 50 mm length) can be chosen to at be one of seven discrete 

locations in the equatorial plane of the torus. The scattered light is 

collected by an array of large mirrors arranged as a double Newtonian 

telescope, and is transmitted to the spectrometer with F number of 10. The 

spectrometer consists of three prism spectrometers in series, the first two 

constituting a notch filter for the ruby wavelength. The scattered light is 

detected with ten photomultipliers fitted with GaAs photocathodes. 

The laser and spectrometer are located outside the biological shield so 

the diagnostic will be compatible with the active phase of JET operation. 

Alignment systems employing HeNe laser beams keep the diagnostic aligned to 

the torus. The entire diagnostic is operated automatically through the JET 

computer system (CODAS). 
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Temperatures in the range 0.5-6 keV have been measured. The 
sensitivity of the diagnostic allows measurements at densities as low as 
3 χ 10 m 3. The temperatures are obtained by a conventional non-linear least 
squares fit of the data to tabulated theoretical spectra. The tabulated 
spectra are calculated using a complete relativistic analysis. The accuracy 
in the measurement is typically ± 10%. 

3. THE SPATIAL SCAN ECE SYSTEM 

The spatial scan ECE system has been designed to measure the spatial 
dependence of the electron temperature in the poloidal cross-section/2/. It 
is a flexible system; for example it has two operating modes. In the first, 
the spatial dependence of the electron temperature is measured^along ten 
different chords in the plasma with moderate time resolution (< 15 ms). In 
the second, the time dependence of the temperature aĵ  specific locations in 
the plasma is measured with a high time resolution (< 20 με). 

The first element in the system is an antenna array mounted inside the 
torus vacuum vessel which views the plasma along 10 different chords in the 
poloidal cross-section. The radiation is transmitted through crystal quartz 
vacuum windows and then along oversized aluminium waveguide (S-band) to the 
measurement area outside the biological protection wall, where the 
spectrometer and detection systems are located. These consist of four low 
resolution rapid-scan Michelson interferometers, one high resolution 
rapid-scan Michelson interferometer and six rapid-scan Fabry Perot 
interferometers all fitted with liquid helium cooled indium antimonide 
detectors. The system is operated through CODAS and is compatible with the 
active phase of JET operation. 

One of the 10 planned channels of the system has been operated routinely 
since the autumn of 1983. It is fitted with a low resolution Michelson 
interferometer and this is used to measure the ECE radiation emitted in the 
range 70 GHz < f < 350 GHz. (typically f < f < 4f ). The line of sight is 
13 cm below the mid-plane and parallel to the major radius. From the emission 
measured around f = 2f the spatial profile of the electron temperature is 
obtained using the established frequency to space, and intensity to 
temperature transformations. In the analysis full account is taken of the 
internal magnetic fields in the plasma due to the plasma current. The spatial 
resolution in the measurement is ^ 15 cm and the time resolution is % 15 ms, 
and typically 320 temperature profiles are acquired on a JET discharge. The 
system is calibrated using large area black-body sources. The uncertainties in 
the measurement are such that the relative shape of the profile is obtained to 
an accuracy of ± 10% and the absolute level to ± 20%. 

In addition measurements have been made of the time dependence of the 
temperature at specific locations in the plasma with ojje of the Fabry-Perot 
interferometers. In this case the time resolution is%< 20 us and the 
sensitivity is such that temperature fluctuations of < 5 eV can be measured. 
Further measurements of the time dependence of the electron temperature at 
specific radial locations have also been made with a 12 channel grating 
polychroraator/3/. 

4. THE SOFT X-RAY PHA SYSTEM 

The preliminary PHA system measures the spectrum of the soft x-ray 
emission in the energy range 4 - 3 0 keV. The line of sight is defined by a 
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set of apertures and is along the major radius. The detector is a mercuric 

iodide detector/4/ and the plasma is viewed through a 200 um beryllium window. 

A composite absorber of beryllium, aluminium and air is used to reduce the 

sensitivity of the system at low energies and to allow observation of the 

helium like nickel lines and the continuum emission at higher energies. Both 

the metal concentration and the electron temperature are extracted from the 

measurements. Since the measurement is a line of sight integral the analysis 

takes account of the radial variations of both the plasma temperature and 

density. The central electron temperature deduced from this analysis is found 

to be insensitive to profile effects. The accuracy of the measurement is 

typically ± 10%. 

In recent experiments the diagnostic has been optimized for the deter

mination of plasma impurity concentration by employing absorbers which 

restrict the energy range to 4  12 keV. Under these conditions the 

diagnostic is not so well suited to the measurement of the electron 

temperature and so the uncertainty in the determination of this parameter is 

higher. 

5. RESULTS AND COMPARISONS 

Temperatures measured by the Thomson scattering and ECE systems have been 

compared over a wide range of plasma conditions; 1 MA < I < 5 MA, 2T < Β < 

3.4T, 1 χ 10
19
m"

3
 < η (o) < 5 χ 10

19
m~

3
, 0.5 keV < Τ (o) ì. 6 keV, 2 < Ζ £ < 

5. For the bulk of the data (> 90%) agreement is obtained to within the 

stated uncertainties; frequently the measurements agree to within 10%. A more 

limited comparison has been made including results from the preliminary PHA 

system. Again agreement to within the stated uncertainties is usually 

obtained. The main conclusions to be drawn from these agreements are (i) that 

the diagnostics are operating correctly and (ii) that the plasma is thermal. 

This latter conclusion arises from the fact that these diagnostics are 

sensitive to different parts of the electron velocity distribution. Examples 

of the comparisons are shown in Figures 1 and 2. 

Extensive use of the measurements has been made in studies of many plasma 

physics phenomena on JET: for example, measurements have been made of the 

time and space dependence of the electron temperature during sawteeth 

oscillations, Figure 3. Note the flattening of the profile after the 

disruption and the lack of precursor MHD oscillations/5/. Other phenomena 

studied with the diagnostics include energy confinement, MHD activity and 

disruptions. The measured temperature profiles (provided by the ECE system) 

have also.been used in plasma optimization studies: it has been observed that 

the Τ profile shape at early times is important to subsequent plasma 

behaviour. An example is shown in Figure 4. More details of the comparisons, 

and further examples of the use of the measurements will be given in the 

poster presentation. 
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Introduction 

The properties of the edge plasma in JET have been measured for ohmic 

discharges, with plasma currents Ip ■ 1-4MA, Β = 2.6 - 3.4T, using a 

probe consisting of four combination Heat Flux/ Langmuir detection 

elements. The individual tungsten elements are as shown in Fig 1. The 

operation and interpretation of the probe Is described further in Ref 1. 

Three sensing elements face the ion drift direction and are located at 

distances 1,4 and 8 cm from the end of the probe housing which is 

fabricated from a 30 mm diameter graphite rod. One sensor, 10 mm from 

the end, faces the electron drift direction. Each sensor was repeatedly 

biased with a linear voltage ramp, -100V to + 10V, every 50 ms. The 

power deposited on each sensor was inferred from the rate of temperature 

rise of a chromel-alumel thermocouple spot-welded to the back of each 

1 χ 5 χ 10mm
3
 tungsten sensor plate. 

A typical JET discharge current is shown in Fig 2. During the current 

rise the plasma vertical elongation increases, typically to b/a =1.5, 

then is roughly constant during the current flat-top before decreasing 

again; Fig 2 shows an example of the vertical position of the last closed 

flux surface (separatrix) at the probe location R = 3.25m. The probe was 

inserted from the top of the torus, and was thus iensitive to the 

changing probe-separatrix distance, Ζ - Ζ , during the discharge. The 

location of the separatrix is calculated for frequent time intervals 

during JET discharges using magnetic pick-up coil data. 

Graphite 
Housing 

Ceramic 

Thermocouple 
Leads 

Tungsten Probe 

Plasma Flux 

Biasing Lead 

Individual sensing element, 

time(s) 10 

2. Typical time trace of plasma 

current I and vertical position 

of plasma edge at the probe Ζ . 

+ and University of Toronto Institute for Aerospace Studies M3H 5T6 

* Culham Laboratory, Abingdon 0X14 3DB 
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The probe vertical position Ζ can be varied between one discharge and 
the next. Probe data was interpreted as a function of the distance 
between sensing element and the boundary r=Z -Z . 

P s 
Experimental Results 
Because of (a) the radial separation of the sensors on the probe housing 
and (b) the variation of Ζ -Ζ during a discharge, a radial profile of 
plasma temperature etc. could be obtained for each discharge. Fig 3 
gives an example of such radial profiles. The ion saturation current 
density ΙςΑΤ (particle flux density), electron temperature Τ and 
floating potential Vf for each element were obtained by fitting each 
50 ms Langmuir I-V characteristic to the function 1=1 [1 - exp (e(V-
Vf)/kT )] ; only data points for V - V, were employed since it was found 
that the I-V characteristic departed from true exponential behaviour 
above V , giving spuriously high values of Τ . Values of ion temperature 
Τ were deduced from measurements of the deposited heat flux density Ρ , 
Τ and I„.„. Plasma density was calculated from I_,_ = 0.5n c e where c 
=?k(T+T^m.]\ SAT 

e l ι 
The radial electric field was calculated from E = -dVf/dr+-r [(kT /2e) 
£n[(2TTm /m.) (l+T./T (1-6 )~2], where 6 is thercoefficient of secondary 

6 1 Ê S S 

electron emission. 

Fig 4 gives radial profiles of ΙςΑΤ for two sets of plasma current: 
I MMA (q =10-11) and V3MA (q =3-4). As can be seen the e- folding 
length of the profile for lower current discharges is about double that 
of the higher current shots. This is evidently a direct result of the 
change in connection length L=TfRq and the relation between the 
scrape-off and connection lengths: λ= (Dx/Lc ) . A value of Dx£0.5m2/s 
is thus obtained which agrees with spectroscopic (impurity transport) 
measurements on JET. 

Virtually no probe data was obtained within the last scrape-off width of 
the plasma boundary. Radial profiles of η (r) and Τ (r) were extended to 
r=0 by supplementing the probe data with spectroscopic measurements made 
at the limiters of heat flux (infra red camera) and particle flux (H 
emission). An example of such complete radial profiles is given in 
Fig.5. Since the magnetic flux lines for a typical discharge of b/a =1.5 
are radially compressed by a factors of 2 in going from the probe 
position at the top of the torus to the limiter position at the outer 
mid-plane, the radial scale in Fig 5 is about half that in Fig 3. 

Discussion 
Impurity generation. The impurity influx rates (carbori, oxygen, metals) 
from the walls and limiters are measured spectroscopically. The radial 
profiles of Fig 5 were used to calculate the carbon sputtering rate at 
the limiter due to deuterium ion impact and it was found that this only 
accounts for a fraction of the impurity influx. The measured influx can 
be accounted for by including impurity (0,C), sputtering. 

Impurity screening. The ionization of impurity neutrals entering the 
scrape-off layer, SOL, from the walls and limiters was calculated using 
Fig 5. Fig 5 was also used to calculate the rate of removal of 
impurities by convection to the limiters and diffusion into the core 
plasma. It was found that although impurity influxes from the walls and 
limiters can be comparable, the SOL effectively shields the core plasma 
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from the wall impurities. The shielding of the limiter impurities is 

partial. The known carbon generation rate at the limiters together with 

the profiles of Fig 5 give a carbon concentration in the core plasma of 2 

 4%, which is consistent with the spectroscopic estimates and 

measurements of Zeff (bremsstrahlung). 

Hydrogen fueling efficiency. The ionization of deuterium molecules 

entering the SOL was calculated using the profiles of Fig 5. A fraction 

of the ionization occurs in the SOL itself, reducing the fueling 

efficiency of the core plasma. 

Poloidal Ε χ B drifts. The radial electric field, M0
3
V/m, causes a 

■+· *· 

poloidal ExB drift of ^10
3
m/s which greatly exceeds the radial outdrift 

D_(_/A = 10m/s. If this poloidal drift varies poloidally it would result 

in the mix of plasma between adjacent flux tubes i.e. tubes which strike 

one of the four small (40x80 cm) limiters on the first pass and ones 
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which miss. This may explain the apparent existance of a single 

effective connection length on JET of L= TRq , rather than the 

multiplicity expected from the magnetic topology and limiter geometry. 

Parallelfield legradients and Edge Impurity Radiation. When the 

quantity Zeff Ln /T
 2
 10

1
 m

 3
eV

 2
 then parallel field T  gradients will 

exist along the SOL due to finite electron heat conduction
2
. When the 

quantity n L/T
 3 2

£10
16
m~

2
eV~

 2
, where n is the impurity density, then 

impurity radiation dominates the SOL energy balance
2
. The η , T 

profiles of Fig 5 indicate that both these criteria are approached for 

r
 £
 50 mm. The formation of MARFE 's which are observed in JET is 

believed to be associated with such effects
3
. 

Conclusions. Radial plasma profiles have been measured in the JET 

scrapeoff layer for ohmic discharges and have been found to explain 

observed impurity levels in the central plasma, as well as several 

properties of the scrapeoff layer. 
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Experimental Observations of Disruptions in JET 
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1 Introduction 

The main aim of JET is the study of plasmas in which α-particle heating is a 

significant part of the input power and this depends on reaching a value of 

the product n.T τ >5.10
21
m
 3
s i.keV. With ohmic heating alone all 3 

parameters are about a factor 3 too small. The maximum value of n reached up 

until now is 3.75 10
19
m
 3
 and limited by the high density disruption. It has 

been shown elsewhere that additional heating brings this limit up with a 

factor 1.5 to 2 which is not enough. Moreover it is undesirable to induce a 

disruption at every pulse when heating is switched off. Study of high density 

disruptions is therefore a key issue for JET. 

2 Disruption Database 

A database has been developed in order to document the occurrence of 

disruptions. For every disruptive pulse 16 plasma quantities are stored at 3 

moments in time: 

a) the moment of energy quench is undistinguishable from the start of the 

current quench and is defined as the plasma current data point where 

after dl/dt < -0.41; 

b) one time slice preceding a) because often diagnostics are wiped off 

during the energy quench. 

c) The start of the MHD-precursor (m=2/n=l) defined as the time slice in 

which the MHD-activity is twice as large as the average over the 

preceding second. 

3 Operational Window 

The database can be used for the construction of Hugill-diagrams. Fig. 1 

gives as an example the 1984 disruptions in the (1/q ) - (nR/B) plane. Two 

categories can be observed: 

a) disruptions connected to the rise phase or early flat-top: their 

probability is enhanced by increasing current ramp-rates [1] and shows a 

maximum around q =3.3 although these disruptions may occur at any 

q-value. 

b) high density disruptions. It is shown [2] that these disruptions occur 

when the radiative loss about equals the input power. Low Ζ radiation is 

dominant. The fact that also in JET these disruptions follow the well 

known diagonal in the Hugill diagram can be described by a simple model: 

assume that the input power is dissipated within the q=2 surface and the 
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radiative loss takes place outside this surface. When radiation is 100% 

of the input power a disruption will occur. If one takes the empirical 

dependence of the input power on B, q and dimensions and for the lowZ 

radiation the coronamodel predictions for the second "heliumlike" 

radiation peak one finds the following for JET: 

nR/B = 1.210
20
 B 

3/4 0.1 
ι
Ψ 

[ (
V
2 ) (Z

eff 
 1)] 

-h 
(D 

Curves of this dependence for typical values of Β 

the diagram 

and Ζ ,,,, are shown in 
t eff 

In 1985 the Murakami parameters obtained are about 20% 

higher than in 1984. The record value being 4.7 10
19
m~

2
T
_1 

without disruption at low B =1.7T and q,=3.2. 
r
 t

 Μ
ψ 

was obtained 

4 Precursors 

On a timescale of about 1 sec before disruption noticeable changes in the 

plasma edge can be observed: changes in the recycling pattern, i.e. reduction 

at the limiter, increase at the wall, increase in low Ζ radiation, increase in 

β 1+£./s. Often this leads to a development of a "marfe", sometimes to the 

development of a growing cool plasma mantle leading to a thermal collapse. On 

shorter timescales (100 to 500ms) an increase in MHD  activity mainly 

m=2/n=l leads finally to a disruption in most cases with the mode locking to a 

"standing wave", this modelock occurs always in the same toroidal location. 

This preference can either be explained by a toroidal asymmetry in the 

poloidal field distribution or by the fact that the position control acts on 

magnetic signals from one toroidal location. 
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Hugill diagram for 1984 disruptions. The drawn lines give the results of 

eq.(l) for a few combinations of toroidal field and Ζ „values. n
 eff 
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5 Energy quench 
From fast e.c.e - measurements [3] the width of the magnetic island can be 
estimated as being the width of the shoulder in the Te-profile at the q=2 
radius. A few ms before the final collapse the width starts to grow rapidly 
such that Te inside the q=2 surface decreases by several lOOeV and outside 
increases with a similar amount. This time scale is in good agreement with 
the scaling law [4]. Λ _/c 

(γΓ*»τ„ 3 / 5 . τ 2 / 5 , pol.Alfven 
However the final collapse occurs on a much faster timescale: Τ drops over 
the whole cross-section to a flat profile of about lOOeV within one data 
sampling time of 200usec. The data suggests that this collapse occurs when 
the magnetic island has grown so far that it either touches the limiter or 
contacts the q=l surface. 

6 Current-quench 

Depending on the magnitude of the energy quench and the plasma current 
level at disruption the subsequent current quench is "soft" (decay time around 
300ms) if the position control circuitry is able to maintain control by 
ramping down the vertical field fast enough. If the power amplifier comes 
into saturation position control is lost and the current quench is much 
faster. Current quenches up to-180MA/s have been observed. Fig. 2 
illustrates the difference between slow and fast current quenches by showing 
the magnetic surfaces as calculated from the magnetic diagnostics. In Fig. 3 
the influence of the voltage capability of the position control power 
amplifier on the I-value as function of the current value at the moment of 

a Slow disruption 
Pulse No. 2234 

Time= 5-13s 

Energy quench 

Time« 5-14S 

Current quench 

Time = 5-45s 

b Fast disruption 
Pulse No.2050 

Fig. 2 Examples of a slow 
and a fast current quench. 
The magnetic surfaces are 
reconstructed from magnetics 
by the ODIN-code. Note the 
blow-up during the energy 
quench and the loss of 
position in the fast quench 
example 
case a: 1=1.5MA; I=4MA/s 
case b: 1=1.9MA; I=56MA/s 
B =2.5T; q =4.8 for both, t ncyl 

Time = 727s 
Energy quench 

/ ' ''-*\\\\ \ Uv' ·:\\\\ 
I ' M 1 ' Π \·\ν.<> fl W;'// 

Time = 728s 

Current quench 

Time = 730s 
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disruption is shown. A high voltage capability (·) lowers I compared with a 

low capability (A). The ohmic driving voltage during the rise-phase is about 

4 χ larger than during the flat-top. Therefore the input power is higher 

which slows the current quench of rise-phase disruptions (x) down compared 

with quenches occurring in the flat-top or decay-phase. This again raises the 

chance that position control is maintained. 
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Paper 189 

Transport Analysis of JET Discharges 

M. Brusati, J.G. Cordey 

JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, UK. 

Abstract : Local transport studies of JET ohmically heated plasmas show that 

ion losses in the region r/a<2/3 exceed electron losses when the local electron 

density is greater than a critical value which increases with the plasma 

current I . 

Both ion and electron losses in the l<q<2 region are due to thermal conduction, 

the ion conductivity being several times neoclassical, the departure from the 

neoclassical value increasing monotonically with I . 

The total energy confinement time Tr of this region is up to l.lsec; Tr· scales 
0 6 

as n e ' , and no clear dependence on plasma current is found. 

I Local plasma energy balance 

Ohmic plasmas have been obtained in JET over a wide range of plasma parameters: 

1.7<Bt(T)<3.4; 1.0<I (MA)<4.0 ; 0.SxlO
19
<ñe(m

3
)<3.6xl0

19 

2.0<Te(keV)<7.0; 1. 5<T±(,iieV) <3 .0 ; 2<Zeff<5 

The plasma balance is calculated at several time points during the current flat 

top by the 1¿D time dependent transport analysis code JICS. The current and 

mean density waveforms have a flat top of at least 5sec. The high current 

discharges (Ip>3MA) do not reach a steady state, the surface voltage exceeding 

the resistive voltage on axis means that inductive effects have to be taken into 

account when analysing the plasma equilibrium. 

The ion and electron energy equations are solved in the flux surface geometry 

which is determined from the magnetic data and the equilibrium identification 

code IDENTB [1]. Other diagnostic information input to JICS include the 

electron Te profile from ECE, density ne from 2mm and FIR interferometry, ion 

temperature T¿ from cx and neutron yield, radiation losses from bolometry, 

effective ion charge Ze^£ from visible bremsstrahlung ; information on the 

average ion speciesis obtained from VUV and visible spectroscopy, and on 

particle recycling at the edge from Ha monitors. The results presented here 

are restricted to che region of the plasma where the radiation is small; this 

extends up to 2/3 of the average plasma minor radius. Thus more than 150 

discharges were analysed to cover the above range of parameters. 

In JICS the ion energy equation is given by : 

dE. 

= P . + P + P + P 
dt ei ex cv cd 

The electronion coupling P e i is assumed to be classical; the convection Pcv 

is determined from the particle balance and the charge exchange term Ρ relies 

on the self consistent calculation of the neutral density profile; this is 

computed by the code FRANTIC [2]; the boundary neutral flux is given by the 

HQ intensity. 

The conduction term Ρ . is derived from multiple times of the neoclassical 

cd 
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conductivity; the results presented here have been obtained using the Chang-
Hinton formulation of the conductivity [3]. Equation (1) is solved for T. 
adjusting the multiplier until agreement is found between the calculated 
central ion temperature and the measured one. 

Results of the analysis are shown in fig.la for a I =4.OMA, Bt=3.4T plasma; 
ion losses are due mainly to conduction, Ρ and P c x being negligible. To 
reproduce the measured central ion temperature it is necessary to use a large 
multiplier for the ion conductivity. The "anomalous" ion transport, including 
MHD driven ion losses [4] within the q=l region, can be up to an order of 
magnitude higher than neoclassical, the departure from neoclassical increasing 
with plasma current. 

3. 
Ρ 
MW 

2. 

4788 

Ro y ^ ^ ^ 
I L : £ - - — ^ 

γ 

^ pcd 

1 
4. R 

Fig.la Fig.lb 
This treatment of the ion heat diffusion does not allow any further conclusion 
on its nature but the relative importance of electrons and ions in plasma con
finement can be investigated by comparing P e i with the main electron losses. 

The electron energy equation is: 
dE0 

dt P0H + PRAD + Pei + Pcv + PCD + Piz (2) 
PRAD i s t h e r a d i a t i o n loss, Pcv the convection, defined similarly to the ion 
term, P. the ionization term. ' iz 

The ohmic term P Q H is computed from the local current density and electric 
field, derived from the time derivative of the poloidal flux [1]. In JET the 
resistive voltage is 0.5-0.8V on axis, increasing with poloidal flux to 1.-1.5V 
at the plasma edge, resulting in up to 3.2MW coupled to the electrons at I = 
4. OMA with Zeffa-3.0. 

Equation (2) is solved for the electron heat diffusion term Ρ 
balance is shown in fig.2a for the same discharge as in fig.l 
is lost mainly by coupling to the ions and heat conduction 

CD' The power 
The ohmic power 

The role of electrons and ions in plasma confinement is assessed by comparing 
electron heat losses P® with Pei- This is shown in fig.3 where Pcn/Pei i s 

plotted for a large number of discharges against local electron density for 
various currents at Bt=2.5 and 3.4T. The scatter of the data reflects the 
uncertainty on the ion neoclassical term, most of which is due to experimental 
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errors in the region outside the plasma volume considered 

which P® /P .=1 increases with I 

The density at 
L9
m"

3
 at I =2MA to L·.xlO19m~3 

at I =4MA, apparently saturating at high current. No toroidal field depend 

enee can be resolved within the data scatter. 
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τ_ = 
3 
2 

„(η Τ + η Τ )dv V e e i i 

OH 
2 Α. 
2 dt ίν<» Τ + η Τ )dv e e i i 

Density scans were performed on JET at different Bt and I values. No clear 
dependence was found for the confinement of the inner plasma on I , in con
trast with previous results [5]. The scaling of Tg with density is shown in 
f ig. 4; TE appears to scale as ne°'6 ; uncertainties at higher densities CV30%) 
are related to higher ion losses. 

tau-e vs. A ' n"ALPHA at Bt=2.5 Τ and Bt=3.4 Τ 
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Summary 

It is found that in JET ohmic 
plasmas, ion losses exceed 
neoclassical values and 
become dominant, at higher 
plasma currents, at lower 
electron densities than 
previously reported [6], The 
total energy confinement time 
in the radiation free region 
of the plasma scales less 
than linearly with η , 
without saturation effects 
at higher densities. No 
clear dependence is observed 
as yet on plasma current and 
toroidal field. 
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POLOIDALLY ASYMMETRIC EDGE PHENOMENA IN JET 

J O'Rourke, D Campbell, B Denne, A Gondhalekar, Ν Gottardi, Η Krause*, 

G Magyar, M Malacarne, F Mast*, Ρ Morgan, M F Nave, F C Schüller, 

M Stamp, D Summers 

JET Joint Undertaking, Abingdon, 0X14 3EA, UK 

* On attachment from IPPEuratom Association, 8046 Garching, RFG 

ABSTRACT 

JET discharges near the density limit frequently form a region of highdensity 

strongly radiating plasma localised at the plasma edge, on the small major 

radius side. A detailed description of such an event is presented. The onset 

of such an event coincides with a decrease in the kinetic energy content of 

the discharge. The asymmetric state initiates a transition of the discharge 

to a new poloidal symmetric state characterized by high edge radiation and 

decreased interaction with the limiters. The concomitant modifications of the 

density and energy dynamics of the discharge are observed. 

INTRODUCTION 

In this paper we present observations of the formation and evolution of 

regions of high density and enhanced radiation localised at the edge of JET 

plasmas, on the small major radius side. Similar events in ALCATOR C 

discharges [1] have been termed 'marfes' and the same designation is adopted 

here. 

'Marfes' in JET occur near the density limit of the operating regime (see 

Figure 1). They have been observed to form during all phases of JET 

discharges: current rise, flattop and decay. No correlation has been 

observed with details of vessel conditioning history. Beyond the general 

characteristics mentioned in the proceeding paragraph, 'marfes' exhibit a 

varied phenomenology. For consistency we shall concentrate in the following 

on a typical 'marfe' which occurred during pulse 3428. Important differences 

with observations of other 'marfes' in JET will be pointed out. 

STRUCTURE 

Figure 2 shows the position, in a poloidal plane, of the 34 chords of the 

bolometer arrays and the 7 vertical chords of the far infrared interferometer. 

These diagnostics are separated toroidally by 135°. Also shown is the plasma 

boundary (deduced from magnetic measurements) for pulse 3428 (at t=10 s). 

Figure 3 shows the time evolution of the plasma current, the line integrated 

electron density along 3 interferometer chords, the poloidal ß and the radial 

position of the inside plasma boundary at z=o. The radial position of the 

outside plasma boundary is at the limiter. At 10.1 seconds, the line 

integrated density on the innermost chord (R=1.883 m, 0.1 m inside the plasma 

boundary at z=o) rises by nearly 10 m in 300 msec. This event is clearly 

poloidally asymmetric (as no corresponding change occurs on the outer 

interferometer channels) and is not due to motion of the plasma boundary. 

Figure 4 shows the evolution of bolometric and spectroscopic signals. 
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Comparison of signals from single bolometers situated toroidally around the 
plasma confirms that the 'marfe' is axisymmetric. At its onset the 'marfe' is 
most pronounced on channels V12-V14, UH2-UH6 and LH1-LH4. By referring to 
Figure 2, one deduces that it is localised poloidally between 9=145° and 
0=210°. Figure 5 (however taken from a different pulse) shows the relative 
increase in several spectral line intensities during a 'marfe' as a function 
of the ionization potential of the emitting ion. Probe measurements yield a 
temperature at-the plasma boundary of about 50 eV. The enhancement of lines 
with ionization potentials of about 100 eV shows that the 'marfe' is situated 
within the plasma boundary. Localisation of the 'marfe' inside the plasma 
boundary permits us to interpret the line integrated density as a mean density 
in the 'marfe' of at least 1.2x10 m . The density at the centre of the 
discharge is 2x10 9m . The line-integrated density through the 'marfe' 
location exhibits large (10%) modulations both prior to and during the 
'marfe'. 

DENSITY DYNAMICS AND TRANSITION TO A hEU POLOIDALLY SYMMETRIC STATE 
The increase in poloidal $ during the current decay is arrested when the marfe 
occurs (see Figure 3). The increase in the rate of loss of kinetic energy 
which this implies can be interpreted as due to the increased rate of loss of 
bulk plasma particles. 

A horizontally viewing analyser in the mid-plane shows a large (̂ oc2) 
enhancement of the neutral particle efflux at all measured energies (2-15 keV) 
during a 'marfe' (see S Corti et al, this conference). D light from the 
initial 'marfe' location is not monitored in this pulse, but as the 'marfe' 
spreads into the line of sight of vertically viewing D monitors, an increase 
in D light is observed. This supports the hypothesis that there is an 
increased source of neutrals at the wall. 

The end of the 'marfe' usually coincides with a sudden increase in C III 
signal (Figure 4) and a burst of D light from the inner wall. The radiation 
asymmetry subsides by spreading poloidally beginning at about 10.5 sec. This 
is best seen on the vertical bolometer channels (Figure 4). At about 11.3 sec 
this asymmetry is no longer observed and the 'marfe' is terminated. The 
density asymmetry, evidenced by the innermost interferometer channel, subsides 
simultaneously with the radiation asymmetry. 

The end of the 'marfe' coincides with an increase in the total radiated power, 
and a progressive shrinking of the radiating shell away from the plasma edge. 
The electron density profile also becomes increasingly peaked. Figures 6 and 
7 compare the density and radiation profiles at 10 sec (before the 'marfe') 
and 12 sec (after the 'marfe'). 

The D and C light measured at the vessel wall continue to rise, while that 
at the limiter decreases, indicating that the wall is becoming a relatively 
more important source of electrons compared with the limiters. We refer to 
this as detachment from the limiters. 

Taking as definition of the global particle confinement time, τ , the equation 
Ν P 

N = + φ + φ + φ 
where Ν is the total number of electrons, and φ?, φ and φ are the limiter, 
wall and external fluxes, assuming that the wall flux is uniform everywhere, 
and accounting for the presence of impurities, we obtain τρ = 0.60 sec before 
the 'marfe' and τρ = 0.93 sec after. No attempt is made to estimate the 
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confinement time during the 'marfe', since the assumption of uniformity is not 

valid. 

This change in plasma behaviour can be seen very clearly in the evolution of 

the discharge in the Hugill diagram (Figure 8). At the end of the 'marfe', 

the Murakami parameter begins to increase, and the discharge evolves towards 

the density limit. 

Not all 'marfe' events lead to detachment of the plasma from the limiters, 

although this is often the case. Further elucidation of such a bifurcating 

process requires a more detailed knowledge of the parameters at the plasma 

edge. 

CONCLUSION 

In the 'marfe' state, a discharge is characterised by poor particle 

confinement. The end of a 'marfe' frequently signals the transition to a 

state of increased particle confinement and decreased interaction with the 

limiters. 

[1] Β Lipschultz, Β La Bombard, E S Marmar, et al., Nuclear Fusion, Vol.24, 

No.8 (1984) 997. 
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VOLT-SECONDS CONSUMPTION OF JET DISCHARGES 
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tGA Technologies, San Diego, CA 92138, USA 

Introduction 

JET has been designed to contain plasmas where α-particle heating is a 
significant part of the power balance. To do this it must be capable of 
operation at high enough plasma current to trap the 3.5MeV α-particles and for 
long enough for them to slow down and impart their energy to the plasma. The 
full performance specification of the device was for 4.8MA plasma current. 
This has recently been exceeded, albeit with little flat-top. The behaviour 
of other limiter tokamaks with intense additional heating indicates that still 
higher current might be necessary to obtain the thermonuclear yield required 
for an observable level of α-particle heating. Therefore the volt-seconds 
consumption of JET discharges is of interest because it will, in part, 
determine the ability of the machine to meet its design goals. Also the 
performance of JET should guide the design of the next generation of machines 
such as INTOR and NET. 

JET has operated at plasma currents in the range 1-5MA, toroidal fields 
1.3-3.4T, elongation ratios 1.05-1.85 and mean densities 0.75-3.5xl019m 3. 
The minor radius was typically 1.16-1.22m corresponding to major radii 
3.01-2.95m. Most discharges had the same start-up conditions and so were used 
to determine the dependence of the flux consumption on the flat-top 
plasma-parameters. A smaller selection of discharges, in which the break-down 
voltage and current ramp-rate were varied have been used to determine the 
sensitivity of the flux consumption to these parameters. 

Volt-seconds Consumption at the End of the Flat-top 

Two codes have been used to fit parameterisations of the plasma current 
density to the magnetic diagnostic signals. The internal inductance I and β 
can be separated reliably when the elongation ratio is M . 3 . The FAST codeflj 
uses an analytic expression for the separation and is routinely used on all 
JET discharges of more than IMA. 0DIN[2] solves the Grad-Shafranov equation 
with a four parameter representation of the current distribution. It is only 
used for single time-slices of a small number of discharges. The results from 
both codes show that £ depends only on q =2AB /yol R, where A is the 
poloidal cross-sectional area. Most of the points group together very tightly 
except for those with b/a<1.3, where the value of I is not reliable. I is 
well represented by 

I -\» 0.9 + 0.05q - . (1) 

The ODIN results yielded an estimate for the flux difference between the 
magnetic axis and the plasma surface. This was found to be related to the 
internal inductance by 

ψ. ^ μο I R (£ /2 + 0.3) (2) 
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When equation (2) was compared with the volt-seconds consumed at the end 
of the flat-top, it was found that a simple model described the resistive 
consumption on axis, 

Ψ Γ = V£(0)t + * M , (3) 

where V is the loop voltage on axis at time t near the end of the flat-top 
and ψ, is a ''breakdown" loss. The flux swing measured at the plasma surface 
is compared with ψ.+ψ -ψ, , in figure 1. The model for the resistive loss gave 
surprisingly good agreement with the data considering that V (0) was taken 
constant and the current penetration was not complete in many of the high 
current, high field discharges, ψ, , was found to be typically l-3Wb. The 
points with the largest flux swings include 2MA discharges with a total pulse 
duration of 20 seconds to the end of the flat-top and a 5MA pulse with little 
flat-top. 

Dependence on Breakdown Voltage and Current Ramp-rate 

The dependence of the volt-seconds consumption on breakdown voltage has 
been determined by varying the premagnetisation current of the ohmic primary 
and measuring the total flux swing at the end of the flat-top of 2MA 
discharges. At breakdown the premagnetisation current is diverted through a 
resistor across the primary whose value determines the breakdown voltage and 
decay time. As a consequence, increasing the breakdown voltage with the 
resistance fixed also increased the plasma current ramp-rate. Therefore the 
flux consumption of a series of discharges with constant breakdown conditions 
and a varying ramp-rate was studied to separate the two effects. 

The total flux-swing is plotted against breakdown voltage in Figure 2. 
The filling pressure was increased in proportion to the breakdown voltage. It 
may be seen that as the breakdown increased from 8 to 27 volts the flux 
consumed went up by 2.5Wb. Since the 2.5Wb loss corresponds to one third of 
the extra flux obtained by raising the premagnetisation current, this limits 
the plasma current that is achievable. 

The effects of varying the current ramp-rate after breakdown are 
illustrated in Figure 3. The flux consumed at the end of the current rise and 
the end of the flat-top is plotted against ramp-rate. The flux is a 
decreasing function of ramp-rate at the end of the rise because of the drop in 
inductance and the reduced time for resistive dissipation. However at the end 
of the flat-top this difference has disappeared because the current has 
penetrated. The "path independence" of the flux consumption has been 
confirmed in other discharges where the current was increased half-way through 
the flat-top. We would conclude form this that the increased losses during 
the breakdown voltage scan occurred at breakdown and not in the current rise. 

Summary and Conclusions 

It has been found that the total flux consumption of a JET discharge is 
well represented by a simple model for the internal flux and resistive 
consumption on axis (see Figure 1). To a good approximation, the flux 
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consumed after current penetration is complete is independent of the current 

ramp-rate up to 2.OMA.s *. Lowering the breakdown voltage from 27 to 8 volts 

saved 2.5Wb. 

Under n 

current is u 

raise the pi 

losses. The 

limit on the 

seconds flat 

the future d 

simple model 

is possible 

ormai operating conditions, only half the maximum magnetising 

sed. A further increase of the magnetisation current does not 

asma current significantly because of the increased breakdown 

flux that is unavailable because of the extra losses and the 

maximum stable current ramp-rate amounts to some 8 Wb or 10 

-top at 5MA, 3.4T. Making use of this flux is now the main aim of 

evelopment of the JET ohmic heating circuit. The success of the 

for flux consumption encourages us to believe that 7MA operation 

in JET with β M . 
Ρ 
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Introduction 

The evolution of a plasma pulse in JET can be described by defining a number 

of phases and transitions between them (TABLE I). In the following the 

experimental conditions for successful transitions will be given and it will 

be shown that skin current effects are important. 

Breakdown/Townsend Phase 

The only two necessary conditions to enter this phase are: 

a) A poloidal field null should be somewhere in the vessel. This 

requires an accuracy of the vertical field control of 2.10 T. 

b) Ε /ρ > 5·IO
3
 Vm"

1
 mbar"

1 

Whilst obtaining some breakdown is not difficult, the sustainment and 

transition to the next phase was not always successful. The usual predictions 

of the charged particle loss rate along magnetic field lines intersecting the 

vessel wall allows for JET a ratio of Bi/B^ of 10 . In reality for 

sustainment it is found that the area within which Βχ/Β <10 must be a 

substantial fraction of the vessel crosssection. These requirements became 

even more stringent when the vessel was dirty. Lowering the prefill in order 

to raise Ε /ρ didn't help, but increasing E was very effective. This lead to 

the hypothesis that it was not the lossrate which was too high but the 

ionisationrates which were too low compared with expectations. It is a well 

known effect in gaseous discharges that inelastic electronimpurity collisions 

deplete the high energy tail of the electron velocity distribution thereby 

lowering the ionisation rate for a given E/p. The condition to reach the next 

phase can only phrased qualitatively: 

c) the applied loop voltage should be large enough to ensure sufficient 

ionisation in the presence of impurities and the crosssectional 

area within which Βχ/Β <10
 3
 should be at least substantial. 

Cold Coulomb Collisions Phase In contrast with the preceding phase here it is 

the energy balance which controls the evolution since the plasma has to burn 

through the low Ζ radiation barrier. Only rarely does this phase fail to 

reach the next phase but the quality of the plasma can affect the success of 

further stages. Depending on wall conditions one can raise I from near to 

zero to 5MA/s by decreasing the prefill, increasing Ε , or increasing the 

aperture. However too large I leads to excessive MHDaçtivity, strongly 

hollow Teprofiles and extra impurity influx. Too low I costs V.sec. [1]. 

Emperically it is found that: 

d) a successful end of the cold radiative phase is obtained by tuning 

prefill and initial aperture such that with given loop voltage the 

resulting I is between 2 and 3 MA/s. 
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Magnetic Field Diffusion Phase - Inward. In this phase the current ramp-rate 
has been varied under different conditions: constant/expanding aperture, 
constant/ramped toroidal field, low/high 9n/3t: 

with constant aperture and Β current ramp-rates up to IMA/s didn't show 
MHD-activity nor anomalous penetration [2], Above IMA/s some MHD can be 
observed but not enough pulses are available yet for extensive study. 
Scaling experiments in ASDEX [3] predicted MHD-activity and anomalous 
penetration from 0.8MA/s upwards and disruptions above 1.3MA/s. 
With expanding cross-section ramp-rates up to 2MA/s didn't show any 
MHD-activity. In these pulses q was kept close to constant. Similar 
effects could be obtained by simultaneous ramp of I and B . Both methods 
require some extra initial V.sec. because of low initial q , but the 
overall gain in flat-top duration is still positive. 

- strong inward diffusion of particles has been observed which means a 
VxB-term in Ohm's Law of near equal magnitude to the applied E . 
Simultaneous ramp of η and I seems to facilitate simultaneous inward 
diffusion of particles and field. 
e) strong gas introduction is beneficial but the density limit is 

somewhat lower than in later phases and should obviously be avoided. 

Relaxation Phase. In this first part of the flat-top net inward particle 
diffusion stops and the VxB-term in Ohm's law becomes neglectable. Skin 
current effects die down on a timescale between 1 and 4 seconds: £ still 
increases; the sawtooth inversion radius continues to increase; the shaping 
coil current has to increase to keep the elongation constant. An increase and 
then decrease of MHD-activity is noticeable (see Fig. 1) if I was large in the 
preceding rise-phase. Seemingly the profile relaxes from one stable situation 
with skin-current to another stable one without skin current by passing 
through an unstable situation. Quite often this passage leads to a disruption 
just about 1 sec into the flat-top: 

f) Ramp-rates above IMA/s with constant Β and aperture during the 
rise-phase enhances the chance of disruption in the early flat-top. 

Stationary Phase: The confinement results obtained during this phase are 
described elsewhere [4]. Sometimes the relaxation took so much of the 
flat-top duration that no stationary state was reached. 

Diffusive Decay Phase In this phase skin-effects as well as outward particle 
and energy diffusion are coupled: 

o high values of Λ=β +£ / >2; 
o sawteething goes on for seconds during current-decay; 
o the density decreases proportional to I with no change in profile; as in 

the rise-phase this means that VxB is very important in Ohm's Law and for 
the magnetic field diffusion rate; 

o close to the high density limit sometimes "marfes" occur i.e. strong 
poloidal asymmetries in density and radiation distribution. These change 
the density decay markedly and might initiate a high density disruption [5' 
See Fig. 1 at t=15.5. 
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Table I 

Evolution of JET Pulses showing correspondence between 

control technical phases and physics processes. 

Machine Control Phases 

t0.0

Physics Process Phases 

t=0.0· 

Fast Rise:o no current feedback 

Ohmic drive by V=V exp[t¿t ] 

6<V<30; 0.2<t <0.85s; l<î<5MA/s 

no density control before t=0.2 

filling pressure 10
 5
10 VbH /D, 

position control when I>100kA 

0.4<a<1.0 

mostly constant Bï0.15<B <3.4T 

sometimes B=0.5T/s 

Breakdown/Townsend Phase 

o ionisation by electron neutral 

collisions competes with particle 

loss along_field lines 

o I <100kA; n<10
18
m~

3 

t=0.020.05

Cold Coulomb Collision Phase: 

o low Zradiation competes with 

ohmic input 

I <300kA; n<10 
Ρ __L__ 

19
m
 3
;T<50eV 

— t=0.10.3

t=0.40.8

Slow Rise:o current feedback 

requested 0.2<K2.0MA/s 

o density feedback:0.1<ή<1.1019m 3¡ 
o position and shape feedback: 

expanding aperture a=0.8»1.2m 

o toroidal field normally constant; 

1.3<B <3.4T sometimes B=0.5T/s 

 t=2.56.0

Magnetic DiffusionInward: 

o inward diffusion of Β , 

particles and energy 

o diffusion equation coupled: 

VxB not neglectable in Ohms Law 

o classical or anomalous skin 

diffusion 

 t=2.56.0

Flattop: 

control facilities identical to 

Slow Rise with appropriate control 

parameters kept constant 

Relaxation Phase: 

o magnetic diffusion without strong 

driving terms 

t=(2.56)+(l4)— 

t=8.020.0

Stationary Phase 

o timederivatives small in balance 

equations 

o at a high current this phase 

cannot be reached 

t=8.020.0 

Termination:o no current feedback Diffusive Decay Phase 

Ohmic drive negative due to coil 

resistance :1.5<V<0;KI<0.3MA/s 

no density control: all gas feed 

stopped 

full position and shape feedback 

toroidal field decoy with 

t=12.025.0

o 

o 

o 

o 

o 

o 

outward diffusion of Β , η and Τ 

again strong skin effect: 

high Λ=β +£./2>2 

n
Œ
I unless marfes" 

again VxB important 

surplus particles pumped by wall? 

t=12.025.O

End of Plasma: I =0 
Ρ 
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Fig.1. The evolution of pulse 5507:I(t) and n(t) as given; B =3.4T; R=2.98m; 

a=1.20m; b/a=1.47; T (t=10)=3.5KeV. Note the MHDactivity during: a)fast

rise; b)slowrise when I>1.0MA/s; c)the relaxation phase; d)the termination 

phase when a "marfe" has spoiled the density decay. 
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IMPURITY SOURCES AND IMPURITY FLUXES 
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INTRODUCTION 
Spectral lines from hydrogen and low ionization stages of impurities (C, 0, 
CI, Cr, Ni) have been studied routinely in JET by means of visible 
spectroscopy. The plasma light, collected along selected chords terminating 
on the upper torus walls (vertical chords) or on carbon limiters or an RF 
antenna (horizontal chords), is relayed to spectrometers or narrow band 
interference filters outside the torus hall by about 100 m long optical 
fibres. Since the use of fibres restricts the wavelength range to λ > 380 nm, 
a close coupled spectrometer is mounted on the torus, viewing a carbon limiter 
in the extended range down to about 200 nm. Calibrated signals from these 
instruments are used for determining the local influxes Γ of hydrogen and 
impurities from walls and limiters, and for calculating the integral fluxes φ 
by multiplying by the respective areas. 

METHOD OF ANALYSIS 
The neutral particles are ionized in a narrow shell at the plasma periphery. 
Under the usual conditions of negligible recombination, the ionisation rate 
per unit surface area, integrated over the shell width, equals the neutral 
influx density Γ . Since ionisation and excitation rates are closely 
correlated, Γ may be derived from the line-of-sight intensities of neutral 
line emission, essentially by multiplying the number of photons by the ratio 
of ionisation coefficient S over excitation coefficient X. Within certain 
limitations, spectral lines from low ionisation stages can also be used for 
flux measurements. The results are less localised and corrections must be 
made for losses in lower ionisation stages. According to transport 
calculations, these corrections are small for limiter fluxes and about a 
factor of two for wall fluxes in the cases discussed here. 

The majority of the observed atoms and ions have metastable levels with high 
statistical weights in an alternative spin system from that of the ground 
level. Therefore, the influxes of ground state and metastable state particles 
have been measured separately. This is done by analysing lines of the 
different spin systems, relying on the fact that excitation rates within a 
spin system are much larger than inter-system excitation rates. According to 
the present analysis, the population of metastable levels in 0 II, 0 III and C 
III is comparable to the ground state population, while it is much lower in C 
II and Cr I. In the latter cases it appears sufficient to investigate the 
ground state system only, in order to obtain the influx density. 

The excitation rate coefficients required, mainly non-dipole transitions, were 
calculated by an atomic physics code. In some cases, the results are 
confirmed by more elaborate treatments available in the literature (eg Mann 
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ΠΙ for C II). Ionisation rate coefficients are taken from Lotz HI. As an 
example, Fig.l shows the S/X ratio for C II 657.8 mn (ground state system), C 
II 514.5 mn (metastable system) and Cr I (ground state system) as a function 
of temperature. In the analysis, temperatures for the plasma boundary have 
been taken from ECE and Langmuir probe measurements. 

RESULTS 
As demonstrated-by the signals in Fig.2, the influxes of hydrogen and light 
impurities (C, 0, CI) scale roughly with η 2. They are insensitive to the 
plasma current I . This means that light impurity production does not depend 
on temperature but on the number of recycling hydrogen particles. Throughout 
the JET operation period, φ was in the range 10-20% φ , with about equal 
contributions from walls and limiters. For oxygen, wail and limiter fluxes 
were also found to be about equal, but their magnitude waŝ  much more variable, 
ie φ ^ 20% φ after a major opening of the torus and φ ^ 2% φ after long 
operation and repetitive carbonisation of the vacuum vessel. During the JET 
start-up phase, chlorine influxes were observed, which were comparable to the 
hydrogen fluxes, φ . decreased rapidly during operation and as a consequence 
of cleaning methods; it is now below 1% φ . All light impurity influxes from 
the top and bottom of the vessel increased substantially with reduced 
plasma-wall distance, ie large values of the vertical plasma dimension b. 
This behaviour is shown in Fig.3. 

The carbon limiters have been identified as the main source of metal 
impurities in JET. During the first weeks of operation with new carbon tiles 
metal influxes from the limiters were not measurable. Later on, the graphite 
was coated by wall material (Inconel 600) as a consequence of tokamak 
operation and glow-discharge cleaning. Then, metal fluxes of 2% Φ were 
observed for η =2.10 9 m and I =2 MA. This production yield canle^ 
explained by a combination of hydrogen and impurity sputtering at Τ ^ 100 eV, 
even if the carbon surface is only partly covered by metals. The metal 
influxes increased with I and, as shown for chromium in Fig.2, decreased with 
η . The signals from the torus walls were usually below the detection limit, 
ie less than 10% of the limiter fluxes. 

The consequences of pulse-discharge-cleaning (PDC, 12000 pulses) and of 
carbonisation of the vessel walls are demonstrated in Fig.4. Carbon and 
oxygen fluxes were lower after PDC, but higher chromium signals indicated an 
increased metal deposition on the limiter surface. Carbonisation lead to a 
substantial reduction of oxygen, chlorine and chromium signals. Although the 
carbon flux was higher, the resulting plasmas were cleaner as demonstrated by 
lower Ζ values from visible bremsstrahlung and radiated power. Because of 
the latter fact the limiters heated up to temperatures of 1700 Κ and a sudden 
increase in metal influx was observed, which is attributed to metal 
evaporation. During these limiter temperature excursions the carbon influx, 
as derived from C II signals, followed the electron density in the usual way. 
There was no indication of the existence of chemical sputtering expected to 
occur around carbon surface temperatures of 900 K. On the other hand, the 
high carbon yield measured could be indicative of a temperature independent 
chemical release mechanism. 

During ICRF heating of JET plasmas, the limiter fluxes of deuterium and light 
impurities behave normally, ie scale with η 2. However, the wall fluxes 
increase substantially and approximately linearly with RF power, as shown in 
Fig.5. For Ρ ^ 5 MW, the deuterium wall flux is about 5 times higher and 
the carbon wall flux is 7 times higher than before RF. Impurity influxes from 
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the antennae show the same behaviour as the limiters, but with an additional 
small power-dependent influx when the antenna is active. From these results, 
an increase in light impurity content in the plasma must be expected, which 
may only be small due to the efficient screening of wall influxes. Metal 

Ζ ,.,_, measured from eff bremsstrahlung, shows very little increase during RF heating. 
influxes appear to be almost unaffected by RF heating, 

All the results and trends of impurity influxes, discussed in this paper, are 
in good agreement with the impurity density behaviour in the plasma interior, 
as described in "Spectroscopic Measurements of the Impurity Content of JET 
Plasmas with Ohmic and RF Heating", B Denne et al, at this conference. 
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Fig.3 : Variation of carbon influx 

with plasma height b. The vessel 

wall is at 2.1m. The data was taken—: 10

during the current flattop, where 

I = 3MA, Β = 2 . 6 T , a =1.16m. 
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Introduction 
During the first six. months of 1985 the four types of different RF antenna 
configurations [1] were tested on JET. The antenna preformance in terms of 
coupling efficiency and plasma heating was investigated. In this paper we 
present the results on plasma-antenna coupling and also discuss the modifica
tion of scrape-off layer by RF power. The coupling resistance was measured as 
a function of plasma-antenna distance at different plasma densities, magnetic 
fields, frequencies and power levels. The experiments were performed in a 
deuterium plasma with Helium and Hydrogen gas as minority species. The 
resonances of RF field in the toroidal cavity were observed when the minority 
concentration was varied. The maximum power delivered to the transmission 
line, when operating both antennae was 5.5 MW. 

Coupling Efficiency 
To assess the overall efficiency of the antenna performance, two antennae 
were investigated. First antenna with two conductors can be phased either in 
monopole or dipole configuration (A01M, A01D) while the second one, having 
four conductors, can be phased either as dipole or quadrupole, i.e,. A02D and 

R [Λ]Γ 
R 

Fig. 1 Radiation resistance spectra for the A01 monopole, A01 dipole, 
A02 dipole and A02 quadrupole antenna configurations. The 
spectra are symmetric about η = 0. 
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A02Q. The radiation resistance spectra corresponding to the four antenna 

configurations are shown in Fig.l as function of the toroidal mode number n. 

The variation of R at low n values are due to the coaxial modes. At present 

there is no evidence that these modes are excited in JET and when comparing 

with experimental data, these modes are excluded from model. The coupling 

resistance was measured by the directional couplers on the transmission line 

and includes the line and antenna losses R = R + R. ̂  0.6 Ω (at 33 MHz). 

The resistance ,of the 80 m long transmission line is R. ̂  0,35 Ω. The power 

coupling efficiency becomes η =
 p

p i/
p
G e n = 1

 R
s/

R
c> where Rc=2 Ρ (Z /V L )

2
. 

Here Ζ = 30 Ω is the characteristic impedance of the line and VL is the 

maximum voltage. Each antenna is powered by two generators and thus the power 

R c [ i l ] 
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Fig. 2 Coupling resistance as a function of distance antenna screen

limiter plasma surface. 

delivered per unit becomes Ρ (MW) = R (Ω) when the maximum voltage on the 

line is VL = 30 kV. The coupling efficiency at δ = 3 cm ranges from η = 

4060% for quadrupole, 8092% for dipole and 9296% for monopole configura

tion. The tuning is performed close to the generator. The coupling resis

tance as function of distance screenlimiter plasma surface is plotted in 

Fig 2. The measured resistances are averaged over the duration of RF pulse 

(typically 12 sees). The indicated range of values reflects the variation 

of plasma densities over the whole period of operation, i.e., the average 

density being in range <n > ̂  1.3  3.4 χ 10
19
 m

3
. The inverse dependence 

of coupling resistance on δ is clearly seen. The plotted values apply to 

the D(H
 3
) operation at frequency f = 33 MHz. The 3D theoretical coupling 

model [2] predicts the measured values with a fair accuracy. The low 

coupling achieved by the quadrupole antenna could be attributed to the uncer

tainty about the current distribution in the antenna conductors. Using the 

prematching stubs close to the antenna, which lower the voltage and therefore 

the losses of the line, allow for 2 MW of RF power delivered to the quadru

pole antenna system. The coupling efficiency in this case becomes η = 0.75%. 
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Fig. 3 Coupling resistance, power delivered by generator and plasma 

line density evolution during the RF pulse. 

The low values of coupling resistance at δ = 2 cm were obtained during 1 day 

operation with typical line density being in the range Jn dl ̂  45 χ IO
19 

m
 2
. Because the antenna was acting as limiter, the scrapeoff density 

efolding length was λη _· 0. The coupling resistance is not sensitive to the 

RF power level as can be seen from Fig 3. The power was increased in 4 steps 

up to % 2 MW. The plasma line density increases by ̂  15% while the coupling 

resistance remains practically constant. 

Scrapeoff Layer 

During the operation it was observed that the coupling resistance is a funct

ion of plasma density measured before the application of RF, as shown in 

Fig 4. There is an indication that, in JET the discharges with higher den

sities tend to have a flatter profile. One might be tempted to correlate the 

coupling resistance to the average density and/or to the flatness of the 

density profile. However, the calculations indicate that the most important 

parameters are the density at the plasma surface defined by limiter and the 

scrapeoff. The resistance increase J; 0,7 Q per 10 !9 ™
 2 

m of the line density 

(measured at the central chord) should be attributed to the corresponding 

increase of n(a). During the RF pulse the density increase is a function of 

RF power and can become A/nedl/Jnedl ^ 40% with Ajnedl _/ 2.3 χ 10
19
 m

2
 in 

the discharges with carbonized wall. The remarkable result is that the 

coupling resistance during the RF pulse is not correlated to this density 

increase. We suggest that η(a) is not increased correspondingly which could 

be explained by the locally Rf enhanced particle diffusion due to the 

increased fluctuation level or by the recycling due to the fast neutrals. The 

difference between the resistances observed during the D(H) and D(He ) opera

tions at 33 MHz cannot be explained only by the change of the magnetic field 

which is required to maintain the resonance zone in the centre of the plasma 

cross section. The low values of R at the frequencies 26 MHz and 47 MHz 

illustrate the increased mismatch between the antenna and transmission line 

when going away from the antenna resonance. 
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Fig. 4 Coupling resistance as a function of line density measured 

before the application of RF pulse at different conditions 

as indicated in the inset. 

Toroidal Cavity Modes 

During the early operation, one conductor of the AJ32 antenna was used as 

magnetic probe to pick up the magnetosonic signal excited by the second 

antenna. When the plasma did not contain the minority species the measured 

signal was modulated by the appearance of the toroidal cavity modes. The 

same modulation was observed on the reflected voltage measured on the trans

mission line. When the Helium minority was injected the modulation decreased 

as a function of He
3
 concentration. At the optimum concentration estimated 

to be nTI 3/n Ck 8%, the cavity fields were completely damped. 
He e

 — 

Conclusions 

The coupling resistances measured on the A01 and A02 antennae allow for the 

efficient coupling of RF power. The efficiencies η % 95% were readily 

achieved and practically all the RF power which is generated can be coupled 

to plasma. The measured values show a reasonable agreement with the predic

tions based on present coupling theories. The dependence of coupling on the 

scrapeoff conditions is observed. The antenna loading conditions allowed 

for long RF pulses 1 sec $ At ^ 4 sec. 
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1. INTRODUCTION 

A twelve-channel grating spectrometer for electron cyclotron emission 

measurements has recently been installed and put into operation at JET. The 

first measurements have yielded a wealth of information in particular about 

sawtooth behaviour. 

2. THE SPECTROMETER 

The spectrometer measures the electron-temperature as a function of time at 

twelve radial positions along the line of sight of the antenna, using the 

second harmonic, extraordinary mode e.c.e. emission. It is a grating 

instrument of the conical diffraction type with twelve exit channels. A 

prototype is described in [1]. Rotation of the grating allows for shifting of 

the set of twelve radial positions on a shot to shot basis. The typical 

spatial range is of the order of 70 cm for a particular grating angle. 

Plasma radiation is collected by one of the horizontal JET ECE antennae and 

transmitted to the spectrometer via an oversized (S band, 34x72 mm) waveguide 

system approximately 40 m long [2]. The spatial resolution perpendicular to 

the line of sight is about ±8 cm. The spatial resolution along the line of 

sight is about ±3 cm as determined by the spectrometers resolving power (^0). 

The grating is used in first order. The spectrometer is also sensitive 

however to frequencies diffracted in higher grating orders. These frequencies 

are rejected by low-pass filters, consisting of unidirectional gratings 

mounted on S band waveguide bends. Two such filters in cascade provide 

sufficient suppression in the stop band [3]. 

A radiation chopper with a 95% duty-cycle is incorporated in the feeding 

waveguide in order to enable signals to be corrected for drift of the 

amplifiers. 

The diffracted radiation in the exit waveguides of the spectrometer is 

detected by InSb detectors at liquid helium temperature. The electronic 

signals are amplified, a low-pass filter is applied and the signals are 

digitised. The maximum electronic bandwidth is 200 kHz, the maximum sampling 

rate is 1 MHz and there is 16 k words of memory installed for each channel. 

The noise of the system when expressed in plasma temperature, is about 30 eV 

r.m.s. at 10 kHz electrical bandwidth. 

Calibration of the system is carried out by cross-calibration with the 

standard JET ECE Michelson interferometer [4]. 
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3. A MAJOR DISRUPTION 
The spectrometer has proved to be capable of following the rapid evolution of 
the temperature profile during major disruptions. An example is provided in 
Figure 1. The sampling time is 200 us in this case. The centre of the 
discharge is approximately at 3.01 m and the limiter is at 4.174 m. Eleven 
channels cover the range of radii from 2.95 to 3.86 m. In the first stage of 
the disruption, the central temperature collapses. The effect of the rapid 
loss of confinement propagates inwards with a velocity of about 1 m/ms. The 
collapse of the central temperature is shown by the solid lines in the figure. 
From these successive profiles, it can be seen that the central temperature 
drops from about 1.7 keV to about 0.9 keV and that over 75% of the minor 
radius the temperature becomes nearly constant. Outside a radius of 
3.7 m, the temperature increases by about 0.2 keV or 30%. Prior to this first 
phase of the disruption, the central region had a temperature gradient of 
about 2 keV/m, whereas at the end of this phase the gradient is almost zero. 
The collapse takes about 600 us. For the next 400 us the profile is 
stationary, existing in a second plateau stage. Then within 200 us the 
central region reheats, while maintaining the flat profile; the temperature 
rises from 0.9 keV to 1.2 keV. This can be seen by comparing the profiles of 
Figure 1 (broken and solid lines). Finally, a second collapse occurs as shown 
by the broken line in Figure 1. Within 400 us nearly all thermal energy is 
lost. The plasma current was observed to start decaying from this time 
onwards, going from 2.2 MA to zero in about 40 ms. 

4. SAWTOOTH BEHAVIOUR IN THE INNER REGION 
Sawtooth activity in JET, which is discussed in detail in [5], has been 
studied with the grating spectrometer. Figure 2 shows the temperature 
evolution at 5 different positions during part of a pulse. 2 MW of ICRH is 
applied at this time. The current centre is at 3.02 m major radius. The 
toroidal field is 2.0 T. The short straight lines in the traces are not real, 
but are interpolations across chopper spikes. The noise on the signals is 
the noise of the amplifiers and detectors. 

The figure shows a common phenomenon: two normal and one partial sawtooth 
(47.45 sec) collapse, the partial one being followed by an oscillation which 
is probably m=l. The inversion radius at 0.5 m can clearly be distinguished. 
Comparing sawtooth amplitudes at different positions shows that the inversion 
radii for the normal and the partial sawteeth are equal to within 4 cm. 
Sometimes it was observed on other discharges that the partial sawtooth 
collapse affects the plasma only at major radii R > R . At radii R < R the 
collapse is not seen and the temperature is affected only by the subsequent 
oscillation. The oscillation has it's largest amplitude at R - R = 0.26 m, 
well inside the inversion radius. It is remarkable that the oscillation on 
the inversion radius is very small: i.e. about 50 eV (2.5%). 

5. SAWTOOTH BEHAVIOUR IN THE OUTER REGION 
The sawtooth collapse perturbs the temperature profile by flattening it up to 
the so-called mixing radius, on a timescale of the order of 0.1 ms. On a much 
slower timescale the perturbation relaxes by a diffusive process with a heat 
conduction coefficient χ (r) [6] [7]. For radii outside the mixing radius 
this effect manifests itself as a heat-pulse propagating outwards. The delay 
time t (r) between the collapse of the sawtooth and the time of the maximum of 
this pulse for a given minor radius r yields information about χ (r). 

Figure 3 shows the temperature evolution for 5 different radial positions. 
These traces are obtained from the data by averaging over 10 sawteeth, 
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synchronising them by triggering on their fast edges. In addition digital 

filters are applied to reduce the noise, especially in the outer channels. 

The traces are recorded during application of 1.5 MW ICRH and similar traces 

were obtained for the ohmic phase. 

The t (r) values for both cases are shown in Figure 54. It is clear that the 

pulse propagation velocity is very similar for both cases, although the 

sawtooth amplitude is greatly enhanced by the ICRH. (Central ΔΤ = 500 eV for 

the ohmic phase and ΔΤ = 1500 eV during ICRH.) It is observed that the 

mixing radius shifts slightly outwards during the ICRH. 

In order to derive χ from the measured t (r) values a simulation program is 

used that numerically solves the diffusion equation, in a cylindrical 

geometry, for given density and initial temperature perturbation profiles. It 

is assumed that χ (r) is inversely proportional to the density profile n(r). 

*
 (τ

Κ
=
^Γ n(r) = n

o d-0-99(f)
2
) 

where χ and η are central values of χ and n. The line drawn in Figure 5.2 

shows tne t (r) for a simulation with χ =1.5 m
2
/s Π Λ = 2.9 χ 10 m

 3
 and 

mixing radius r = 0.66 m. 

Figure 5 shows the corresponding χ (r) in the relevant region of the plasma. 

The χ value is significantly larger than χ values obtained from transport 

codes [8]. 
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Abstract 

The first measurements of the electron power deposition profile for ICRF 

heating on JET [1] are presented. In the twoion regime (H or He" in DΗ or 

DHe plasmas), it is found that the power deposited directly to the electrons 

is strongly peaked within the volume limited by q = 1. Indeed, 'giant' saw

teeth have been induced by application of RF at megawatt power levels. The 

sawtooth amplitude and period appear dependent on both the location of the 

cyclotron resonance layer and kff spectrum of the antenna. 

Introduction 

For the minority heating scenario on JET, theoretical models of ICRF [2] 

predict that when the wave is launched from the low field side, a large fract

ion of the energy is absorbed in a single transit. As the absorption occurs 

within the cyclotron resonance layer, it is expected that the power absorbed 

by the electrons is strongly peaked at the location of the cyclotron layer. 

Moreover, kshaping appears crucial for the energy deposited on the electrons 

[maximum at k„ = 0 m for a standard JET ICRF plasma]. 

The results presented here were obtained during experiments at multimegawatt 

ICRF power levels Ell. The main objectives of these experiments were to: (i) 

study the power deposition profile on the electrons and compare it with a com

puted ohmic case, (ii) study the effect of the location of the cyclotron reso

nance layer on sawtooth oscillations, (iii) observe the effect of k shaping 

on the power deposition profile. 

The electron temperature T was measured by electron cyclotron emission (ECE) 

in the second harmonic extraordinary mode, using three different instruments: 

a 12channel grating polychromator [3], a Michelson interferometer and a 

FabryPerot interferometer. The FabryPerot and the polychromator are cross

calibrated against the Michelson which is absolutely calibrated [4]. 

A variety of sawtooth behaviour is observed in ohmic plasmas [5]. During ICRF 

heating at the plasma centre, both the sawtooth amplitude and period may 

increase by a factor of two or more. The sawtooth oscillation is observed on 

most of the diagnostic signals, including the lineintegrated density, the 

bolometer signal and (less markedly) the magnetic β. 

Power deposition profile 

The spatial distribution of the absorbed RF power is determined from the 

change in dT (r,t)/dt measured at the beginning of the sawtooth. As the 
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electron temperature profile is fiat inside the q = 1 surface at this time, the 

thermal losses may be neglected and the slope of Te, together with the evolu

tion of ne(r,t) permits the determination of the total power deposited on the 

electrons. This hypothesis that the electron thermal losses are low (compared 

to the input power) is confirmed by the observation that the sawteeth seldom 

reach saturation. 

To deduce the RF power deposition profile, we subtract the quantity y d(n T )/dt 

during the ohmic plateau (before the onset of the RF) from the value 

obtained during the RF heating. This difference is PR„ + Δ( P e i  P r a d  Pç̂ ) . 

The ohmic deposition profile is deduced from the qprofile obtained by a nume

rical analysis of the ohmic discharge. In Fig. 1, we show the ohmic and RF 

deposition profiles calculated in this way for a DHe plasma with 2.4 MW cou

pled RF power and 2 MW ohmic power (see Table, case a). The sawtooth inversion 

radius is at R = 3.6 m and the plasma centre at 3.07 m (the limiter radius is 

4.24 m). 

q 

The ohmic power density decreases from 0.08 MW/m at the plasma centre to 

0.07 MW/m at the inversion radius, while the RF power density falls from 

0.09 MW/m
3
 to 0.001 MW/m

3
. This corresponds to a 15% and a 98% variation res

pectively, and implies that 0.5 MW of ICRF power is deposited on the electrons 

within the inversion radius, ie. 20% of the coupled RF power. Assuming a deu

terium plasma with 10% He , is in fair agreement with the predictions of ray 

tracing codes [2]. 

Assuming the ohmic deposition profile is known, it is possible to compute [6] 

the local confinement time during a sawtooth (T +(r)) and the average confine

ment time (after sawtooth averaging) T(r). Considering the power balance repre

senting the electron temperature during a sawtooth, as well as for Τ averaged 

at the same radial position, it is possible to derive both the confinement time 

and the power deposited on electron assuming a simple conservation of (Tst, τ) 

in both ohmic and RF discharges. We supposed τ3ί(Ω) = τ3Τ;(Ω + RF), which is 
equivalent to the statement that the losses inside the q = 1 surface are inde
pendent of the T e profile outside q = 1. It then appears (Fig. 1) that this 
approximation is in agreement with the method of slope subtraction, 
suggesting that the central confinement time is not strongly affected in the 
presence of ICRF power, in accordance with plots of the overall increase of 
T e o with ICRF power [7]. 

Effect of resonance location on sawtooth activity 

The radius of the hydrogen cyclotron resonance, RQU, in a D-Η plasma was varied 
by changing the toroidal magnetic field. Three different radii were used 
(RCH=3.25, 3.5 and 3.7 m) at constant RF power (- 1.0 MW) and central density 
(2 χ 10 m ). The time derivative of the magnetic beta was similar in the 
three cases (dB/dt = constant), as was the change in total energy content 
(Δβ - 2 χ IO-1*) . 
The ion temperature increase, deduced from the neutron ratio, is maximum when 
the cyclotron layer is located close to the centre of the plasma and smoothly 
decreases as RÇTJ increases (0.4, 0.3 and 0.2 keV). On the other hand, the 
electron behaviour is dramatically affected when R is increased (Fig. 2). 
The central electron temperature (measured by the Fabry-Perot) shows a decrea
sing sawtooth amplitude and period as R moves towards the q = 1 surface. This 
is shown in Fig. 2. At the largest RF heating radius, the sawteeth are compa
rable to those observed in the ohmic heating case. However, the bottom of the 
small RF heating sawteeth is higher than for the large sawteeth, the two 
effects cancelling so as to give the same volume average temperature in the 
three cases. 
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Effect of the antenna kspectrum on the electron power deposition profile 

Using two sets of antennae [1], a monopole (M) and a quadrupole (Q), we were 

able to shape the kff spectrum emitted by the antenna ils.f/ spectrum centred on 

0 (M) and peaked around 7 m
1
 (Q)]. In the same DΗ plasma (see Table, case c), 

we compared the effect of the two antennae at the same power coupled to the 

plasma (P__ =0.8 MW). 

Rr 

Concerning the power deposition profile on electrons (Fig. 3), we expect, from 

the theoretical point of view, to observe the profile peak for the Qantenna 

to be closer to the cyclotron layer and to be wider (ω  ω . = k V ) . Indeed, 
Cl ff tù 

we observe that the power deposition profile in the quadrupole case is shifted 

towards the resonant layer (R = 3.24 m) by 15 cm while the width at half pro

file is 20 cm and 25 cm for the M and Qantennae respectively. The power depo

sited on the electrons can be roughly estimated as 300 kW in the monopole case 

and 600 kW in the quadrupole case. Finally the amplitude and period of the 

sawteeth reach the values F.M : 1.1 keV, 130 ms; Q : 0.75 keV, 110 ms]. 

Although a general observation is that the slope of T. at the onset of the 

RF power and T. m a x are comparable for both the M and Qantennae, the evolution 

of the magnetic beta is noticeably different. The slope dß/dt at the onset of 

RF in both DΗ and DHe
3
 plasmas is higher in the Qcase than in the Mcase at 

the same power [ßQ/ßM = 1.2  2.0] while AßQ/ΔβΜ = 1.4 (case c). This obser

vation indicates that the efficiency of the Qantenna is greater than the 

Mantenna. 

Conclusions 

The RF power deposition profile on the electrons is strongly peaked on JET and 

appears to be affected both by the localisation of the minority cyclotron 

resonance layer and the value of the k.. spectrum of the antenna. Further 

experiments, including RF amplitude modulation, will be carried out, and are 

currently being investigated. 

Table : JET ICRF Discharges 

case 

a 

b 

c 

min 

He
3 

H 5% 

H 5% 

BT(T) 

3.4 

2.3 

2.0 

V(MHz) 

33 

33 

29 

R
CH

( m ) 

3.23 

3.28 

3.24 

I (MA) 
P 

2.8 

2.0 

2.0 

vL(v) 

0.7 

0.8 

0.75 

W
k e v ) 

4 

2 

1.8 

T. n(keV) 

ιοΩ 

2.2 

1.71.8 

1.8 

References: [1] J. Jacquinot et al., invited paper, this conference. 

[2] M. Brambilla, IPP JET rep. 22 Garching 1984. 

[3] B.J.D. Tubbing et al., paper 142, this conference. 

[4] A.E. Costley et al, paper 186, this conference. 

[5] D.J. Campbell et al, paper 182, this conference. 

[6] D.J. Gambier, Thèse d'état 1985. 

[7] P.P. Lallia, private communication. 
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STUDIES OF EDGE PHENOMENA IN JET WITH VISIBLE SPECTROSCOPY 

Ρ G Carolan*, M J Forrest* , N C Hawkes* and N J Peacock* 
JET Jo in t Undertaking, Abingdon, Oxon 0X14 3EA, UK 

*Culham Laboratory, Abingdon, Oxon 0X14 3DB, UK 
(EURATOM/UKAEA Fusion Association) 

INTRODUCTION 
Vis ib le spectroscopy affords an 

e f fec t i ve means of studying edge pheno
mena i n JET, by m o n i t o r i n g the 
behaviour of lowly ionised or neutral 
s ta tes. Here we report on the fo l low
ing edge related top ics , (a) e f fec t of 
RF heating on minor i ty species; (b) 
MARFES, and (c) Zeeman s p l i t t i n g of 
impuri ty l i n e s . 

The experimental arrangement i s 
shown in F i g . l . Light from a tangen
t i a l chord viewing a carbon l i m i t e r i s 
coupled by 120 metres of high t rans
mission 1 mm quartz f i b r e to a Czerny-
Turner spectrometer. A ca l ib ra ted 
Optical Multichannel Analyser (OMA) 
samples 16 nm increments of the output 
spectrum with a reso lu t ion of 0.03 nm, 
and a var iable time resolut ion (set to 
196 ms). The avai lable spectral range 
has been surveyed and the main impur
i t i e s i d e n t i f i e d . Impurity atoms and ions of the usual impur i t ies such as 0, 
C, Cr with mu l t i p le ts conveniently close to the Balmer Series are rou t ine ly 
monitored. The survey aspect of the diagnostic is p a r t i c u l a r l y valuable 
however in detecting unexpected elements or unforeseen plasma or impuri ty 
behaviour. 
RESULTS 
(a) Ef fect of RF Heating on the Plasma Edge 
RF heating power on JET is coupled to the plasma by minor i ty heating of H or 
| H e . Extensive l i n e shape studies have been made of the Hell 468.5 nm l i ne 
before and during the RF heating pulses. Because there is a s i gn i f i can t 
change in the Hell l i n e shape during high power RF i n j e c t i o n , i t i s possible 
to evaluate edge plasma heating for a wide range of launched powers and for 
the various antennae conf igurat ions. The analysis i s based on a two gaussian 
best f i t programme used af ter the observed spectral l i n e has been deconvolved 
using the measured instrumental func t ion . Figure 2a and 2b, show two gaussian 
f i t s for the 468.5 nm l i n e before and during RF heating which combined a 
d ipole 0.7 MW, and a monopole 1.75 MW in to a 2.8 MA plasma. In each case the 
two gaussians represent a family of gaussians associated with a cold outer 
edge region and a hotter zone a few cm ins ide . The outer zone remains cold 
(80 eV) before and during RF, presumably because of the heat sink e f fec t of 

F i g . l The tangential viewing opt ics 
arrangement in JET which obtains a 
clear view of the carbon l i m i t e r . 
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eV 

Fig.2 Two Gaussian f i t s on the Hell 
468.5 nm l ine for (A) before the RF 
amd (B) during the heating pulse. 
The solid l ine is the sum of the two 
gaussians f i t ted on the data points 
while the long and short dashed 
curves are the 'ho t ' and ' co ld ' 
individual Gaussians components. The 
offset between the data curve and the 
two Gaussians has been added for 
c la r i t y . 

effect of the l imi ters . In 
contrast the ' ho t ' zone 
shows an i n c r e a s e of 
temperature from 244 eV to 
310 eV. From inspection of 
t h e a r e a s under t he 
gaussians, i t can be seen 
that before heating they 
are roughly the same whilst 
during the RF pulse the hot 
component is three times 
that ascribed to the cold 
edge. 

The effect of RF power 
from the dipole (2.75MW) and 
then the monopole (2.64MW) 
antennae in the same plasma 
shot (3.4T 4MA) is shown in 
Fig.3. In this example the 
two gaussian f i t reveals an 
outer layer around 100 eV 
before and during the pulse 
 the hotter inner layer 
remains around 400 eV unti l 
the monopole pulse i s 
applied when i t increases to = 
second earl ier has l i t t l e effect. 

Transport codes indicate that Hell would only exist for a few cm inside 
the plasma boundary, therefore our measurements show considerable increases in 
edge temperature for some antenna configuration. The evaluation of the effect 
of antenna geometry on edge heating is an ongoing study. The results 
described are for two RF heating experiments and are given to i l lus t ra te the 
value of l ine shape analysis to determine temperatures in an area normally 
d i f f i c u l t to diagnose. 
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Fig.3 Variation of temperature in 
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hotter inner zone (open 
times that span pre 
emission (D), monopole 
and post RF. 
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(b) MARFES 
A MARFE, f i r s t reported in Alcator [ l ] is currently conceived as a 

toroidal ly symmetric but poloidally asymmetric band of enhanced radiation -
apparently peculiar to tokamaks. MARFE's in JET are characterised by rapid 
changes in the l ine emission from low ionisation states of low Ζ impurit ies, 
accompanied by an increase in the ne and the bolometer signal on the inner 
edge of the plasma. These are discussed at length [2 ] ( th is conference) the 
results in this section represent additional material. 

5000 τ 
Fi g.4 Time history of CII and 
C r i l i n e i n t e n s i t i e s 
i l l u s t r a t i n g p r e c u r s o r 
behaviour relative to the MARFE 
time T, m· 

48.0 48.2 48.4 48.6 4B.B S e C S 
The references[e.g.l] report no change in Te or radiation in the central 
plasma or in the outer edge. Our findings are contrary to the l a t t e r , in that 
signif icant changes in the l ine emission from the plasma in close proximity to 
the l imi ter are observed. From comparisons with other l ines of sight i t has 
been determined that the tangential viewing chord employed is dominated by 
l imi ter rather than wall effects (see next section). Figure 4 shows a time 
sequence in 200 ms steps i l l us t ra t ing a characteristic drop in CII intensi ty . 
The MARFE time as detected by the inboard ne interferometer channel is 
indicated. Within the l imi ts of our timing accuracy ± 50 ms i t appears that 
MARFES are signalled some 200 ms earl ier by changes in the outer edge emission 
than by the inner edge interferometer channel. This effect is corroborated by 
a ver t ica l ly viewing optical f i b re , with photomultiplier detection, which show 
changes in H and CI I I intensity some 50 ms after outer edge changes. There 
is also evidence that the drop in edge CII intensity is preceded by a two fold 
increase in the Cr influx by some 200 ms, but i t is unlikely that th is would 
have a signif icant effect on the plasma edge behaviour. 

(c) Zeeman Spl i t t ing 
To date Zeeman sp l i t t ing of the spectral l ines HI (6563), CII (5132.9, 

5133.3, 5146, 5151, 6578 and 6583), CI I I (4794, 4810 and 4819) and Cr I (4254, 
4274 and 4289) has been observed[2] in the JET plasma. A representative time 
sequence of spectra is i l lust rated in Fig.5 for the CI I I t r i p l e t at the 
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termination phase of a discharge. The observations are of particular 
importance in determining the sources of impurity inf lux since the location of 
the emitting regions can be determined from the magnitude of the sp l i t t ing and 
the known toroidal f ie ld d is t r ibut ion. Localisation of the impurities has 
been determined at the l imiters and at the inside plasma periphery both at the 

setting 
Zeeman 

i n i t i a l 
prof i le 
or expansion 
The Chlorine 

up and termination phases, 
sp l i t t ing depends on the 
time history of the plasma 
and the plasma excursions 

during termination, 
spectrum shown in 

Fig.5 located the influx region at 
the inner periphery thus showing 
that the pi asma vessel, rather than 
the l imi ters , was contaminated at 
this time (these results were from 
a discharge which had relat ively 
high CI i n f l ux that was la te r 
subs tant ia l l y reduced with the 
consequent reduction to negligible 
levels of the l ine intensit ies.) 

CONCLUSIONS 

V i s i b l e s p e c t r o s c o p i c 
observations of the JET plasma edge 
shows signif icant heating in the 
edge v ic in i ty during r f heating 
( f o r c e r t a i n a n t e n n a 
configurations), they detect MARFE 
behaviour before changes in ne are 
seen and the source of impurity 
influxes are localised from Zeeman 
sp l i t t i ng . 
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ABSTRACT 

In the last year, JET tokamak performance has been progressively raised, culminating in 
operation at the full design level of 5MA plasma current in a toroidal field at 3-^T. 
Plasma control has been improved with the plasma current, position, shape and line-average 
electron density all now controlled by feed-back systems. By glow discharge cleaning in 
hydrogen/methane mixtures, the interior of the vessel has been coated with carbon 
(carbonisation). This reduces the fraction of power radiated to £50$ at intermediate densities 
and raises the density limit for disruption by 10$. Operation over a wide range of 
parameters, including varying major and minor radii, has given data for more extensive 
scaling studies. With ohmic heating, the maximum global energy confinement time is 0.8 ± 0.1s 
and the maximum central ion-temperature -3.0keV. The highest (η τ Ε T¿) product is 
reached with ohmic heating in a deuterium plasma and is 6 χ 10

l9
m~

3
s keV ±20$ 
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INTRODUCTION 

The main parameters of the Joint European Torus (JET) are shown in Table 1. Typical pulse 

durations are 15s with current flattop times of 5s or greater. The aims of the last year 

of ohmic operation have been to" extend the operating range to the full design values, to get 

cleaner plasmas than hitherto and to establish a wider data base for scaling studies. All 

these aims have been achieved to some extent. Details of the JET apparatus and earlier 

results have been given by Rebut and Green (1984) and Rebut et al (1985). 

TABLE 1 JET Parameters TABLE 2 JET Carbonisation History 

Glow discharge voltage 400V: Gas Pressure  5.10"
3
mbar 

Parameter 

Plasma minor 

r ad ius (hor) 

Plasma minor 

r ad ius (ve r t ) 

Plasma major 

r ad ius (R) 

Toroidal magnetic 

f i e l d a t R=3.0m 

Plasma cu r ren t 

d p ) 

Design 

Value 

1.25m 

2.10m 

3.0m 

S3.45T 

S4.8MA 

Operat ional 

Values 

0.8  1.2m 

0.8  2.1m 

2.5  3.4111 

S3.45T 

£5.0MA 

Date 

(number of 

Sess ions) 

Aug 84 (2) 

Sept 84 (1) 

Jan 85 (1) 

Feb 85 (2) 

MarMay 85 

(5) 

Late May 85 

(1) 

Gas 

Mixture 

H23$CHH 

H23$CH., 

D22$CH., 

D22$CrU 

D212$CHH 

D217$CH., 

Discharge 

Current 

3 

3 

5 

5 

5 

6 

(A) 

Wall 

Temp 

(°C) 

250 

250 

300 

300 

300 

300 

Durat ion 

(hours) 

1 

6 

6 

8 

6 

48 

MACHINE OPERATION 

Figures 1(a) and (b) show toroidal and poloidal crosssections of the JET device. During 

1985, the machine operated with 4 carbon limiters, 4 nickel limiters and 2 RF antennae 

Ha channel + spectrometer 
(b) 

Plasma 
Boundary 

Limiter 

— 8 individual bolometers 

4  3  2  1 0 1 

Vertical bolometer 
array (Oct.2) 

vuv spectrometers ■ 
(spatial scan! 

Horizontal bolometer 
array (Oct.2) 

4 5R(m) 

8 Η„ channels + 
spectrometers 

CR 85.204/15 

Fig. 1. (a) Toroidal and (b) Poloidal crosssection of the JET machine, showing the 

l ineofs ight of various diagnostics. In (b) , the lefthand poloidal crosssection i s taken 

through Octant No. 5 (marked as the dotted l ine in (a ) ) ; and the righthand poloidal 

crosssection i s taken through Octant No.2 (shown as the dotted l ine in (a)) ; 
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installed on the outer equatorial plane. The carbon limiters were the effective ones with 
the nickel limiters withdrawn 4cm behind. The antennae were also 2cm behind the carbon 
limiters for most of the operation. In addition the small major radius side of the interior 
of the vacuum vessel was covered to a height of ± 1m by carbon tiles for the 1985 
operations. Figure 2 shows the vessel interior where all these features can be seen. The 
interior vessel wall was maintained at a temperature of about 300°C for all the experiments 
reported here. The base pressure was typically 10~7mbar, comprising 10"7mbar of 
hydrogen and 10"9mbar of residual impurities. The vessel was conditioned by glow 
discharge cleaning in hydrogen, deuterium/methane or hydrogen/methane mixtures. 

Fig. 2. Photograph inside the JET machine, showing the relative orientation of the two RF 
antennae, and the nickel and carbon limiters. The extent of the carbon protection tiles on 
the inner wall is also shown; 

DIAGNOSTICS 

a) The torus is equipped with 18 poloidal field pick-up coils inside each octant, 
continuous loops around the symmetry axis and local flux loops on the exterior surface of 
the vacuum vessel, enabling determination of plasma current, loop voltage, plasma boundary 
and the internal flux surfaces. 
b) The electron temperature Te(r) profile is measured by an absolutely calibrated 
electron cyclotron emission (ECE) system viewing along several major radius chords in and 
close to the mid-plane. Michelson and Fabry-Perot interferometers and an echelon grating 
polychrometer are used to give varying frequency coverage and time resolution. The electron 
temperature is also measured by a single point Thomson scattering system, at a fixed point 
on the equatorial plane at a frequency of -1Hz throughout the pulse. The 'fixed' point can 
be changed between pulses. Generally good agreement is obtained between the two methods 
(Costley et al 1985). 
c) The electron density ne(r) is measured by a single channel 2mm microwave 
interferometer, and a seven channel far infra-red laser (190μπι) interferometer system. 
d) The ion temperature T^ is measured by a mass-selecting neutral particle analyser 
viewing the plasma along a chord in the mid-plane (Corti et al., 1985). In deuterium the 
ion temperature is also deduced from the neutron yield and from the energy distribution of 
the emitted neutrons with a 3He spectrometer (Jarvis et al., 1985). 
e) The effective ion charge Zeff is deduced from the bremsstrahlung continuum 
intensity at 523nm viewed along a vertical chord. The electron temperature and density 
profiles from other diagnostics are used in the analysis. 
f) The radiated power is measured by bolometers viewing along 34 chords at one poloidal 
location and by single bolometers in each octant. Assuming constant emissivity on magnetic 
surfaces, the multiple chord data is Abel inverted to give local radiated power densities 
(Gottardi et al., 1985). 
g) The temperature and power flux in the scrape-off plasma have been measured with a single 
Langmuir/bolometer probe inserted from the top of the vacuum vessel (Stangeby et al., 
1985). 
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h) Soft Xray measurements have been made with diodes viewing the plasma horizontally on 

the midplane through various filter thicknesses. There is also a single chord pulseheight 

analyser system which gives a measure of metal ion concentrations (Klines) and a secondary 

measurement of electron temperature (continuum). 

i) Visible spectroscopic observations (viewing the plasma through 100m of optical fibres) 

yield data on Ha emission and the influx of light impurities from the limiters and the 

walls. Two closecoupled spectrometers cover the ranges 200700nm and 10170nm yielding 

information on impurity species and ion states from which the central impurity 

concentrations can be deduced (Denne et al, 1985, Stamp et al, 1985). 

j) Surface probes can be introduced into the torus to determine the nature of machine 

surfaces after glowdischarge cleaning and/or plasma operation (Coad et al., 1985). Long 

term samples, distributed over the interior vacuum vessel, are analysed after each 

experimental period. 

k) An infrared camera system (sensitive around 900nm) observes the emission from a carbon 

limiter. In some cases, this emission reflects the rise in surface temperature up to 

~1500°C. In other cases, the temporal behaviour of the emission is not consistent with a 

temperature rise but may be due to emission from carbon lines or excited molecules. The two 

cases can be clearly distinguished. 

PLASMA CONTROL · 

The plasma current time dependence is determined by a combination of preprogramming and 

feedback control of the excitation of the flywheel generator in the poloidal field circuit. 

The plasma density is also feedback controlled by varying the gas introduction rate 

according to the line density measured by the 2mm microwave interferometer. Since density 

can only be added in a controlled way, the system is ineffective when the gas release rate 

from wall and limiters is too high or is increased uncontrollably. Examples are the density 

rise accompanying sudden increases in power input from RF heating or large gas releases from 

walls and limiters immediately after carbonisation. 

The plasma position and shape is determined in realtime from the magnetic signals. The 

radial position is maintained by a feedback system controlling coil PF4 voltage (Fig. 3)· 

Updown plasma symmetry is maintained by a similar system driving differential currents in 
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sections of coils PF3 and PF4. The plasma shape is primarily determined by the proximity of 
plasma to the unsaturated parts of the iron magnetic circuit, ie by the plasma size, and by 
the magnitude of the quadrupole poloidal field generated by feedback - controlled opposite 
currents in the coils PF3 and PF4. With these feedback systems and under normal operating 
conditions, the flat-top current is held within 5$ of the desired value, the radial position 
to ± 3cm, the vertical position to ± 1cm and the elongation ratio to within 5$ of the 
pre-set value. 

The initial "fast-rise" phase of JET operation is made by first charging the inductive store 
represented by the primary coil PF1 up to a pre-set current and then opening a switch across 
a resistor in the circuit. The higher the value of the resistor the higher the voltage 
applied at breakdown but also the faster the rate of plasma current rise in this phase. 
Experiments have shown excessive disruptive behaviour if the current rise rate exceeds 
-IMA/s, probably due to skin currents and multi-valued q versus radius. To achieve adequate 
breakdown and a slow rise rate requires the charging current in PF1 coils to be limited to 
-50$ of its design value. Hence, only 25 of the theoretically available 34Vs can be used. 
For this reason, the record peak current of 5MA can be maintained at present only for about 
1s. Modifications are planned to enable the resistor value to be reduced with time, giving 
a high breakdown voltage and a sufficiently slow current rise rate. Experiments on the 
breakdown phase are described in the papers (Thomas et al, and Schüller et al, 1985). 

VERTICAL INSTABILITY 

During one pulse in 1984, the growth rate of the vertical instability exceeded the capacity 
of the feedback system. The plasma current centre moved downwards 1m. without significant 
reduction in current (-2.6MA). Unexpectedly, very large forces (-300 tonnes) were 
transferred to the vacuum vessel causing significant displacements and a slight permanent 
distortion. The transfer of forces is now believed to be due to poloidal currents flowing 
radially through the plasma and returning in the rigid vessel sectors. Since then the 
vacuum vessel mounting has been considerably strengthened, with 16 tie-bars connecting the 
main ports to the iron limbs, restraining vertical motion and hydraulic dampers restraining 
the top and bottom vertical ports against sudden radial movements. Experiments with 
deliberately induced vertical instabilities at low currents have shown torus displacements 
reduced by a factor of -3, when normalised to the square of the plasma current. Studies of 
these results and the growth rate dependence have lead to the imposition of an operating 
limit, 

I£ (b/a - 1.2) < 5.0 (MA2) (1) 

From this expression, it is clear that a current of 5MA cannnot be used with full plasma 
elongation (b/a-1.6). This limitation may be raised after further strengthening of the 
torus mounting and/or through a better understanding of vessel stresses. However, it seems 
likely that operation at currents of -7MA will have to rely on a feed-back system with 
sufficient redundancy to protect the vacuum vessel from damage. 

CARBONISATION AND IMPURITIES 

"Carbonisation" of the torus interior is achieved by glow discharge cleaning in a mixture of 
hydrogen or deuterium and hydrogenic methane (CH.,). The carbonisation history of JET is 
shown in Table 2. 

Analysis of samples exposed to carbonisation shows that carbon is diffused into the surface 
of inconel with a 100$ coverage of the surface only being achieved in the case of the heavy 
carbonisation in 1985 ie. with 12$ CH.,, 6 hrs or 17$ CH.,, 48 hrs. (Coad et al., 1985). 

Even before carbonisation, carbon was an important plasma impurity, due to the presence of 
carbon limiters and protection plates. The carbon concentration in the plasma core is 
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usually 2-3$ ne, and the limiters are the main source of carbon influx. Depending on the 
vacuum vessel cleanliness, 1-4$ne of oxygen is found for which limiters and walls are both 
important sources. A few tenths of a percent of chlorine is believed to originate from 
torus washing after a vacuum opening. Concentrations of these light impurities are fairly 
insensitive to plasma currents and electron density. They increase in cases of stronger 
plasma-wall interaction, eg high elongations, and when approaching the density limit. 

Nickel is the most important metal impurity. In addition, some chromium and iron are 
observed. Nickel and chromium are the main constituents of the Inconel vessel walls. The 
Faraday shields of the ICRH antennae present in the machine for 1985 operation are made of 
nickel. Metal impurities are especially prominent in low density plasmas. Their 
concentrations increase with plasma current, but decrease with plasma density, particularly 
steeply near the density limit for disruption. 

During initial operation with new carbon tiles on the limiters, metal concentrations in the 
plasma were very low. After several weeks operation, the tiles become coated with metals 
probably due to strong plasma-wall interactions in disruptions. After some time, the metal 
deposit comes to an equilibrium level of -1021 atoms/m2, (found by surface analysis of 
limiter tiles after the 1983, 1984 and 1985 operation periods (Ehrenberg et al., 1985)). At 
this stage, the carbon limiters are the main sources of metal influx into the plasma. 
However due to the specific deposit topography, there is still about 90$ carbon on the 
exposed surface. 

After the initial contamination of the limiters, carbonisation was used routinely in 1985 to 
produce discharges with low metal content, and has been the most successful cleaning 
technique in JET so far. Before carbonisation JET plasmas had high radiation levels 
(70-100$ ΡΩ) and Z e f f was typically 4-5 or higher. 

Carbonisation (first carried out in August 1984) led to an immediate reduction of metal 
concentrations and radiated power. Oxygen and chlorine reduced gradually after repetitive 
carbonisation to values below 1$ and 0.05$ respectively. After such repetitive 
carbonisation, PRAD w a s only 40$ΡΩ at moderate densities (ie the same value as with 
new limiter tiles) and 80$ΡΩ at high density. The fraction of radiated power over input 
power versus electron density is shown in Fig. 4 (before and after a relatively light 1984 
carbonisation). Zeff was 3~4 for moderate and 2-3 for high electron densi ti tes in the 
carbonised case. 

Metal concentrations, derived from VUV spectroscopy, are about five times lower after a 
standard JET carbonisation (12$ CH.,,6 hrs) but they recovered after some 20 plasma pulses 
to their previous level. A particularly heavy carbonisation carried out in 1985 (17$ 
CH.,,48 hrs) resulted in a two orders of magnitude reduction in metals and a recovery time 
of -200 plasma pulses. In 1984, the reduction in the fraction of power radiated for 
moderate densities lead to a clear heating of the limiter surface to 1800°C and metal was 
observed to evaporate from the surface. In 1985, even with low radiated fraction this 
heating has not been seen, presumably because of the proximity of relatively large antennae 
taking some of the load. The effect of the carbonisation on the Hugill diagram is shown in 
Fig. 5. 

Carbonisation points are plotted indiscriminately without regard to the intensity used or 
the number of pulses after the treatment. However it can be seen that carbonisation extends 
the density limit by -10$. Fig. 6 shows the radiated power profiles before and after 
carbonisation for similar plasma parameters. There is a reduction in the power radiated 
from the plasma core and a narrowing of the annular radiating zone surrounding the plasma. 

Carbonisation is effective in reducing metal concentrations temporarily and oxygen on a 
longer timescale, but it leads to high carbon concentrations and thus a dilution of the 
working gas. For Zeff -3 and a carbon/oxygen ratio of 3:1, about 40$ of the plasma 
electrons originate from impurities. Such depletion can be seen when comparing the neutron 
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yield with the ion temperature from the neutron spectrum. Agreement between the ion 

temperature deduced from the yield and that measured requires a deuteron/electron density 

ratio of typically 0.5 in the plasma core. Hydrogen release from the deposited carbon also 

makes density control difficult in the first few shots after carbonisation. However 

carbonisation is the only means found so far for reducing the radiated power once the 

limiters have become coated with metals. 

Figure 7 shows Zeff from bremsstrahlung measurements versus the ratio He/J 

where j is the mean current density in the plasma, both before and after carbonisation. 

Carbonisation reduces Zeff slightly but the minimum value is still high at 2.5. To 

reduce this further, it is planned to surround the plasma more completely with low Ζ 

material, ie more carbon tiles. Other measures under discussion include gettering with 

beryllium or chromium and the use of beryllium limiter tiles. 
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EDGE PARAMETERS 

Measurements of p lasma p a r a m e t e r s i n t h e s c r a p e  o f f l a y e r of JET d i s c h a r g e s have been 

performed i n l i m i t e d c a s e s w i t h an a r r a y of Langmuir and h e a t f l u x p r o b e s . An example i s 

shown i n F i g . 8 a t I p = 2.8MA, where t h e e x t r a p o l a t e d p l a sma p a r a m e t e r s a t t h e p lasma 

boundary a r e T e 100eV; n e ~ 2 x 1 0 l 8 m ~ 3 . The s c r a p e  o f f l a y e r p r o f i l e s of n e ( r ) and 

T e(r), such as Fig. 8 (I D 2.8MA, ñ e  3x10
: 

,b/a1.5,) have been used to 

calculate impurity generation rates due to sputtering of the limiter which are then compared 

with the spectroscopically observed influx. Only a small fraction of the impurity 

production at the limiters can be accounted for by hydrogen or deuterium impact. Under some 

conditions, the observed fluxes can be shown to be in rough agreement with carbon and oxygen 

ion sputtering. 

The scrapeoff layer ne(r) and Te(r) profiles were also used to calculate the shielding 

of the main plasma from impurities generated at the walls and limiters, and to compute the 

impurity content of the discharge. It is found that the scrapeoff layer shields the main 

plasma quite effectively from impurities generated at the walls and that the principal, 

direct source of impurites in the core is due to the limiter. The values of ne and T e 

at the limiter tip are sufficiently high that all limiter impurities are ionised within a 

few centimetres of the limiter. The shielding of these limiter impurities is therefore 

approximately speciesindependent. The impurity density in the plasma can be estimated by 

balancing the impurity influx fj particles from the limiters against the diffusive 

outflow, 

ü i l 
X
i
+A
SO 

A 

where nj is the density of impurity species j in the plasma, A¿ the ionisation length 

for the impurity entering the plasma, X s 0 the scrapeoff layer thickness, D the 

diffusion coefficient for particles and A the plasma surface area. For JET, this gives 

n, = 10
—3
 Tj m~

3
. Such concentrations are in agreement with measured values of 

z
eff (~3) in such discharges. 
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Combining the Ηα flux measured on the limiter and the power loading deduced from the 
surface temperature measurement at λ -900nm reasonable agreement is obtained with the data 
from the Langmuir probe. The scrape-off layer thickness deduced from the thermal 
"footprint" on the limiter is in good agreement with the Langmuir probe measurements after 
correction for compression of the flux surfaces near the limiter on the mid-plane of the 
vessel. 

Since the plasma-limiter contact dominates the influx of low and high Ζ impurites the 
limiter surfaces have been analysed by a variety of techniques and substantial coverage by 
(wall) metals 'was found after operations in 1983, 1984 and 1985. The surface concentration 
reflects broadly the plasma footprint on the limiter surface and the coverage is about 
2.1021 atoms/m2 for the colder edges down to 2.1020 atoms/m2 in the hottest areas. Large 
(- 100pm: splashes) and small (-1μΐη) droplets are found in certain areas of the surface. 
On the limiter edges, an anomalously high concentration of D2 (5.1021 atoms/m2) was found 
and this is attributed to co-deposition of D2 and carbon. The deuterium inventory in the 
limiters is -10 times that in the plasma for one shot. Thus, the limiters represent a 
potential source for uncontrolled gas release if they become sufficiently hot. 

DENSITY LIMITS 

From the Hugill diagram (Fig. 5) it can be seen that the density limit (nL) for ohmic 
discharges before carbonisation was 

HL(m-3) - 1.0x10- j ^ 
^cyl 

and increases by about 10$ after carbonisation. Although this is a small effect, there is a 
more important change from an operational point of view. Disruptions at the density limit 
after carbonisation tend to be slower and Marfe-like compared with hard disruptions before 
carbonisation. 

At the density limit both before and after carbonisation, the contribution from metal 
impurities is small. The results are consistent with a model (Wesson et al, 1985) in which a 
density disruption occurs, whenever the radiated power from the annular zone outside the 
q,j,=2 surface approaches 100$of the total input power. If the radiation is assumed to come 
from helium-like states of light impurities (Schüller et al, 1985, Gowers et al, 1985) 

then a fair agreement between experiment and observation is obtained. Since in this model 

n¡ja(P/f)''
2
 where Ρ is the total input power and f the fractional impurity content, there 

should be no difficulty in raising the density limit by the required factor of 2 when the 

power input is increased from the present (ohmic) values of 3MW up to a total of about 

35MW. This assumes that, as in the present RF (< 5MW) experiments, f remains independent of 

P. Density limit disruptions may be of the Marfe (Stringer, 1985) type with strong initial 

poloidal asymmetries in the annular radiating layer or more conventional with approximate 

symmetry. (More details are given in O'Rourke, et al. 1985). 

CURRENT LIMITS 

With the density significantly less than the limiting density the discharge still disrupt in 

about 7$ of cases over the whole data set. The probability of disruption peaks at 20$ for 

3.2<qc 1<3.5. However, discharges have been made with qcvi 1.6 (q 2.2) at 

3.25MA in 1.7T field, without disruption. From this evidence, a 7MA discharge should be 

possible using the full aperture in JET. Concern about potential damage from disruptions or 

vertical instabilities precludes operation at this level for the present. Fig. 9 shows some 

of the trajectories in Hugill space of low qcyl discharges. Note a common feature of 

tracking down the density limit line, as the discharge current and correspondingly 

1/q ^ fall at the end of the current pulse. 
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The time constant of the current quench phase depends whether the equilibrium field system 

can respond fast enough to maintain position control (Schüller et al., 1985). For 

currents <1MA, this control is maintained and the quench time is a constant 250ms. For 

currents >1MA, this becomes increasingly difficult and in the worst case the current fell 

from 3MA to zero in 10ms. In these "lost equilibrium" cases, the discharge moves rapidly to 

the small major radius side of the torus axis, interacting strongly with the inner wall. In 

such cases, the photoneutron production may reach 3.10
1
"/disruption with accompanying local 

photo-activation of the torus wall. 

SAWTEETH 

Sawteeth oscillations are seen on the signals from soft X-rays, neutrons, electron 

temperature, ion temperature and electron density in flat-top discharges for which qcyl 

at the boundary is less than 12. Fig. 10 shows an example of sawteeth on the central 

electron temperature as measued by electron cyclotron emission. In many discharges, 

sawteeth are aperiodic and complex. In a simple case, the sawtooth period TST
 is 

correlated with the global energy confinement time τ Ε and for a particular data set the 

period of simple sawteeth scales as IST/TE = 0.13+30$. More commonly, in JET, the 

behaviour is dominated by giant sawteeth having roughly twice the period of the simple 

sawteeth (Campbell et al, 1985). 
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By using the f a s t e l e c t r o n cyc lo t ron emission g r a t i n g polychromator (Tubbing e t a l , 1985), 

i t i s pos s ib l e t o t r ack the passage of the thermal wave exc i t ed by the sawtooth co l l ap se in 

the plasma co re . The observed propagat ion can be i n t e r p r e t e d t o give the e f f e c t i v e e l e c t r o n 

t h e r m a l d i f f u s i v i t y x e p and t h i s can be c o m p a r e d w i t h t h e v a l u e χ β β 

deduced from the global energy confinement time (χβΕ = a 2 / ^ - T E ) , t y p i c a l r e s u l t s 

from a s i n g l e shot during RF hea t ing (1.3MW) and a f t e r RF during the Ohmic phase a re 

iep *eE Up^eE 

RF 

Ohmic 

3.5m 2s _ 1 

3.4m 2 s - 1 

1.6m2s - 1 

1.0m2s_ l 

2.2 

3 .1 

The reason for these differences is not known. A possible explanation is that the 

equilibrium profile is close to a state of marginal stability and any perturbation causes an 

enhancement in the thermal loss mechanisms. Another possibility is that there is an inward 

thermal pinch term analogous to that found for density diffusion. 
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HIGH CONFINEMENT AND HIGH CURRENT SHOTS 

F i g s . 11, 12 and 13 show a c o n s i s t e n t s e t of da ta for a high confinement time s h o t . The 

discharge cur ren t i s held a t 3.6MA for a time of 6 s . The minor r ad ius i s 1.2m and the 

e longat ion r a t i o b /a  1 . 5 . Towards the end of the cur ren t f l a t  t o p , the ohmic input power 

i s 2.4MW and Z e f f  2 . 6 (Q c v i ~ 3 . 5 ) . Note t h e i n i t i a l o v e r s h o o t i n c e n t r a l 

e l e c t r o n temperature which i s not r e f l e c t e d in the volume average e l e c t r o n tempera ture . 

This i s the consequence of the f l a t t e n i n g with time of the e l e c t r o n temperature p r o f i l e t h a t 

can be seen in F ig . 13. Figure 14 shows the cur ren t waveform for a 5MA sho t . To minimise 

the chances óf d i s r u p t i o n these shots were run a t i n t e rmed ia t e dens i ty so t h a t the 

corresponding global confinement time i s not remarkable a t ~0 .5s . Never the less , t hese sho t s 

show the t e chn i ca l f e a s i b i l i t y of f u l l design performance in JET. Longer f l a t  t o p times 

wi l l be f e a s i b l e when, a f t e r c i r c u i t modi f i ca t ion , the f u l l vol t  second c a p a b i l i t y can be 

used e f f e c t i v e l y . 
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versus time; 

Fig.12. Pulse No:5507: (a) Peak electron 

temperature; (b) volume averaged electron 

temperature (from ECE); (c) Peak ion temperature 

versus time; 
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Fig.14. Plasma Current versus time for Pulse 
No:5350 showing achievement of 5MA plasma 
current; 

246 



CONFINEMENT TIME AND LAWSON PARAMETERS 

The global confinement time (τΕ) i s c a l c u l a t e d near the end of the cur ren t f l a t  t o p when 

q u a n t i t i e s a r e i n an e q u i l i b r i u m s t a t e . τ Ε i s d e f i n e d by t E = ( W e + W i ) / P i n p u t > 

where We and Wj are the e l e c t r o n and ion energy con ten t s in the plasma. We i s 

c a l cu l a t ed simply using the known e l e c t r o n dens i ty and temperature p r o f i l e s i n t e g r a t e d over 

the volume of the der ived magnetic s u r f a c e . The ion energy content i s c a l c u l a t e d using the 

measured (NPA) c e n t r a l ion tempera ture , assuming t h a t the r a d i a l p r o f i l e has the same form 

as the e l e c t r o n temperature toge ther with the ion dens i ty (n^) from, 

rii nç_ (1+T) + % + ^ 
n e n e n e n e 

(nn, n0 and nc are the deuteron, oxygen and carbon ion densities, respectively) 

nn/ne is derived from the neutron yield using the neutral particle analyser ion 

temperature, Ύ is the ratio of hydrogen to deuterium (normally 5$) and thè ratio n0/nc 
is calculated from the spectroscopic data. Together with the equation for charge 

neutrality 

nn + n0 8 + nc 6 = ne 

this determines nj/ne 

The global confinement data for discharges in JET is plotted versus the scaling 

R
2
añq 2 in Fig. 15. This is not the best regression fit to JET data but is shown 

here for comparison with earlier results from JET and TFTR. The best regression fit now 

shows a weaker dependence on density than found previously (J G Cordey et al, 1985). This 

may reflect the greater variation with density of the fraction of power radiated (Fig. 4) 

since the first carbonisation in late 1984. 
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Fig.15. Global energy confinement time, τΕ , 
versus the sca l ing fac tor nqR2a for both 
Ohmic and RF heated plasmas. The data from PLT 
and TFTR are shown for comparison; 
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In Fig. 16 the performance of JET is plotted in the Lawson plane of n̂ xg versus T^. 

Here n¿ is the central hydrogen isotope density (usually significantly less than the 

electron density). τΕ is the central energy confinement time, and T^ the central ion 

temperature. For a limited number of shots τΕ(Ψ) has been calculated where 

_ ( ψ ) . 3/2 o '
y
" e

T
e

+
" i V d v 

p 

Ρψ i s the power input i n s i d e the f lux surface Ψ. Ρψ i s c a l c u l a t e d from the known loop 

vol tage and the cur ren t d i s t r i b u t i o n deduced from magnetic measurements. τΕ(Ψ) i s found 

to have a broad maximum ins ide the plasma h a l f  r a d i u s , such t h a t τΕ(Ψ)  1 . 3 τΕ where 

τΕ i s the global confinement time defined e a r l i e r . This r a t i o has then been appl ied to 

a l l the analysed sho ts on the Lawson diagram. The measured dens i ty p r o f i l e genera l ly has 

the form 

n e = η (1  r 2 / a 2 ) y 2 

giv ing a r a t i o n/ñ of 4/tr where η i s the l i ne ave rage va lue . 

The e f fec t of RF hea t ing in r a i s i n g the c e n t r a l ion temperature can c l e a r l y be seen. The 

performance of ohmic hea t ing plasmas i s t y p i c a l l y 2040$ higher in τΕ with deuterium 

r a t h e r than hydrogen plasmas, under s imi l a r c o n d i t i o n s . With RF no attempt was made t o 

inc rease the dens i ty above the Ohmic l i m i t i n g va lue . In a d d i t i o n , RF was usua l ly appl ied t o 

s tandard ohmic plasmas with modest d e n s i t i e s , i e d ischarges in which the ohmic confinement 

time was t y p i c a l l y  0 . 5 s and not the h ighes t a t t a i n a b l e . Coupled with the observed 

degradat ion in te· when hea t ing i s app l i ed , t h i s l eads to the RF discharges having the 

h ighes t T¿ but only modest η τ Ε . The h ighes t value of the product η xF i s 

6 x10 l 9 m _ 3 s keV, obta ined with Ohmic h e a t i n g . For the RF c a s e s , τΕ i s c a l cu l a t ed 

assuming tha t a l l the power launched from the antennae i s absorbed by the plasma. At 

p re sen t , power account ing i s not accu ra t e enough to prove t h i s assumption. 

MAGNETIC SEPARATRIX OPERATION 

However, with t h i s assumption, the f i r s t r e s u l t s with RF hea t ing (Jacquinot e t a l , 1985) on 

JET show confinement time degradat ion s i m i l a r t o t h a t seen on o ther machines with neu t r a l 

beam or ion cyc lo t ron resonance hea t ing i n t o l imi ter bounded plasmas (Goldston 1984). 
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Starting with ASDEX, several tokamak devices (DIII.PDX) have shown that confinement can be 

greatly improved if the plasma i s bounded by a magnetic separat r ix . The JET poloidal f ield 

coil configuration allows the formation of a magnetic separatr ix with two stagnation (or 

Xpoints) at the top and bottom of the vacuum vessel as an extreme case of plasma shaping. 

Experiments during Ohmic heating only have demonstrated th i s mode of operation and a number 

of technical questions re la t ing to the updown s t a b i l i t y and the heat loads on the vessel 

have been studied (Tanga et a l , 1985). Figure 17 shows the fluxcontours for such a case at 

a current of 2MA in a field of 2.6T. The s table configuration was maintained by feedback 

for several seconds. The corresponding plasma elongation i s 1.71.8. In the region around 

the Xpoints, 30$ of the input power i s radiated while interact ion with the midplane 

l imiters stops. The conduction/convection losses to the top and bottom of the vessel are 

estimated to be only 1020$ of the to ta l power input. We believe that JET can be operated 

in th i s mode t ransient ly for several seconds at a current level of 4MA without modification 

to the existing poloidal f ield coil system. 

SUMMARY OF CONCLUSIONS 

1) The electron density, plasma current, plasma position and shape are now controlled by 

feedback systems. 

2) A 5 MA discharge has been achieved with a flattop duration of 1s. To extend this 

duration, the poloidal circuit will be modified to enable use of the full voltseconds 

capability of the machine, consistent with breakdown and current riserate limitations. 

3) The vessel supports have been strengthened so that performance at these higher levels 

was possible without risk of mechanical damage if vertical position control was lost. To go 

to full aperture plasmas at 5MA, further strengthening of the torus mounting will be 

required. To go to 7MA will require a feedback system with redundancy to minimise the risk 

of damage due to loss of position control. 

4) Carbonising the vacuum vessel has both reduced Zeff and given a modest increase in 

the critical density for disruption. However, the light impurities in the centre cause a 

considerable reduction (50$) in the ratio of deuteron to electron density. Immediately 

after carbonisation, breakdown and density control are difficult due to the release of 

retained hydrogen. 

5) The observed density limits are consistent with the radiated power outside q=2 equalling 

the total input power at the limiting line in the 1 /qcv]_ vs ñR/B plane. If this is 

the case, substantial increases in the density limit will be possible with full additional 

heating power, provided that the fractional impurity content does not increase with power. 

6) JET has been operated down to qcvl~ 1.6 (qY = 2.2) at 3.25MA without disruption. 

On this basis, it should be possible to achieve 7MA in JET using full field and full 

aperture. 

7) Sawtooth periods on JET are roughly linearly related to the global energy confinement 

time. Study of the heat pulse propagation shows an electron thermal diffusivity 24 times 

that deduced from the global energy confinement time. 

8) By operating at full field, high aperture, and density near the limiting value, global 

energy confinement times of about 0.8s have been achieved with ohmic heating. 

9) The highest central ion temperature of 4keV is achieved with RF heating. The best 

combination of Lawson parameters is obtained with ohmic heating, n TE=2.2xl0
19
m
 3
s and 

Ti 2.6keV, giving a product (η τ Ε T\) of 6x10
l9
m
_3
s keV. 

10) Preliminary studies have demonstrated experimentally the ohmic operation of JET with a 

magnetic separatrix. This configuration when used with additional heating may permit an 

Ηmode regime of confinement to be reached. 
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MAGNETIC TOPOLOGY, DISRUPTIONS AND ELECTRON HEAT 
TRANSPORT 

P. H. Rebut, M. Brusati 
JET Joint Undertaking, Abingdon, Oxon OX14 3EA, UK 

Abstract 
JET results are presented which show a "profile consistency" of the electron temperature under a variety of plasma 
conditions. 

This experimental fact is interpreted as due to a topology of the magnetic field lines where ordered structures such 
as laminar surfaces and magnetic islands coexist with ergodic domains. 

The development of this concept identifies different plasma regions according to the value of the safety factor and 
relates the observed degradation in confinement time, when Additional Heating is applied, to the plasma entering a 
multiphase state where the electron temperature gradient is limited by a critical value defined by the global plasma 
parameters. A preliminary scaling law for the electron temperature is proposed which indicates a strong favourable 
dependence on major radius and plasma current. 

Losses due to atomic processes at the plasma edge give rise to thermal instabilities with low m numbers, which induce 
ergodic regions. Plasma disruptions could be considered as the effect of these very low number instabilities (m = 2, 3). 

The near future JET experimental programme is briefly described and possible ways of improving the plasma 
confinement are presented. 
Keywords 
Tokamak, JET, Magnetic Topology, Disruptions, Electron Heat Transport, Additional Heating, Scaling 
Laws, Electron Temperature Profile. 

I) Introduction 
Plasma discharges in tokamaks exhibit a variety of phenomena (anomalous thermal diffusion, degradation 
of confinement with additional heating, sawteeth oscillations, disruptions) and different regimes (L and H 
modes) which have so far eluded a satisfactory theoretical explanation. 

Some of these phenomena are generally attributed to changes in magnetic topology: appearance of 
magnetic islands (disruptions, sawteeth) or formation of a separatrix at the plasma edge (H mode). 

In this paper we try to analyse some of the consequences of topologies which include ergodization of 
magnetic field lines. The ergodicity is produced by the interaction of several sets of magnetic islands. 

The occurrence of three types of topologies, main magnetic surfaces, magnetic islands and regions of 
ergodic field lines, can have major effects on the plasma and could be the main cause of the complex 
behaviour observed experimentally. 

Except for the largest islands these different topologies affect mainly the electrons due to the small Larmor 
radius and mobility along field lines. The ratio between the parallel and perpendicular electron thermal 
conductivities is X||/Xi = 1014 in JET and a small displacement of the field lines can modify completely the 
main perpendicular electron heat transport. 

The existence of magnetic islands can also arise from ergodic magnetic fields and can only be maintained 
at the expense of the energy confinement time. 

In this paper we shall see how the experimental results obtained on JET could be described by such a 
concept. 

We are still far from being able to explain these aspects of plasma physics quantitatively, but the general 
conclusion we can draw so far points in the right direction. Major work remains still to be done to justify 
some of the hypotheses and conclusions; nevertheless we shall tentatively present them. 

II) JET experimental results: the electron temperature profile 
Most of the results which will be described here have been obtained during the 1985 JET operation with 
ohmic and RF heating. We limit ourselves to a study of the electron behaviour mainly through the ECE 
diagnostic which provide a spatial and temporal resolution of the electron temperature (Costley et al., 1985). 

The electron temperature on JET shows a strong "profile consistency"; this has already been seen on 
other toroidal devices (Coppi, 1979). cRæ.223 
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In the absence of sawteeth, electron temperature profiles are similarly independent of the plasma 
conditions: this can be seen in figs. 1,2 where the electron temperature profile is shown for two JET 
discharges with plasma currents of respectively 1.12 MA and 2.82 MA. In the latter case (2.82 MA), the 
profile at ί = 6 s corresponds to the beginning of the current flat top when a strong skin effect prevents a 
large q = 1 region from developing. Under these conditions the two temperature profiles can be superimposed 
within the experimental uncertainty. Later on at t = 8.5 s, the current has diffused further into the plasma 
centre and a large q = 1 sawteeth region develops, cutting the temperature profile at a lower value. 

The electron temperature behaviour can be revealed further by studying the profile evolution when an 
RF heating pulse is applied. Fig. 3 shows the time evolution of the central electron temperature when RF 
is applied at t = 6.25 s for 2 seconds. Large sawteeth of 1.5 keV develop with partial or full reconnection. 
The bottom of the sawteeth in case of full reconnection shows no increase in electron temperature. The 
related temperature profiles are shown in fig. 4 where case (a) corresponds to the sawtooth start-up both in 
ohmic and in RF heated phases. 

The profiles (b) and (c) are measured at the top of the sawteeth and refer respectively to an ohmic 
discharge with 1.58 MW of input power and to an RF heated discharge where a total of 3.4 MW is applied. 
The total amplitude of the sawteeth reach 2 keV and depends strongly on the power input; the rate of 
temperature increase dTjdt seems to be proportional to the heating power density. 

The confinement time in the sawteeth zone (2.7 m < R < 3.6m) between two relaxations is very long with 
no sign of degradation. Outside the q = 1 region, the temperature profile does not vary when the power is 
increased by more than a factor of two with the exception of small variations after the collapse of the 
sawtooth (heat pulse) as shown in fig. 5. During this time the electron thermal conductivity varies by more 
than a factor of 2 on average when RF is applied and by almost an order of magnitude (>7) when comparing 
ohmic and RF heating phases. It follows that the thermal conductivity does not seem to be a useful physical 
quantity. 

The heat flow equation: Φί = xeVTe (1) 
must be replaced, outside the q = 1 region, by an equation of the type 

Te = Tc (2) 

or VTe = VTC (3) 
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Fig. 1. Typical electron temperature profile for a high 

q value. 

PULSE NO 3826 B,  345T, Ip = 2.82 MA, 

ñ2.6.10
u
cní', Zeff =3.36, 

Fig. 2. A similar profile is obtained for a much lower 
q value when the q = 1 region has not yet developed 
(end of slow rise). Subsequently, the effect of saw
toothing is to cut the central region of the profile at 
a lower temperature value. 
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Fig. 3. Evolution of the central electron temperature 
when an RF pulse is applied, in which giant sawteeth 
are observed. The temperature collapse at the end 
of the sawteeth is not always complete but occasion
ally full reconnections do occur which lower the 
central temperature to ohmic values. 

Fig. 4. The electron temperature profile under dif
ferent conditions: (a) at the end of a sawtooth after 
full reconnection; (b) at the peak of a sawtooth 
during ohmic heating; (c) at the peak of a sawtooth 
during RF heating. The profile outside the q = 1 
region (sawteeth region) does not vary significantly 
with or without additional heating (confinement 
degradation). The central zone (q = 1) does not 
exhibit such a behaviour. 
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Fig. 5. Heat wave in JET after a sawtooth collapse. 
It propagates from R — 3.58 m to R = 3.74 m in 
0.4 ms (=40 cm/ms). The change in the temperature 
profile is small (~0.5 keV over ~4keV). 

Fig. 6. The average electron temperature does not 
vary appreciably when the total RF input power 
varies from 4 to 6.6 MW. 
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where Tc depends on the plasma parameters and not on the power input. This is confirmed by the evolution 
of the volume average electron temperature when the RF power is varied, for constant values of the machine 
parameters (magnetic field, current and density). 

The volume average temperature is shown in fig. 6 as a function of the total power input. As can be seen, 
there is no variation over a wide range of power. The increase in the sawteeth region is compensated by a 
small temperature decrease caused by a density buildup during the RF pulse. 

If the experimental evidence generally supports these facts, the concept of energy confinement time in 
predicting the plasma performance becomes doubtful and must be replaced by a concept of central electron 
temperature capability of the device. 

A scaling law has been obtained on JET by regression analysis giving the dependence of the electron 
temperature at the q = 1 surface, or at the plasma centre if q > 1, on global parameters. 

The result of this analysis is shown in fig. 7. The q dependence in this formula has been included to take 
into account the "cutting" of the temperature profile by the sawtooth relaxation. 

The scaling law for the electron temperature at the q = 1 surface could be: 

Π = 0.66 ro.v,7A:0,25 log 
67c+0.8 

1.8 
+ Tn (4) 

[Te, Tp (keV), L (MA), B, (T), r (m) and η (IO19 m"3)]. Here r is the radius defined by the condition TeV= 

0.5 T, e\q=\ and Tp is a pedestal which defines the electron temperature where atomic processes become 
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Fig. 7. Scaling law for the electron temperature on JET as a function of machine parameters. The 

dependence on the cylindrical q (qc) takes into account that the critical temperature profile is cut by the 

q=\ region. For a given toroidal field the maximum temperature is obtained for <7 = 3.54. In this for

mula r is the radius defined by 7; = 0.5 Te (<7=1), where a strong temperature gradient exists. 
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significant (0.3 keV <Tp< 0.5 keV). 
Even if the statistical error is small, the values of some of the exponents are difficult to assess due to 

experimental correlations between the independent variables (e.g. n and Zeff). 
In conclusion, three regions can be identified in the plasma: 

1) the sawteeth region (q = 1, q' — 0) where VTe = 0 after a full reconnection. The amplitude of the sawteeth 
depends directly on the heating power and long confinement time with no degradation is observed 
between two relaxations. 

2) The "confinement" zone, not dominated by atomic processes, which is characterized by a "critical" 
electron temperature profile largely independent from the power input. In this zone the diffusion equation 
(1) must be replaced by Eqs. (2) or (3) which describe a thermostatic system (two phase equilibrium) 

3) An edge region where atomic processes are dominant (radiation, ionization) due to plasmawall interaction 
and where a poor confinement is generally observed. 

4) If, in addition, the results obtained on ASDEX (Wagner et al., 1982; Keilhacker et al., 1984) and on 
PDX (Kaye et al., 1983) are considered, a fourth domain could be envisaged with good confinement 
properties around the separatrix with steep temperature gradients. 

Ill) Non dimensional analysis 

A meaningful scaling law can be constructed using nondimensional parameters (Beiser and Raab, 1961; Kad

omtsev, 1975; Connors and Taylor, 1977). In regions wher atomic processes do not play any rôle (thus excluding 

the plasma edge) the nondimensional parameters can be classified into two groups: 

1) shape parameters, defined as ratios of two components of the same physical quantities and which generally 
describe the geometry of the plasma or its composition. 

2) Structural parameters, constructed from different physical quantities. Relations between the structural 
parameters reflect the physics which is involved. 

The following table shows the nondimensional parameters needed to describe the physics of a steady 
state tokamak including Additional Heating. 

Group 1 
Description Parameters 

a) geometry q, R/a, r/a, rq', rVT/T, rVn/n (5) 
b) composition Tnjm¡, Te/T¡, Zeff, ne/n¡ (6) 

Group 2 
Description Parameter 

a) ideal MHD β = ZnnkT/B2, 
b) resistive MHD Δ* = ψ/Βρυώ ~ η/qrVlkTjm, 
c) heating Π = %nR®JB]\fWTJme 
d) finite Larmor radius Ω = 2mekT/q2

eB]r2 (7) 
(Vlasov equation) 

e) charge separation Γ = 2kT/mec2 

(relativistic effects) 
f) collisions ζ = ql/rme 

(granular effects) 

If the shape parameters are initially neglected, or if only plasmas with the same "shape" are considered, 
comparisons could be expressed only by relations between the structural parameters. In the following we 
will neglect also the numerical constants in the different relations. 

Taking into account the number of independent variables which can be constrained externally, the physics 
of magnetic confinement can be summarized by only two relations among the five structural parameters. 

The first relation is the one which defines the electrical resistivity: 

Δ ' = ^ ^ Ξ Δ + ^ ~ Γ 3 / 2 ( 8 ) 
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Then the electron temperature can be related to the input power. Neglecting relativistic effects and taking 
collisions into account by replacing Δ* with Δ+ we have: 

£*(/3,Ω,Π,Δ + ) = 0. (9) 

In the ohmic heating case, an extra relation defines the power input: 

Π = Δ+ (10) 

Under these conditions it is impossible to distinguish between collisionality and heating and the confinement 
time degradation with additional heating will strongly depend on the relative weight of Π and Δ+ in Eq. 

(9). 
The electron temperature profile in the "confinement" zone is found to be largely independent of the 

input power and the function g* is independent of Π. Eq. (9) becomes: 

Ζθ3,Ω,Δ + ) = 0. (11) 

Eq. (10) implies a full degradation of the energy confinement time. Such a law may apply only in a 
restricted region as the parameter Δ+ varies over a wide range between plasma centre and edge. A relation 
between β, Ω, Δ+ in the form of a power law is only valid asymptotically and does not necessarily apply for 
large variations of some of the parameters. In fact, the scaling given in fig. 7 could be given by the relation: 

Qißßiß , Δ+(~ο) = œnst ( 1 2) 

The dependence on Δ+ is weak but the relative weight of Ω and β is difficult to assess due to the observed 
coupling between density and impurity level. A more complicated dependence for the electron temperature 
is expected when edge effects are taken into account. 

IV) Magnetic Topology 
It is generally thought that the topology of magnetic field lines plays a major role in determining tokamak 
behaviour; internal disruptions (sawteeth), and major disruptions are attributed to a rearrangement of the 
magnetic structure due to the growth of large magnetic islands. Further, more complicated geometries could 
arise where ergodic field lines and small size islands coexist. These structures could be responsible for some 
of the phenomena observed in tokamaks, such as anomalous heat conduction, degradation of confinement 
with additional heating, L and H mode transitions. 

The basic topology can be computed from a very simple set of equations in slab geometry, but the resulting 
mapping is indeed very general: 

dx dy 
— = 2y A j cos(myy n¡z)\ — = x (13) 

where χ and y are the coordinates of the cross section. The equation 

' · - %
 ( I 4 ) 

defines the centre of a set of magnetic islands and A¡ is the amplitude of the magnetic field perturbation. 
The different mappings shown in fig. 8 correspond to a set of three islands with same amplitude A¡ = A, 
same m number (m = 1) and different η numbers (—1,0,1). The size of the ergodic regions increases when 
the amplitude of the perturbation increases. In an early phase the ergodicity is confined around the 
séparatrices (a); subsequently, it expands over a continuous zone embedding the islands (b): in this phase 
secondary islands are created. Finally for large perturbations the interaction region is fully ergodized and 
the island structure disappears (c). 

We can define an overlapping parameter: 
F: + F, . , 

(15) 

where 

Y-

1*1. 
m,' 

£
i
 + ε

/+ι 

1/+1 

rrij+1 

- H L 
m¡ 
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3 Sets of primary islands 

a) 
ε, »ε. = (.63) 

Formation of secondary islands 
and ergodic magnetic lines 
around the X point. 
No "mixing" occurs. 
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■•ir *ΐΛ.?«·»};ν^·^'ι«»Λ_· ·''"¿irr 'ÎÎÎ^.· »ifĉ Sí**!̂ "' ' 
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b) 

ε,·ε2 (0.9) 
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islands still exist. 
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Fig. 8. Interaction of magnetic islands showing the 

creation of ergodic field lines. 

Fig. 9. Variation of VTe as a function of the heat flux 

Qx at the onset ( y = 0.75) and saturation ( y = 1.5) 

of the ergodization (schematic). 

ε is the island size and <5 the separation between adjacent islands. 
The ergodic regions around the séparatrices join together when the magnetic islands start to overlap. Due 

to the presence of secondary islands the overlapping starts at a value of y somewhat lower than 1 (y — 0.75). 
For y— 1.5, the island structure is destroyed even if the diffusion of ergodic field lines has not reached a 
saturated state. 

The following relation between y and A was used in the computation: 

y = 4V^4 (17) 

In a tokamak 

s2=A-
m 

Bq2 

B,q' 
(18) 

and 

(19) 
mq 

where q = m/η is the safety factor and Β is the perturbing radial field. 
When γ = 0.75 the corresponding critical perturbing field Bc is given by: 

Bc q2 

—0 3 —  — 
B, Rq'm3 

From these considerations follows that a continuous sequence of states can arise in a magnetically confined 
plasma, from a laminar state with nested magnetic surfaces and non overlapping islands to a fully ergodized 
state. The transition which occurs when the ergodic regions around the séparatrices join together for γ ̂  0.75 
may induce a complete change in the confinement properties of the plasma. 

(20) 
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The equivalent mean perpendicular thermal conductivity χ± has been calculated for a fully developed 
ergodic domain (Rechester and Rosenbluth, 1978). Calculations are not available yet for the transition 
region where magnetic islands and ergodic field lines co-exist but an estimate of the transport when the 
electron mean free path is smaller than a few times 2nR can be made following the previous scheme. 

If we assume that, in the overlapping region, the electrons "can choose" to pass on either side of a set of 
islands each time they cross the separatrix, we obtain, for γ > yc = 0.75: 

ex-*»W.ff(£^)'(l- W-ψ)1 (2D 
where S is the average surface of the ergodic region. When the electron mean free path is much longer than 
mR, #u has to be replaced by: 

α{γ)ηυ ,hlmR (22) 

where a is a numerical factor. 
If ym is a value for the overlapping parameter at which full ergodization occurs for a given mode number 

m, saturation is reached and the heat flow Q± is again proportional to the temperature gradient vTe. This 
is schematically shown in fig. 9 where a limiting value ym = 1.5 is assumed. The saturation level depends 
also on electron temperature and density and it increases with density at high temperatures (Eq. 22). 

To calculate the ergodization of the field lines self consistently, it is necessary to relate the perturbing 
magnetic field to the plasma current, which in turn requires a non-linear calculation of the island size either 
in a saturated or in a transient phase. The very existence of the islands could even be linked to the plasma 
transport properties inside the islands and in the surrounding ergodic regions. According to the island size, 
several phenomena could contribute to these patterns, such as tearing and micro-tearing modes or thermal 
instabilities. We will try to assess the potential role of some of these phenomena in creating the described 
topologies in tokamaks. 

Assuming that the perturbing magnetic field is due to the presence of islands, its value can only be a few 
times (Eq. 20) the critical value Bc. As a consequence, for high m numbers (m > 20), the heat flow can not 
be strongly influenced by ergodicity. 

As an example, in JET, with 5 = 100m2, VTe = 6keV/m, Te = 3 keV and an ergodic region of a few 
tenths of the total plasma volume, a perturbation level of 3xl0 - 5 leads to a heat flow in excess of 5 MW. 

The following conclusions can be drawn from these considerations: 

—the interaction of sets of magnetic islands produces a surrounding ergodized region for 
y > y c - 0 . 7 5 . 

—The mixing of magnetic field lines in the ergodized region can be thought of as a new phase in the plasma. 
—Ergodization does not occur when q' — 0 due to the lack of overlapping (y < yc), e.g. in the sawteeth 

region, with no degradation of confinement. 
—High q and q' values limit the island size and force high m numbers. Islands would generally not contribute 

to the transport and would disappear under these conditions (e.g. X points). 

V) Thermal Instabilities 
The existence of islands with closed magnetic surfaces surrounded by ergodic zones could result from the 
different thermal properties of these two magnetic topologies. 

When islands are large enough they can provide a good thermal insulation and under or overheating can 
develop. This would change the local resistivity and modify the current distribution (Rebut and Hugon, 
1984), with stabilising or destabilising effect depending upon the sign of the related current, as compared 
to the sign of the shear q'. The importance of this effect is measured by the value of the parameter N: 

JQrn <3>υ Rq2 , v 

Ν=-6πΛΛ—L·—iL. (23) 
B, X±Te q' 

where 9*„ is the net input power to the electrons in the island excluding the conduction contribution and χ± 
is the average "perpendicular" electron thermal conductivity in the ergodic region. We can distinguish 
different conditions: 
a) small shear (q' — 0): Ν becomes very large and instabilities can develop with either under or overheating 
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even if the surrounding region is not ergodic and χ± is small (fig. 10). In the sawteeth region q' — 0, there 
are no adjacent islands and ergodization cannot develop, but the island growth could be limited by MHD 
effects. This may explain the good confinement time in this region between the sawteeth collapse and the 
fact that no degradation of confinement is observed. 

A feedback in the q = 1 region acting on the local current distribution or on the plasma resistivity may 
stabilize the sawteeth leading to higher temperatures. 

Good plasma confinement could be obtained by controlling the current profile in order to have q' — 0 
and q Φ 1 over a wide area. This requires current and temperature profiles not to be coupled through the 
resistivity; non-thermal current carrying electrons sustained by current drive or slide-away regimes could 
be a possible scheme, 

b) Normal condition (q' > 0): in this case only underheating instabilities can develop in a tokamak. This 
occurs in the edge regions where losses due to atomic processes overcome the local plasma heating. The 
island size is only limited by its self destruction either by ergodization or disruption (fig. 11). These 
phenomena can arise only for small m numbers: 

m « 5 , 6 (24) 

The plasma current density is small for q > 2 and it is easy to get into a situation where underheating 
occurs (2P„<0). In this case, islands develop centered on magnetic surfaces with rational q values 
corresponding to small m numbers (q = 2, 3, 5/2 . . .). 

CASE® 2 C 

CASE 

Fig. 10. Island topology in presence of shear (A). When the shear is weak (B) more 
complicated topologies can exist with islands twisting in opposite directions. 
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Islands developing at q = 2, 3 can grow very large bridging the q = 1 region to the plasma edge; this 
in turn redistributes current and electron temperature profiles (ƒ( = const, along a given magnetic field 
line) leading to disruption (Kadomtsev, 1976), a condition for which could then be written as 

<3>v < 0 at q = 2 

or, in non dimensional parameters 

Π < 0 at q = 2 

(25) 

(26) 

c) High q values {q > 5,7 imposes m > 5,7): in this condition thermal instabilities cannot arise any more 
and have no effect on confinement. 
In summary the plasma can be divided into several regions (fig. 12): 

—a sawteeth region with q — 1 and q' = 0 
—a confinement region with q > 1 
—an edge region defined by ??„ < 0 with poor confinement properties. 
—when a separatrix does exist a fourth region must be considered with large values of q, where good 

confinement could be restored. 

VI) Confinement region and temperature gradient 
This region extends from q > 1 to q > 2 (Eq. 25) or up to the X point in case of H mode. It is characterized 
by the fact that the electron temperature profile is relatively insensitive to the power flow; this suggests a 
marginal condition for the plasma, i.e. this region is marginally ergodic with y — 1. The change in ergodicity 
produced by a small increase in island size may explain variations in heat flow leaving the profiles unaffected. 

Saturated micro-tearing modes could be responsible for the topology in this region; magnetic islands are 

N = -6π J r % R q2 

BT Xx T q' 

(a)N>0 
Imi ol interconnection 
between ergodic zones 

thermtl islanti equilibrium 
limited by mobilisation 
(stable) 

In vacuum if r2 « R2 j k, —2m 

(b)N<0 

tearing island equilibrium 
limited by thermal effects 
(stable) 

Κχ-0 (marginal stability of 
tearing modes) 

' © 
\ 

\ 

© ® 

γ 

π 

\ 

τ 
Tc 

Τ 

ZONE (7) α s 1 
^ ^ 'Sawteeth' 

ZONE © V T = VTC 

ZONE ® Ergodic 
I Losses dominated 
Π Thermal conduction 

dominated 

Temperature profile . » — 

Tc: ZONE® i ® 
ZONE® 

Ergodc fines 

ZONE® ^ — 
ZONE Q S © 

K,=0 

Fig. 11. Existence domain for thermal instabilities 
and their coupling with the tearing mode. The meta
stable nature of some equilibria should be noted 
when thermal effects give rise to instabilities. 

Fig. 12. Different zones in a plasma: the respective 
confinement properties differ strongly. In zone 1 the 
temperature profile is controlled by sawteeth activity 
(q' = 0, q — I). In zone 2 a critical temperature 
profile is established, defined by the equation V7"e = 
VT, (γ~ 1). In zone 3 edge effects dominate (e.g. 
thermal islands, case I) or the plasma is in a regime 
where ergodicity is saturated when VTe > V7^ (y = 
ym, case II). 
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sustained through energy conversion by the electron temperature gradient and the current flowing along 
magnetic field lines balances the velocity dependent electron diffusion. 

The amplitude of micro-tearing modes and related island size have been calculated both in the linear case 
(Hazeltine et al., 1975) and including some non linear effects (Samain, 1984), but these studies do not take 
explicitly into account the ergodic topology, which can have a decisive influence on the electron behaviour 
and on the onset of micro-tearing instabilities. 

We have made the hypothesis that the plasma finds itself in a multiphase state when the temperature 
gradient approaches a critical value VTC. It seems then logical to assume that the relative size ε/r of the 
islands is a direct function of rVT/T and depends on the structural parameters β. Ω, Δ+; the critical 
temperature gradient is defined by the condition y— 1. 

In JET, islands with halfwidths ε = 1 cm and m numbers between 10 and 15 would be necessary to explain 
the observed behaviour. 

In order to fully justify this hypothesis, experimental measurements of islands in the plasma are needed 
or a self consistent computation of islands surrounded by ergodic field lines should be done. Some 
experimental measurements already indicate that magnetic field fluctuations are correlated with the energy 
confinement time. 

Heat waves arising after the collapse of a sawtooth could be interpreted as an increase of the ergodization 
in the confinement region due to a small redistribution of the parallel current generated in the plasma centre; 
this in turn increases the perturbing magnetic field and the ergodization level. 

VII) Conclusions 
The effect of structured topologies of confinement could explain the behaviour of tokamak plasmas. 
Attention has been focused in this paper on the electron behaviour and some of the conclusions are still of 
a speculative nature. In particular, the local electric field resulting from thermo-electrical effects in the 
ergodic region must be included. The effect of these topologies and of the resulting electric field on the ion 
population has not been assessed at all. 

Nevertheless, the description presented of a magnetically confined plasma seems promising and links 
together several phenomena which, up to now, seemed uncorrelated. 

The main conclusions can be summarized as follows. 
Three regions can be generally distinguished in a plasma: 

a) a central region where q — 1, dominated by sawteeth: the confinement time is long (classical?) between 
the relaxation of the sawteeth and no degradation is observed during sawteeth. No ergodic domain can 
generally develop. Feedback control of the sawteeth or current profile control may prove feasible and 
lead to much higher central temperature values; a factor of two seems achievable. 

b) A confinement region where the temperature gradient is established: an equilibrium may exist among 
laminar surfaces, magnetic islands and ergodic domains. This equilibrium defines a critical temperature 
which is maintained when the heating rate changes. High energy electrons may be responsible for this 
behaviour. 

c) An external region dominated by atomic processes and power losses associated with the plasma edge: 
underheating instabilities can grow if resonant surfaces with low rational number are present. In particular, 
disruptions could occur if: 

SP„ < 0 at q = 2 

This condition leads to a Murakami type of limit for ohmic heating. 
The nature of impurities and the edge values of density and temperature may define the critical density 

at which a tokamak can work. Low Ζ wall material like beryllium and high edge temperatures associated 
with strong edge pumping may help to achieve higher plasma densities, along with high speed pellet 
injectors. 

d) When a separatrix is present a fourth region can exist where the electron temperature is high enough for 
the plasma not to be dominated by power losses due to atomic processes; significant levels of ergodization 
leading to large heat flows cannot take place in conditions of high shear and high q numbers and a steep 
local temperature gradient may be established (H mode). 

Different methods to improve plasma confinement will be tried on JET: 
i) a high speed pellet injector is under development in a cooperative effort between JET and several 
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European Laboratories, 
ii) Studies are under way for establishing a separatrix inside the JET vacuum vessel at high plasma current 

values (Tanga et al., 1985). 
iii) JET has been operating in the last period with walls covered with low Ζ material and preparation for 

beryllium operation is progressing, 
iv) A significant part of the next operating phase of JET will be devoted to a better understanding and 

control of the plasma current density profile, by varying the energy deposition profile and allowing for 
current drive operation within the flexibility of the JET ICRH system. 

If the concepts which have been presented here are supported by experimental evidence and if the scaling 
of the temperature holds, it is possible to conceive a reactor as a large major radius tokamak with no 
Additional Heating and without problems of burn control. 
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ABSTRACT 

Two antennae have been installed in JET and operated to the maximum design capability of the 

generators. 4.5 MW, 10 MJ have been coupled to the plasma which heated up to a maximum stored 

energy of 3 .MJ with central temperatures of Te0. = 5 keV and T^g = 4 keV without increase of 

the relative impurity concentration. Degradation of energy confinement is observed accord

ing to an L mode scaling. The effect of k// shaping is discussed using a quadrupole antenna. 

Hydrogen and Helium 3 minority heating regimes give similar results. 

KEYWORDS 

JET; Tokamak; Plasma Heating; ICRH; Confinement; Energy; Deposition. 

INTRODUCTION 

The JET programme of extension to full performance is based on two different plasma heating 

methods : 

Neutral Beam Injection (NBI) with a total of 10 MW, in two units, of "high grade 

power" 

Ion Cyclotron Range of Frequency (ICRF) with a total of 15 MW, in ten units, of 

"high grade power" 

where in both cases "high grade power" refers to the power deposited in the plasma centre, 

defined as 25% of the plasma volume. For ICRF, it was estimated that this specification 

would require 30 MW at the output of the RF generator plant. 
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The physics of NBI heating is solidly documented and well proven by experiments where it is 
normally the major heating method. However, the high injection energies required for pene
tration of large plasmas sharply decrease the neutralisation efficiency with serious conse
quences on the technological complexity and cost of the system. Nevertheless, good progress 
has been achieved and the first NBI unit will be used during the next JET operation programme. 
On the contrary, the efficiency of ICRF does not, in theory, appear to be penalized by the 
increased plasma size. However, the method is based on physics processes which are far more 
complex and remain somewhat unclear despite the remarkable progress achieved recently. 
Therefore the two methods appear complementary; when used separately, a larger domain of 
plasma operation can be explored; when used simultaneously, synergistic effects may be 
expected on wave damping and current drive. 

On the technical side, the JET ICRF system will deliver, when completed, 30 MW in 10 antennae 
and will be operated in pulses lasting 20 s. Each unit can be operated at any particular 
frequency chosen between 23 to 57 MHz. Groups of units can also be operated at the same 
frequency and phase locked. Compared to the previous generation of experiments, this implies 
a formidable increase in the size of the system: in particular, the amount of energy delivered 
to the plasma will be increased by nearly three orders of magnitude. 

On the physics aspect, the relative importance of basic processes are greatly modified by 
the large size of JET: 

(i) For the first time, the wavelength inside the plasma becomes small (1/5) 
compared to the plasma radius. This will decrease the importance of dif
fraction effects and allow focusing effects analogous to geometrical optics. 
This effect is illustrated in Fig. 1. The main component of the group 
velocity is along the density gradient and the wave is strongly focused in 
a poloidal plane although significant divergence occurs in the toroidal plane. 
Full wave calculations confirm this conclusion which has the consequence 
of a highly peaked deposition profile when the cyclotron layer passes in 
the vicinity of the magnetic axis. 

(ii) Both larger size and higher temperature increase the wave damping at each 
pass across the damping zone. For JET ohmic plasma parameters, nearly single 
pass damping is achieved in the case of Hydrogen minority heating; the 3He 
minority case is somewhat less effective (50% of power damped per pass) but 
is still far greater than in smaller experiments. 

1.1 -t.S 

Z(m) 

Starting surface 

1a Poloidal Projection 1b Toroidal Projection 

Fig. Ray tracing calculation illustrating, for JET conditions, focusing 
of the wave energy in the poloidal plane and divergence in the 
toroidal direction. Reflection on the high field side is also shown. 
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The construction of the ICRF system, organised in three successive stages, started at the 
end of 1982. Operation with the first stage, consisting of two units, began in 1985. A 
description of the system, the plasma antenna coupling and preliminary results after the 
first four months of operation were presented in a recent publication (Jacquinot et al, 1985). 
In this companion paper, we concentrate on the analysis of the results relevant to ICRF physics 
and to confinement under additional heating. 

EXPERIMENTAL SET-UP 

Two antennae (Arbez et al, 1984) are installed on the low field side of the torus and at 
diametrically opposed toroidal locations (Fig. 2). Additional thermal protection is provided 
by four movable carbon limiters normally introduced for the high power experiments 16 to 26 mm 
further inside the torus. In these conditions, the thermal load is shared by all six limiter 
structures. The antenna electrostatic screen is 17 mm in the shadow of the carbon frame. 
Made of nickel bars, it is designed as a wave polariser transparent to the wave electric field 
corresponding to the polarisation of the fast magnetosonic wave. This is achieved by inclining 
the nickel bars at 15° to the horizontal. 

The screen, housing and coaxial feeds of the two antennae are identical. However, they differ 
in the configuration of the central conductors (Fig. 3). The antenna, referred to as Aoi, 
is made of two single turn coils. When the coils are fed out of phase (configuration Aoiy, 
"Monopole"), the two current elements reconstruct the conventional single turn normally used 
in ICRF experiments. In-phase feeds, (AoiD. "Dipole"), however, eliminate coupling to modes 
with large poloidal wavelength (m = 0 modes). The antenna referred to as A02, is made of four 
single turn coils with internal connections producing two poloidal dipoles, separated toroid
ally by a distance of 20 cm and fed as previously by two coaxial lines. Fed in phase (A02D)1 
this configuration is similar to A01D but with a somewhat larger equivalent width. Feeding 
out of phase (A02Q) in a "quadrupole mode" radiates a spectrum which is depleted for both long 
poloidal and toroidal wavelengths. With A02Q, the peak radiation occurs for a toroidal wave 
number of 7 m , a spectrum comparable to the conditions generated by the phased array of 
JFT 2 M (Mori, 1984), which considerably reduced impurity release. 

© CARBON LIMITER © NICKEL LIMITER 
(D ICRF ANTENNA © CARBON TILES 

Fig. 2. View of the JET vacuum vessel showing one of the 2 diametrically 
opposed antennae protected by a picture frame of carbon tiles. 
Nickel and carbon limiters are located on either side of the 
antenna. Nickel limiters were retracted during operation. The 
inner vessel central column on the left is covered with carbon 
tiles. 
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Fig. 3. Sketch of the RF current paths for the 2 antennae in the 2 possible states 
of phasing, k indicates the peak value of the radiated spectrum. 

Each coaxial feed is connected through a long (84m) coaxial transmission line to a 1.5 MW 
amplifier (Wade et al, 1984). The two amplifiers feeding an antenna form a unit driven at 
the same frequency and locked either in phase or out of phase with respect to each other. 
Impedance matching is achieved by impedance transformation caused by a fine frequency tuning 
(±0.9 MHz) and by an adjustable stub placed along the main transmission line. The principal 
features of the RF system are summarised in Table 1. 

Table 1 Main Features of the RF Power System 

Frequency 

Power 

Pulse Length 

Duty Cycle 

23 to 57 MHz in 8 pre-set channels 

3 MW per unit in 2 outputs provided VSWR < 1.5 

20 seconds 

1/30 

Transmission Lines φ = 230 nun, 30 Ω, Length 84m, 3 bars 
(2 per unit) overpressure in dry air 

Matching Single stub and frequency tuning 
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MEASUREMENT OF LOSSES AND COUPLED POWER 

The net RF power delivered by the generator Ρ = Pinc - Prefl is measured by directional 
couplers on the line and cross calibrated by calorimetrie measurements by diverting all the 
RF power into a dummy load. The losses in the transmission lines and in the antenna, mainly 
in the screen, are deduced from the equivalent resistance of the system 

R = 2 PZ02/VM2 

where V̂ j is the peak voltage along the coaxial line and Z 0 its characteristic resistance. 

The measurement of R with plasma (Rp) or without it (Rv) provides the value of the wave power 
effectively launched inside the torus. Throughout this paper this power will be referred 
to as PRF· 

P R F = η . Ρ ; η = (Rp-Rv)/Rp 
Both antennae have Ry values of 0.6 Ω at 33 MHz when matching is achieved at the generator 
end, 85 m from the antenna tip. It drops to about 0.2 Ω when the matching element is located 
close to the antenna. As discussed by Bures et al, 1985, the values of Rp vary widely dependiiij 
on the antenna type, the distance between the plasma edge and the antenna, and finally, the 
edge density profile. As expected, quadrupole phasing considerably reduces the coupling; 
η is only 30% (far matching) or 75% (close matching). In the other conditions (Monopole and 
Dipole), η is about 90%. 

The coupling resistance Rp appears fairly constant during a 2 s RF pulse; however in the case 
of significant heating in the plasma centre, Rp shows an "inverted sawtooth" behaviour in 
close correlation, after a delay of 40 ms, with the sawtooth relaxation of the central 
electron temperature (Jacquinot, 1985). Strong sawtooth activity is also observed in the 
intensity of the light emitted from the limiter, the antenna tiles and its screen. These 
observations suggest that the burst of heat generated after the crash of the sawtooth 
releases gas from the carbon tiles which contributes to an increase of density. 

EXPERIMENTAL CONDITIONS 

So far, ICRF has been operated with vessel walls and antennae heated to 300°C and carbonised 
walls, although the carbonisation was in some cases fairly old (̂  15 days). The frequency 
is normally chosen to match, near the magnetic axis, the fundamental resonance of the Hydro
gen or Helium 3 minority. After glow discharge cleaning, the background hydrogen concentratie» 
settles to 3 to 5% of the Deuterium density. It was found difficult to modify the concen
tration by Hydrogen injection without significant change to the plasma density. The 3He 
minority is injected about 2 s before the RF pulse and its concentration is monitored by 
measuring the corresponding increase of electron density. The usual concentration ranges 
from 5 to 10% of the Deuterium density. The effect of Helium injection is quite apparent 
as it effectively damps the toroidal resonance in the cavity formed by the torus chamber. 
Cross-talk between the antennae is also reduced by more than an order of magnitude. The 
initial period of operation of ICRF heating on JET which is the subject of this paper, was 
essentially devoted to technical commissioning of the equipment with the plasma and no 
systematic variation of the plasma parameters could be attempted. Nevertheless, a variety 
of conditions were explored, as summarised in Table 2. It can be seen that the exploration 
of the parameters is only in the range of a factor of 2 for the most important parameters 
such as PRF/PO, Ipi ne£. Other parameters (such as q and ellipticity) essentially stayed 
constant. 

RESPONSE OF THE PLASMA TO AN RF PULSE 

Figures 4 to 7 illustrate the variation of the plasma parameters by an ICRF heating pulse. 
The minority is Hydrogen with nh/nd = 4% ; Βψ = 2 T ; Ip = 2 MA and nei. = 6.4 χ 1019m~2. The 
antennae are either used simultaneously during an overlapping period of 1 s (Figs. 4 & 5) 
or separately in consecutive identical shots (Figs. 6 & 7). The illustration in Figs. 4 & 
5 corresponds to the highest ratio of RF power to ohmic power achieved so far on JET (2.5). 
In this case, the time average central electron temperature rose from 1.8 keV to about 3 keV 
(Fig. 4b). The volume average temperature (Fig. 5a) underwent a smaller relative increase 
from 0.8 to 1.1 keV. As the plasma heated up, giant sawtooth disruptions of the central 
electron temperature developed, reaching in some cases, a temperature excursion of 1.5 keV. 
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Table 2 Experimental Conditions during ICRF Heating 

^ 2.5 to 5% 

Frequency (MHz) 

Coupled Power, PRF 

p
RF/

p
n 

Majority Ions 

Minority Ions 

Plasma current (MA), I_ 

Magnetic field (Τ), Βφ 

Electron line density, neî, 

(m"
2
) 

Ζ .. (from Bremsstrahlung) 3 to 5 

Ellipticity 1.4 to 1.5 (Horizontal dimension 2.3 m) 

25 30 33 47 

< 4.5 MW 

< 2.5 

Deuterium 

Hydrogen or Helium 3,

2 to 4 

2 to 3.4 

6 χ 10
19
 to 1.2 χ ΙΟ

20 

During the rise of a sawtooth, the electron temperature profile (Fig. 4a) becomes steeper 

inside the q = 1 magnetic surface. After its collapse, it takes a shape similar to the pre

RF phase. At the highest heating level achieved, the regularity of the sawteeth is broken 

by the appearance of a subharmonic modulation which periodically creates very long sawteeth 

reaching 250 ms, a value to be compared to 100 ms before RF is applied. 

As mentioned earlier, the heating pulse is accompanied by an increase of line density (+ 18% 

in the case of Fig. 4) possibly resulting from the desorption under increased thermal loading 

of the limiter tiles and antenna structures. 

The increase of central deuteron temperature deduced from the neutron flux and from the 

Neutral Particle Analyser, NPA, (Corti, 1985) is comparable to the increase of central 

electron temperature (Fig 5b). There is no evidence of deviation from a Maxwellian energy 

distribution as seen from both the NPA and from the neutron spectrum. On the contrary, the 

Hydrogen minority energy spectrum measured by the NPA shows a high energy tail with a slope 

corresponding to an apparent temperature of 15 keV. The overall effect of impurity production 

is measured by the evolution of the Bremsstrahlung emission in the visible spectrum. The value 

of Zeff does not change appreciably when RF is applied. Bolometric measurements along several 

vertical and horizontal chords show that most of the radiated power is coming from the plasma 

periphery. The power radiated from the centre does not exceed 10% of the input power and 

this ratio does not appreciably change during the heating phase. The same conclusion applies 

to the total radiated power which remains a constant or slightly decreasing fraction of the 

total input power (Fig. 8). Spectroscopic analysis (Stamp et al, 1985, Denne et al, 1985) 

confirms the general conclusion that the relative concentration of impurity does not increase 

with RF and that impurity radiation never plays a significant role in the energy balance in 

the central part of the plasma. 

The heating efficiency and the dynamic response of the plasma parameters are 'similar when 

the resonating minority is changed from Hydrogen to Helium 3. However, in agreement with 

basic damping mechanisms, the Hydrogen high energy tail disappears and the production of 

14 MeV protons from D
3
He reactions increases sharply, implying the development of an energetic 

Helium 3 population. 

POWER DEPOSITION PROFILE AND POWER ACCOUNTABILITY 

The slope measurements of the initial electron temperature increase just after the crash of 

a sawtooth offer a direct determination, assuming adiabatic heating, of the net power density 

transferred from the RF to the electrons. The heating deposition profile inside the q = 1 

surface has been determined by such a method (Gambier et al, 1985) using a 12 channel ECE 

polychrometer (Tubbing et al, 1985). The results presented in Fig. 9 show the very peak 

deposition profile in agreement with the ray tracing expectations and full wave calculations 

mentioned in the introduction. The heating profile of the quadrupole is somewhat wider, in 
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agreement with the expected increased Doppler effect due to the larger mean k« radiated by 
this antenna. Confirmation that this peaked deposition profile is related to the localisation 
of the cyclotron layer RCH is obtained by varying RCH (Fig. 10) and by observing that the 
large internal sawteeth disappear as soon as RCH is out of the q = 1 surface. In this 
experiment, the increase of plasma stored energy remained constant when RCH was changed from 
3.1 m to 3.7 m. 

Integrating these experimental profiles over the q = 1 volume leads to a net power transferred 
to the electrons inside this volume of approximately 45% (monopole) or 35% (quadrupole) of 
the total coupled power. Extending the volume of integration outside the q = 1 volume by 
extrapolation of the curves has no effect on the value given for the monopole but rises to 
45% for the quadrupole value. Estimating the net power transferred to the deuterone from 
the rate of rise of Ti and assuming the same profile of increase gives a total power transfer 
in the range of 70% of the coupled power. 

An independent estimate of the power absorbed in the plasma may be obtained from the stored 
energy deduced from magnetic signals (Fig. 6). Trying to fit the evolution of the signal 
with a form of the type 

During RF W = WQ + Pabs Tad [1 - exp (- t/Tad)] 

After RF W = W0 + Pabs Tad exp (-t/Tad) 

we find the best fit for the conditions of Fig. 6: 

(i) Pabs/PRF = 75% ± 15% for both monopole and quadrupole 

(ii) Tad = 225 ms ± 25 ms 
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Tad has the physical meaning of a confinement time of added power. A similar value is deduced 

independently from dW/dPT0T (Fig. 12a). When compared to the ohmic confinement time of 480ms, 

it implies directly, without the need for power calibration, a serious degradation of the 

energy confinement, although the net effect on the global confinement time (400ms) during 

the heating, is fairly small due to the modest power level used in this particular experiment. 

When PRF is increased from 1 MW to 3 MW Tad remains unchanged but Pabs/PRF increases slightly 

by about 10%. .Also note that a unique value of Tad represents equally well the rise of the 

stored energy when RF is turned on (equation 1) and its decay when RF is turned off (equation 

2). This excludes any direct effect of the RF waves on energy confinement. 
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Fig. 10 Variation of the central electron temperature during sawteeth for 
three positions of 
the magnetic axis); (b) R 
three positions of the cyclotron resonance (a) R ™ = 3.3 m (close to 

*CH = 3. (c) RCH = 3.7 m (outside the q 
have been adjusted to the same level. 

5 m (edge of the q = 1 surface); 
1 surface). The bottom of the traces 

Due to the global nature of equations 1 and 2, the physical meaning of Pabs is not very 
accurate but can be interpreted as the power absorbed in the plasma core which is confined 
during a time comparable to Tad. Any power deposited on the edge or in the scrape off layer 
will not contribute to PaDS. p

aDs/pRF determined by this global method is comparable to the 
previous estimate of the power deposited inside the q = 1 volume. This implies that the 
additional power deposited inside this volume is confined with a characteristic time tad and 
that the remainder of the power which is deposited in more peripheral regions escapes with 
a shorter time constant, say xad ̂  50 ms. More specific analysis will have to await a more 
extended data base and a more complete determination of power deposition by other methods 
such as power modulation. 
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COMPARISON OF THE ANTENNA CONFIGURATIONS 

Some small difference in heating efficiency between the monopole and dipole configurations 
can be noted in favour of the monopole. However, the largest differences arise when the 
quadrupole is used: 

(i) The energy deposition profile is wider (Fig. 9). 

(ii) The sawtooth relaxation has a smaller amplitude and a smaller period (Fig. 7). 
The bottom of the sawtooth rises with the quadrupole while it remains almost 
constant with the other configurations. However, the ion and electron central 
temperatures, when time averaged over a sawtooth period, are unchanged. The same 
conclusion applies to the stored energy. 

(iii) Although the plasma density increase is insensitive to the configuration used, 
the scrape off density nearly doubles with the quadrupole, while it remains con
stant or slightly decreases with the monopole. Recycling on the limiters is also 
larger with the quadrupole. 

SCALING LAWS 

Figures 11, 13 and 14 represent all the experimental results obtained with ICRF. The central 
electron.temperature (time averaged on the sawteeth) appears to scale linearly with Ρ>ροτ/<ηβ> 
(where Ρχοτ = PRF + ΡΩ^ (Fig. Ila). A similar behaviour of the central ion temperature is 
observed (Fig. lib). 

The stored kinetic energy also exhibits a linear scaling with Ρχοτ (Fig. 12a) although the 
lines do not go through the origin, indicating degradation of overall confinement times. These 
are represented on Fig. 12b and compare two scaling laws obtained by the regression technique: 

Law 1 τ Ε = 0.34 (ΙρΒφ°·5/ΡΤ0Τ) °"5 "L" mode scaling" ; 

Law 2 T E = (0.095 + 0.29/PT0T) (ΙρΒφ0'5)0*5 "Saturating L mode" 

With the present level of RF power, it is impossible to distinguish between the depressing 
"L mode" scaling, which steadily degrades with Ρχοτ« and the more cheerful "Saturating L mode" 
behaviour which has been reported on PLT (Hosea, 1985). The general behaviour reported here 
is in no way different from observations from smaller experiments; this is well illustrated 
by comparing our results to an earlier scaling law (Kaye and Goldston, 1985) based on smaller 
sized tokamaks. Their law is in fair agreement with the data base, although on the low side 
(Fig. 13). Note that the extent of this preliminary data base is not sufficient for a precise 
determination of the I_ and Βψ dependence. 

Finally, we note that the results are well represented by laws where only P-JOT = PRF + Ppj 
appear. In other words, the additional power appears to continue a degradation already 
started with P^. This suggests that a unique law could well describe both ohmic and RF heated 
plasmas. Such an attempt is illustrated in Fig. 14 where all the 1985 data base for ohmic 
and RF data is fitted against an "L mode law" (Law 1). The representation is certainly 
reasonable and does show that the RF family of points merges nicely with the ohmic crowd. 
Similar information is obtained from the propagation of the heat pulse generated by the crash 
of the sawtooth. The heat pulse travels towards the plasma edge at the same speed when ICRF 
is present (Tubbing et al, 1985) although the amplitude of the sawtooth was 3 times larger. 
As discussed by Rebut (1985), the degradation of confinement appears to occur outside the 
q = 1 surface where the electron temperature gradient is stiffly regulated. 

CONCLUSIONS 

(a) Two ICRF units have been operated on JET without major difficulties. After only a short 
operating period, the power launched by the antenna reached the design capability of 
the generators. 4.5 MW and 10 MJ have been coupled during a standard 4 MA, 3.4 T discharge. 
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(b) Steady state central temperature values (time averaged on the sawteeth) have reached 

T 0 = 4.1 keV, Ti0 = 3.5 keV at a density <ne> = 3.5 χ 10
19
m~

3
 which is close to the 

maximum density reached on JET. The stored energy was 3 MJ. At the end of the current 

rise of 4 MA discharges, record temperatures of Teg = 5 keV and T^ = 4 keV have been 

obtained. 

(c) Relative impurity concentration and Zeff remained constant during the heating and 

radiation does not play a significant role in the energy balance in the plasma centre. 

(d) Heating deposition appears well localised in the centre when the cyclotron resonance 

crosses the'magnetic axis. In this case, 50% or more of the coupled power, depending 

on the antenna configuration, is deposited inside the q = 1 surface and very large saw

teeth with subharmonic structures are observed. 

(e) Energy degradation with power is evident from the time evolution of the signals. 

Assuming that all the coupled RF power is absorbed in the plasma core, similar "L mode" 

scaling laws to those found in previous tokamak experiments are obtained. For
 ρ
ορ/

ρ
Ω = 

2.5, the maximum operating value, the gross energy confinement time was only 60% of the 

ohmic value. 

(f) The heating efficiency does not seem to depend on the choice of the resonating minority. 

Shaping of the parallel wavelength spectrum generated by the antenna has consequences 

on the power deposition on the electrons. 
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Abstract 

The present model of sawtooth oscillations does not appear to be consistent with experi
mental observations on JET. An alternative theory is proposed, offering possible explan
ations for the basic aspects of the observed behaviour. 

Introduction 

There are three basic questions concerning sawtooth oscillations: 
1. What instability drives the oscillations? 
2. What is the mechanism of the collapse? 
3. Why does the oscillation have the form of a relaxation? 
In the most generally accepted theory an m=1 instability occurs at the end of the ramp 
phase as q falls below unity in the core of the plasma. The plasma is then restored to 
stability during the collapse phase by a fast reconnection of the magnetic field which 
returns q to a value above unity. 

This model does not provide completely satisfactory answers to the basic questions and in 
the case of JET appears to be in direct conflict with the experimental results. 

The basic questions will be considered in turn and answers will be suggested. Some of 
these constitute firm results backed by calculations, others are more tentative ideas which 
remain to be tested. 

In any event no complete solution is offered and indeed it might be that the sawtooth 
behaviour is dependent on the circumstances and in particular on the size of the machine. 

1. The Instability 

If there is a q=1 surface in the plasma it is potentially unstable to both ideal and 
resistive m=1 instabilities. However, if the rapidity of the observed sawtooth collapse is 
to be explained in terms of.a rapid magnetic reconnection as proposed by Kadomtsev (1975), 
it would appear to require the narrow current layer induced by an ideal mode (an ideal mode 
is an instability of a resistive plasma resulting from violation of the ideal mhd stability 
criterion). 

In a "cylindrical tokamak" the potential energy of the ideal m=1 mode (Shafranov, 1970) is 
negative if 

ί V 
(rp. 2_ (1-q)(1+3q)) p'dr < 0 

2μ, o 

where ρ is the pressure, Β is the poloidal magnetic field and r, is the radius of the q=1 
θ 

surface. Thus in the usual simple case p' < 0 and q < 1 for r < rlt the ideal m=1 is 
unstable. 
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However in toroidal geometry there is a stabilising effect (Sykes and Wesson, 197Ό. This 
has been calculated by Bussac et al. (1975), and for current profiles having the form 

j = j (1-r2/a2)v 
o (1) 

The m=1 mode is stable if 

where 
β' < β' Ρ PC 

2"o R 2 Γ« 
" „-o 2 JO (-dp/dr) r

2dr 

R being the major radius and Β the toroidal magnetic field. For cases of interest the Φ critical value β' lies in the range 0.2 to 0.3 for r,/a < 0.3. pc 

Sawteeth occur in JET for values of β' much less than this critical value, a typical value 
of β' for ohmic discharges immediately prior to the collapse being 0.05. Thus if an ideal 
mhd mode is occurlng, there is a discrepancy to be explained. 

An explanation is to be found in the q profiles implied by equation (1). These profiles 
have 1-q(0)=* &v(r,/a)2 and this is typically 0.1. On the other hand the experimental 
change in q during the sawtooth can be estimated and the value is given by 

6T Ts 

where 6T/T is the fractional change in temperature, τ is the sawtooth period and τ„ 
S R (= u σ r,2/1)) is the characteristic resistive diffusion time. Since 6T/T ~ 0.1 and o 

τ / T R ~ 0.1, 6q is ~ 10-2. This means that the values used in the theory might make it 
inapplicable to the actual experimental case. The theoretical model has therefore been 
modified and the stability limits have been recalculated. 
The modified j(r) and q(r) profiles are illustrated in Figure 1. The j profiles have the 
form of equation (1) outside the q=1 surface and inside the q=1 surface they are taken to 
be parabolic corresponding to q profiles of the form 

q = 
1 - ( 1 - q o ) r 2 / r l

; 
(r < r , ) 

i Protile Profile 

Figure 1 : j and q profiles 
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The results are shown in Figure 2. 

Figure 2 i Critical β' against q ρ o 

It is seen that for a fixed value of r, the critical β'+Ο as q +1 
1 ρ o 

how an ideal m=1 mode can occur with very small values of β'. 
Ρ 

This explains therefore 

2. The Mechanism 

The central problem in finding a suitable mechanism for the sawtooth collapse has always 
been that of explaining the timescale. The table below presents the difficulty. 

Characteristic Times for JET Sawteeth 

Collapse time 
Resistive time 
Alfven* time 
Kadomtsev time 

0 
R~ 
* ~ 
A 
K~ 
c 

100us 
1s 
30ps 
5ms 

The collapse time is smaller by a factor IO-" than the resistive time which would 
characterise a gross reconnection. The explanation proposed by Kadomtsev (1975) was that a 
narrow current layer is involved and that this introduces a characteristic time 
τ* ~ r,/(B0(1-q)//uo), the collapse time being given by τκ ~ (tD τ?)2. The value given in 
A 9 . Ο C Η « 

the t a b l e assumes 1-q ~ 10~2 but the large discrepancy between τ and τ pers i s t s even for much larger 1-q. 

However the introduction of the concept of small 1-q now allows a completely different 
model. Consider the idealised case where q=1 everywhere inside the inner region. The 
absence of shear would then allow interchange of flux tubes without line bending, leading 
to a rearrangement of the temperature and density profiles on an inertial timescale. An 
estimate of this timescale for the instability gives τ 100μ3, in agreement with the 
observed τ . Now in reality there will be some shear and the energy of the instability 
must overcome this in the non-linear phase. Preliminary estimates indicate that this is 
possible. 

This model leads to a completely different picture of the plasma motion. To see this it is 
necessary to return to the theory of the instability. The potential energy may be written 
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6W = 6W2 + 6W., 

^ i i f (ΐ-ι/ο·ί*γ 
2R J \dr / 

r 3 d r + Ο ( ε - ) 

where the expansion is in the inverse aspect ratio ε = a/R. In order to remove the 
contribution of the positive definite 6W2, the trial function shown in Figure 3 is used. 
This has dC/dr=0 except for q + 1, corresponding to a rigid shifting of the q < 1 core. 
However for 1-q < e this expansion fails and a new calculation is required. An idea of the 
effect can be obtained from a cylindrical calculation and eigenfunctions for cases with 
α =0.6 and q =1 are shown in Figure H. Both cases have r,/a = 0.3-o o . 

L=l 

α =0.6 -To 06 

Figure 3: Rigid shift trial function Figure H: Eigenfunctions for q =0.6 and 
q =1.0 Mo 

It is seen that the eigenfunction for qQ=1 is completely different from the rigid shift and 
corresponds to a circulatory motion with two cells as illustrated in Figure 5(a). Figure 
5(b) shows how such a motion for q « 1 would rearrange the plasma temperature and density 
during the collapse. The result is reminiscent of the bubble formation described in a 
different context by Kadomtsev and Pogutse (1973). 

(a ) Flow Pollern (b ) Rearrangement ol 
Field and Plasma 

Figure 5 : Behaviour of m=1 mode for q a 1. 

Thus, in t h i s model, the answer to the ques t ion - How does the reconnec t ion occur on the 
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very short timescale? 
ramp phase. 

is that it doesn't. The reconnection takes place slowly during the 

3. The Relaxation 

The fact that the m=1 instability gives rise to a relaxation oscillation has never been 
explained. The simpler behaviour of a saturated mode would probably have been predicted in 
the absence of experimental evidence. A consequence of this is that it is not clear why 
the sawtooth collapse occurs when it does rather than at some other time. 

A clue to this behaviour is suggested by the sawtooth behaviour in JET when ICRH heating is 
switched on. It is seen from Figure 6 that although the sawtooth amplitude increases by a 
factor of about 5, the period is almost unchanged. This shows that it is not the plasma 
pressure which determines the collapse. It seems therefore that the energy reservoir built 
up during the ramp phase is released by a magnetic trigger. 

Figure 6: ECE emission when ICRH is switched on (JET) 

What is needed is a sudden gross instability brought about by a small change in q. It is 
expected that the q profile will fall as current enters the central region during the ramp 
phase. Three possible types of behaviour are illustrated in Figure 7. The first two of 
these are unsatisfactory but the third offers the possibility of a satisfactory trigger. 

1 

Figure 7 : Possible displacements, ξ, as q reaches unity. 

In case (i) q reaches unity on the axis and, even if unstable, would only lead to a soft 
localised instability. In case (ii) an off-axis minimum with a localised displacement, ξ, 
leads to a similar result. The third case however, gives a gross instability as q reaches 
unity off axis, the appearance of a resonant surface in the plasma allowing a displacement 
of the type shown. 
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To illustrate this, descending profiles of type (iii) have been studied in the cylindrical 
case and the suddeness of the onset of inertial growth rates is shown in Figure 8. An 
off-axis minimum in q might be expected from· the inward resistive diffusion of a current 
"skin" into the instability region during the ramp phase. 

Figure 8: Growth rate against q . 

Summary 

1. An ideal m=1 mode is predicted when flattening of the q profile is allowed for. 

2. In a q flattened core an ideal instability can produce the sawtooth collapse on an 
inertial timescale. Reconnection does not occur during the sawtooth collapse but on a 
longer timescale during the ramp phase. 

3. A destabilising potential energy builds up during the ramp phase to be released by a 
magnetic trigger. Such a trigger is provided by an off-axis minimum in q. 
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OPERATION AND DEVELOPMENT PLANS OF JET 

E. Bertolini 
JET Joint Undertaking, Abingdon (OX), U.K. 

ABSTRACT 
The main objective of the Joint European 

Torus (JET) experiment is to obtain substantial alpha 
heating of a D+T plasma in this tokamak device. To 
reach this goal, the experimental programme is laid 
down in four phases, and in each phase the machine 
improvements and modifications required for the 
following phase are implemented and tested. JET has 
been operational since June 1983 and since January 
1985 experimental work has been carried out in two 
shifts (16 hours/day). 

The key experimental results, in the Ohmic 
Heating conditions, exceeded expectations, allowing 
a fusion parameter of (niD τΕ Ti)= 0.5 102Om"3skeV to 
be reached. Preliminary experiments with ICRH 
heating have produced ion temperatures up to h keV 
using less than 20? U 5 MW) of the additional heating 
power which will be eventually available. 

It has become apparent, however, that further 
enhancements of the machine are necessary to enable 
JET to reach its ultimate goal. A number of 
modifications/improvements are now being considered 
-(some of which are already being implemented): 
modifications to the poloidal electromagnetic system 
to allow plasma currents up to 7MA, long pulses (>30s) 
at reduced currents, and to obtain a magnetic limiter 
configuration with two X-points up to currents of 
IMA; modification to the vessel to improve mechanical 
stability against vertical disruptions, to protect the 
walls facing the "X-points" and to allow density 
increase and control by means of pellet injection and 
pumping panels and/or pumped limiters; use of the RF 
power to control sawteeth oscillations and the plasma 
current profiles (by current drive). 

At the same time, the existing programme of 
increasing additional heating power up to 25MW ("high 
grade" power in the plasma) or above, by both neutral 
injection and ion cyclotron radio-frequency heating 
will continue expeditely. 

For active phase (D+T) operation, most of the 
remote handling tools required are now available and 
some have already been used, while the design, 
technical specification and prototype work for the 
tritium plant is proceeding. 

1. INTRODUCTION 
The JET (Joint European Torus) tokamak 

experimental facility represents the main component of 
the European fusion research programme, coordinated by 
the European Atomic Energy Community (Euratom), aiming 
to prove the feasibility of nuclear fusion as a viable 
source of energy. 

Among the three large tokamaks in operation in 
the world at present (TFTR in the United States, JT-60 
in Japan and JET in Europe), JET is the one with the 
largest plasma volume, the longest pulse time, the 
highest current capability and is the only one 
allowing significant elongation of the plasma cross 
section. In spite of the lower toroidal magnetic 
field, it should allow the closest performance to the 
thermonuclear ignition regime. Finally it has been 
conceived, designed and constructed to carry out a 
comprehensive experimental programme using 
deuterium-tritium fuel. 

The main objectives of JET are the following 
studies: 
a) plasma processes and scaling laws 

regimes close to those needed in a 
reactor; 

b) interaction of the plasma with the 
which controls the plasma purity; 

in operating 
thermonuclear 

torus walls, 

c) methods of heating the plasma to temperatures 
approaching those required in a reactor (ohmic 
heating, neutral beams and radio frequency 
additional heating); 

d) behaviour of energetic alpha particles produced by 
the fusion process of deuterium and tritium nuclei 
and consequent plasma heating. 
While for the first three objectives, substantial 

contributions are expected from other experiments and 
in particular from the other large tokamaks, the last 
objective is peculiar to JET (and to some extent 
TFTR), in that a full deuterium-tritium operation 
phase has been planned and prepared in detail since 
the conception of JET and throughout the design, 
construction and project development phases for 
103 - 10 pulses. 

A cross-section of the JET tokamak is shown in 
Figure 1_, indicating the D-shaped features of the 
machine (toroidal coils, vacuum vessel and plasma), 
the primary winding of the transformer (coils 1 and 
3), the plasma shaping and positioning windings (coils 
2, 3 and Ί) and the large vessel access ports for 
neutral injectors, remote handling tools, pumping and 
diagnostics. The main parameters are shown: the large 
plasma volume of more than 150m-' and the plasma 
current of ^.8MA, already exceeded in operation, are 
worthy of mention. 

VACUUM VESSEL 

TOROIDAL COLS 

TOROIDAL COILS ; D-SHAPE -
VACUUM VESSEL; D SHAPE -
PLASMA ; D SHAPE 

POLOIDAL COILS ; EXTERNAL 
TRANFORMER ; IRON CORE 

NO STEEL CASING 
DOUBLE WALL 

R= 2.96m, a = 1.25m, 
k = i > = 1.68 

α 
Vp= 153 m3 

Βτο=3·45Τ 
Ip = ¿-8MA 

Figure 1. Cross s e c t i o n a l view of the JET Tokamak. 
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Figure 2. View of the machine in its present status 
in the Torus Hall. 

The machine in its present status, is shown in 
Figure 2: besides the large number of diagnostics 
installed, three ion cyclotron radio-frequency 
heating (ICRH) antennae and one neutral injection box 
with eight injectors, are now operational. 

A view of the vacuum vessel (Figure 3) indicates 
its large volume and shows one of the eight graphite 
limiters, two of the three RF antennae, and the 
graphite tiling of the inboard wall and of the vessel 
octant joints. 

Figure 3. View of the inner walls of the vacuum 
vessel. 

While the tokamak assembly and its surrounding 
plasma diagnostics are the heart of the JET facility, 
there are essential auxiliary subsystems distributed 
all over the site (see Figure 4), such as power 
supplies, additional heating equipment, computer 
networks, cooling and heating plants, etc. 

The European Associated Laboratories are 
participating in the JET experimental programme by 
providing key diagnostics and visiting staff involved 
in the preparation of the experiments, in the daily 
operation of the machine and in the evaluation of the 
results. 

The design features and the construction of the 
JET Tokamak and its main subsystems have been 
described in several reports and publications in great 
detail [1, 2, 3, 1, 5, 6, 7, 8J. 

1. 400kV Incoming Line and Substation. 
2. 400kV/33kV Transformers. 
3. J5 Building: 33kV Switchgears. 
4. Outdoor Additional Heating AC/DC 

Converters. 
5. J3 Building: Toroidal and Poloidal 

Generators. 
6. J4 Building: Toroidal AC/DC Convenors. 
7. J1NWE Building: Ohmic Heating Circuit 

and Plasma Position and Shape Control 
AC/DC Convertors. 

Figure 1: Aerial View of 
layout of the ma 

8. J1NWW Building: Neutral Injection 
Protection Circuits and Radio Frequency 
Generators for Additional Heating. 

9. J1 Building: Assembly Hall. 
10. JI Building: Torus Hall with the JET 

Tokamak. 
11. J1WW Building: Machine Services. 
12. J1SW Building: The Diagnostics Hall. 
13. J2 Building: The JET Control Room. 
14. K1 Building: Offices. 
15. J6-11 Building: Offices. 

the JET Site, showing the 
in auxiliary subsystems. 

2. RESEARCH PROGRAMME AND OPERATION 
2.1 Experimental and Development Programme 

The JET Experimental Programme started in June 
1983, when the first tokamak operation was achieved, 
with the machine in its basic configuration: ohmic 
heating, quasi circular plasma cross section, hydrogen 
gas and essential diagnostics. The experimental 
programme had to be harmonized with a huge development 
programme (requiring investment close to the original 
construction cost of the tokamak system available for 
the first plasma), in order to bring JET to the 
configuration required for attempting its ultimate 
goal: plasma heating with alpha particles. The above 
investment was primarily for neutral beams at 80kV 
(hydrogen) and l60kV (deuterium), ion cyclotron 
radio-frequency at 25-55MHz; extension of the power 
supplies, D-shape plasma cross section control, first 
wall protection, remote handling equipment, tritium 
plant and for a large number of sophisticated 
diagnostics. 

The experimental and development programme was 
set up in four phases, as shown in Table I, where 
during each phase the devices necessary for the 
following phase have to be procured, installed and 
commissioned during major shutdowns between phases. 
It was understood, however, that besides the major 
additions indicated in Table I, further machine 

Table I: JET Experimental and Development Programme. 
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development and modification should be considered in 
the light of the experimental results and performance 
obtained from JET (and other tokamaks), to give the 
best chance of success to the deuterium-tritium 
operation phase. 

Due to the dual purpose of the present phase 
(experimental and development), the concept of the 
organisational structure of the JET Joint Undertaking 
for the construction phase has been broadly retained, 
since, below the Technical and Scientific Departments 
level the Divisions still represent the heart of the 
JET structure, insofar as each one is homogenous in 
tasks and competence [8 J. The success in the 
operation of JET is therefore the result of a 
cooperative effort of the whole JET Team, involving 
personnel of all Divisions having equipment actually 
used in operation and/or specific technical and 
scientific responsibilities. This approach has proven 
effective in providing a clear direction to the work 
and in maintaining a high momentum toward the key goal 
of JET. 
2.2 Organization of Operations 

Since January 1985, JET nas operated in two 
shifts, as follows L9j. 

There are cycles of six weeks operation followed 
by two weeks of maintenance and necessary re-
commissioning. Each operational week is made up of Ί 
days of Tokamak Operation in two shifts (06.30 -
22.30) followed by a week-end available for essential 
small repairs, inspection and minor maintenance and a 
Monday "extended hours" (08.00 - 18.30) for plasma 
"re-start". However, the tokamak control room is 
manned around the clock by two shift technicians for 
surveillance of auxiliary equipment constantly kept 
operational (3uch as vacuum pumps, electronics, etc) 
and to perform special tasks outside tokamak 
operation, such as wall carbonization, glow discharge 
cleaning, etc. 

The key shift duties are those of: the Session 
Leader, who is responsible for preparing the pulse 
schedule and of carrying out the agreed experimental 
programme for the shift: the Engineer in Charge, who 
approves the schedule of pulses and is responsible for 
the machine operation and for the safety of the 
equipment and of the personnel: the Physicist-in-
Charge, who is responsible for the physics 
measurements and for the operation of diagnostics. In 
addition a key role in the operation of the machine is 
played by the Power Supply Engineer, by the Control 
and Data Acquisition Duty Officer and by the three 
Console Operators. Finally the required diagnostics 
are monitored by a suitable number of Physicists, 
according to the type and the amount of equipment 
required. 

A comprehensive picture of the staff required to 
be rostered for each shift in the control room and in 
other areas, including on-call duties, is shown in 
Table II. 

The "Next Pulse" is decided by the Session Leader 
upon the measurements displayed in "real time" during 
the pulse and upon data elaborated by the local 
computers. Only if further information is required, 
tne full set of data (analysed by IBM and Cray 
computers off line) have to be evaluated before 
allowing the next pulse. 

The "decision making process" for establishing 
the programme of an experimental period in between 
shutdowns, from the general guidelines to the detailed 
daily schedule of pulses, is summarized in the 
following. 

The main goal of an experimental period is bound 
to be the one set up in the terms of reference of JET 
for the phase concerned: for instance optimization of 
the ohmic neating performance and experiments with 
3MW (2 antennae) of ICRH (see Table I, Phase II A, Nov 
1981-June 1985). 

Table II. Composition of a shift rota. 

Duties 

Session Leader 
Engineer in Charge 
Physicist in Charge 
Torus Operators 
Power Supply Engineer 
Power Supply Operators 
CODAS Duty Officers 
RF Heating 
NI Heating 
Physics Operation 
Diagnostics 
Theory 
Radiological Protection 

Totals 

Location 

Cotrol 
Room 

1 
1 
1 
3 
1 
K + 1*) 
2 
"(+2*) 
-(+2*) 
1 
2(+10**) 
1 
-

11 (29) 

Site 

-
-
-
1 
-
1 
5 
1* 
1* 
-
-
-
-

7(9) 

On Call 

-
-
-
1 
-
1 
-
-

-
-
-
1 

3 

* Additional Heating Programme 
** Full Diagnostic Programme 

The Director nominates, for a typical period of 
six months, two Programme Leaders, who are 
responsible for proposing and guiding the experimental 
programme toward its agreed goal. The Experiments 
Committee, chaired by the Director, is the body where 
the proposals for experiments, the whole procedure and 
necessary changes are discussed. Its members are the 
Director, the Department Heads, the Division Heads, 
the Programme Leaders, the Session Leaders, and the 
Topic Leaders. The Experiments Committee meets, 
typically, twice per month during operation. The 
Director nominates the Session Leaders, Engineers-
in-Charge and Physicists-in-Charge. The nomination 
of the remaining rota personnel is the responsibility 
of the Divisions. The overall organisation of the 
shift rota and of the machine operation is the 
responsibility of the Machine Operations Group, while 
the Physics Operations Group plays a key role in the 
planning and in the coordination of the experiments. 
The detailed daily programme of the week is defined at 
the Coordination Meeting held on the preceding Friday. 
A key role in the formation of the experimental 
programme, made up of a number of scientific topics, 
and in the evaluation of the results, is also played 
by the Topic Leaders: they are the spokesmen of 
"spontaneous groups" built up around key topics agreed 
at the Experiments Committee. They report at a 
Science Meeting a first analysis of results, usually 
during the two maintenance and commissioning weeks, 
and therefore they report about results obtained in 
the previous six weeks of tokamak operation. 

3. KEY TECHNICAL AND SCIENTIFIC RESULTS 
3.1 Machine Conditions 

Machine conditions have been progressively 
improved from the date of the first plasma (June 1983) 
to the end of the 1985 shutdown (October 1985). This 
progress can be broadly represented by the increase of 
plasma current values and/or flat top times (see 
Figure 5). 

Machine conditions during the January-June 1985 
campaign of experiments are summarized in the 
following, 
a) Electromagnetic Systems 

The Toroidal Magnetic Field was operated up to 
its maximum design value of 3.45T (67kA of magnet 
current). As for the Poloidal Magnetic Field, the 
maximum value of the design current was reached in the 
transformer coil P1 , (i.e. lOkA at the end of the 
pulse for each of the two sections, upper and lower, 
connected first in parallel and, after February 1985, 
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Figure 5: Chronological increase of the plasma 

current in JET. 

in series). However, only half of this current value 

was used during premagnetization of the coil P1 , due 

to the necessity to have a breakdown despite the 

presence of transformer stray fields and to limit the 

plasma current derivative typically at 1MA/s [io]: 

only about 75Í (26Vs) of the design flux swing (31Vs) 

was therefore available, thus limiting the plasma 

current flat top length at the maximum plasma current 

achievable, 

b) Plasma Control 

The Plasma Control [3,11 ] is achieved in a 

conventional way, by using magnetic probes and flux 

loops as sensors to provide the feedback signals 

which, combined with preprogrammed functions, produce 

the control voltages to the relevant power supplies 

which, in turn, supplies the appropriate current 

profiles to the poloidal coils (see Figure 1). 

The Plasma Current Control is obtained by acting 

on the excitation current of the dedicated poloidal 

flywheel generator, which supplies the magnetizing 

coils (PI and P3). The flat top values of the plasma 

currents were within +5Ï of the preset values. 

The Plasma Radial Position Control is determined 

by controlling the voltage in the PH poloidal coils. 

The accuracy obtained has been within +3cm, over a 

plasma radius "a" up to 1.2m (+2.5Í). 

The Plasma Vertical Position Control is 

determined in a similar manner, by controlling the 

voltage at appropriate windings of coils P2 and P3. 

The accuracy obtained was +1cm. Plasmas with vertical 

semiaxis "b" up to 2m could be produced and 

maintained. Since a vertical disruption experienced 

during 1981 at I = 2.6MA, inducing large forces in the 

vessel, improvements were made on the response time of 

the active control system (from 1ms to 2ms) and on 

the support of the vessel. However, further 

improvements are now considered (see Sect 1) and the 

plasma elongation has been limited according to the 

semiempirical formula: I (̂ 1.2) ^5(MA) , where I is 

the plasma current and J is the elongation ratio. 

Plasma Shape (elongation) Control was also available by 

controlling the currents in appropriate sections of 

coils P2 and P3, within the limitations imposed by the 

above formula: for currents up to 3MA, elongations up 

to 1.7 were achieved and satisfactorily controlled. 

Finally, the Plasma Density, measured by a single 

channel (vertical chord), 2mm interferometer, was 

feedback controlled by controlling the rate of gas 

inlet. 

c) Vacuum Vessel 

There were four Carbon Limiters symmetrically 

assembled on the equatorial plane of the vessel and two 

Radio Frequency Antennae, usually operated 2cm behind 

the limiter radius, in the opposite position, each on 

the same octant as a limiter. Four Nickel Limiters 

were always located about 1cm behind the carbon 

limiters. Since the relatively frequent radial 

disruptions always terminate the plasma on the inner 

walls, these have been covered by carbon tiles to a 

height of + 1m (see Figure 3). This tiling can also be 

used as limiters defining the magnetic surface adjacent 

to the vessel inner walls: this configuration has been 

used for minor radius and major radius scaling 

experiments. 

The vessel usually operates with wall temperatures 

between 250° 300°C (by blowing hot nitrogen between 

the two vessel walls), with ports at 130°150°C (by 

electric heating), with base pressure of 10 'mbar of 
 Q 

hydrogen and of 10 mbar of residual impurities. The 

vessel is conditioned by glow discharge cleaning in 

hydrogen and/or deuterium. 

Gas Introduction is achieved by four injection 

modules, each permitting fast puffing for prefilling, 

and controlled addition of gas during the pulse: the 

valves are fully metallic since they have to be 

bakeable up to 300°C and tritium compatible. 

JET usually operates with carbonized walls since 

it has been shown that this type of wall conditioning 

reduces considerably (at least temporarily), the level 

of metallic impurities and of oxygen and chlorine as 

well, leading to Zeff= 2.5  1, according to the plasma 

density level. Carbonization is usually performed once 

or twice per week and it is achieved by glow discharge 

cleaning in a mixture of hydrogen (or deuterium) and 

methane [12] 

d) Diagnostics 

The major diagnostics to measure essential plasma 

parameters are the following [l3,1l]: 

The Magnetic Measurements for the plasma current 

position and shape: there are 18 pick up coils and 11 

saddle loops for each vessel octant and 12 full flux 

loops around the whole vessel. 

The Electron Density Profile η (r) is measured by 

a single channel 2mm microwave interferometer and a 

seven channel far infrared laser interferometer. 

The Impurity Level Z e f f (effective ion charge) is 

evaluated from the bremsstrahlung continuum viewed 

along a vertical chord. 

The Electron Temperature Profile Τ (r) is measured 

by an absolutely calibrated electron cyclotron emission 

system along a number of major radius chords and by a 

single point Thomson scattering (the "fixed point" can 

be changed in between pulses). 

The Ion Temperature T. is measured by a neutral 

particle analyser along a chord in the mid plane of the 

machine. In deuterium it can also be measured by the 

neutron yield with a %e spectrometer. 

The energy confinement time Tg is'calculated as 

the ratio between the total plasma thermal energy and 

the total input power. 
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3.2 Statistics 

JET pulses are divided into Commissioning Pulses 

(which are the pulses performed to test subsystems, to 

prepare the machine and to check the correct operation 

with plasma, of all subsystems together) and into 

Tokamak Pulses (which are pulses performed according to 

the daily programme). 

7 

Table I I I . Parameter range exp lored in o p e r a t i o n . 
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Figure 6: Some s t a s t i s t i c s about the JET p u l s e s . 

As can be seen from Figure 6, du r ing 1985 the 
number of Tokamak pu l s e s was much l a r g e r than the 
number of commissioning p u l s e s , due t o the complet ion 
of. the commissioning a t f u l l performance of most 
subsystems and to t h e i r improved r e l i a b i l i t y . Also t he 
percentage of s u c c e s s f u l pu l ses has been i n c r e a s e d for 
the same r e a s o n s , namely, for t he commissioning p u l s e s , 
52Í in January Februa ry 1985 t o 70Î in A p r i l  J u n e 1985 
and for the Tokamak pu l s e s 77% and 81Í r e s p e c t i v e l y 
[9]. 
3.3 R e s u l t s 

During the o p e r a t i n g p e r i o d , JanuaryJune 1985, 
two exper imenta l programmes have been under taken : the 
Ohmic Heat ing programme aimed a t maximizing the tokamak 
performance wi th the machine in the c o n f i g u r a t i o n 
a l r e a d y d e s c r i b e d [ 1 3 ] and t h e Rad io F r e q u e n c y 
programme aimed a t the commissioning of the ICRH system 
(2 AQ, r a d i a t i o n c o o l e d an tennae ) and subsequen t ly a t 
plasma h e a t i n g s t u d i e s up t o 5MW of a d d i t i o n a l h e a t i n g 
power coupled with the plasma [ 1 5 , 1 6 , 1 7 ] . These 

programmes would run on a l t e r n a t i v e days in two 
s h i f t s . 

The parameter range in which the machine has been 
ope ra t ed compared wi th the design v a l u e s , i s shown in 
T a b l e I I I . Two t y p i c a l and f u l l y r e p r o d u c i b l e 

d i s c h a r g e s have been used mainly as t a r g e t plasma for 
RF h e a t i n g expe r imen t s : BT 0=31T, I =2.8MA ( e l o n g a t i o n 
 1 . 5 ) and I =1.0MA ( e l o n g a t i o n  1 . 1 ) r e s p e c t i v e l y , wi th 
minor plasma r a d i u s a 1.2m. Opera t ion was performed 
with a deuter ium plasma. 

The o p t i m i s a t i o n of the Ohmic Heating d i s c h a r g e s 
[13] was performed a t f u l l t o r o i d a l magnetic f i e l d 
(3 . IT) wi th plasma c u r r e n t below 3.7MA and l i m i t e d 
e l o n g a t i o n a t high c u r r e n t , in o rde r t o avoid v e r t i c a l 
i n s t a b i l i t y and t o r e d u c e t h e number of r a d i a l 
d i s r u p t i o n s a t high c u r r e n t when a t t e m p t i n g t o maximize 
t h e p lasma d e n s i t y . C e n t r a l a v e r a g e e l e c t r o n 

t e m p e r a t u r e s up t o 1 =1.0keV and c e n t r a l average ion 
t e m p e r a t u r e s up t o T , = 3 . 0 k e V , a v e r a g e e l e c t r o n 

3.90 

10.0 

Figure 7: Electron temperature sawteeth 

Heating and with RF Heating. 

with Ohmic 
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Α Λ ρ/η _·η 

product (niD τΕ Tp was 0.5 10
¿u
m
 J
s keV, a factor of 

about 20 below the level at which, in a deuterium

tritium gas mixture, fusion reactions would have a 

clearly measurable impact in the plasma energy 

balance, thus allowing study of alpha particle 

confinement and heating. 

The discharges at plasma currents above 3.7MA 

were performed at lower densities and at reduced 

elongations for the reasons mentioned previously, in 

order to set up a 1.0MA, Is flat top, target plasma 

for RF heating experiments and to test the capability 

of the overall machine up to 5.0 MA. 

Most of the Radio Frequency Heating programme was 

devoted to the technical commissioning of the 

equipment with plasma [15]. The plasma parameters 

were modified only by a factor of 2: an optimization 

of the plasma performance with RF was not attempted, 

as far as the density limit was concerned. As a 

consequence, the best value of the fusion product 

(ñD τ Ε Τ,) obtained in ohmic heating discharges was 

not even reached. 

There is a clear effect in raising the average 

central electron (up to 5.0 keV) and ion (up to 

I.OkeV) temperatures. However large sawteeth develop, 

as soon as the RF power is injected (see Figure 7) ■ 

The average electron density (without attempting to 

reach the density limit), was close to that reached in 
1 Q 3 

ohmic heating discharges (3.5 10"m
 û

) . Moreover no 

evidence of appreciable increase of Ζ „<, was noticed 

up to 5MW of RF power and 10MJ of RF energy coupled 

with the plasma. However, an expected degradation of 

the energy confinement time up to 10Ϊ (with 
Ppp/Pn=2.5) was noticed ("L mode"). 

operation. Therefore, during June 1985, the formation 
of a Magnetic Separatrix with X-points at the top and 
bottom of the vessel was attempted and successfully 
obtained in JET [l8] at a plasma current of 2MA, with 
a toroidal magnetic field of 2.6T (see Figure 8). 

The level of plasma performance was kept low in 
order to limit mechanical stresses in case of vertical 
instability and to limit the heat load on the 
unprotected vacuum vessel wall. As a by-product of 
these experiments, long pulses (>20s) were obtained, 
because, in order to produce the required magnetic 
configuration with these X-points in the previously 
described machine conditions, the flat top current in 
the coils PI had to reach values close to its maximum 
(10 kA) in order to partly saturate the upper and 
lower collars of the iron core (see Figure 1). 

1. FUTURE DEVELOPMENT 
1.1 Implication of the experimental results. 

The analysis of the results so far obtained with 
JET, on one side indicates performances exceeding 
expectations (plasma temperatures and confinement in 
ohmic heating), but on the other shows that additional 
improvements/modifications of the machine are 
necessary in addition to those already part of the JET 
development programme, to bring the ultimate machine 
performance close to ignition. The problems 
encountered are mainly concerned with the density 
limit and control, with plasma MHD behaviour, with the 
amount and behaviour of impurities and with transport. 
In particular the confinement degradation with 
additional heating calls for modes of operation where 
the plasma current density and the electron 
temperature are decoupled. 

£ 2 

x 
¡1 
in a 
a. 

-2 

BT=2.6T 
Ip = 2.0MA 

j?=1.8 
txp=5s 

SHOT No. 5564 
TIME 17.3 8 

Figure 8: 

1 2 3 4 
Plasma Major Radius (m) 

Magnetic limiter configuration with two 
X-points obtained in JET. 

Although these results are of a preliminary 
nature, they appear to be similar to those obtained in 
other tokamaks with additional heating (neutral 
injection and ion cyclotron resonance). 

It has been shown, however, in ASDEX, PDX and 
Dili tokamaks that the degradation of the confinement 
with additional heating can be greatly reduced ("H" 
mode) if the plasma magnetic configuration contains 
one or two X-points in a magnetic limiter mode of. 

0-1 0-2 0-3 0-4 0-5 0-6 07 0-8 0-9 1 
Time (s ) 

VP1 
VOLTAGE AT THE TRANSFORMER 
PRIMARY COILS 
V P 4 · · · · 
VOLTAGE AT THE POLOIDAL VERTICAL 
FIELD COILS 

Figure 9: Voltage profiling during plasma breakdown 
and early fast rise phase. 
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Fortunately, the design concept of JET allows a 

good degree of flexibility for modifications and 

improvements, without affecting the basic structure of 

the machine, thus requiring limited additional 

resources and time. However, the implementation of 

such enhancements require a reappraisal of tne 

development plan shown in Table I. 

1.2 JET Development and Enhancement 

In the following the present JET development and 

enhancement programme is briefly described: 

a) Electromagnetics 

A full use of the transformer flux capability of 

JET (31 Vs) requires to reach a plasma current of 

about 1.5 MA at the end of the "fast rise" phase of 

the. discharge. Therefore a relatively nigh breakdown 

voltage (10V, i.e. 21kV across the magnetizing coils 

P1 and P3) is required to pass quickly through the 

radiation barrier, but within a time of 100300ms the 

voltage must be greatly reduced in order to limit at 

about IMA/3 the rate of rise of the current to avoid 

eariy disruptions 1.10 J. In order to control the 

radial position of the plasma during the fast rise 

phase a suitable voltage with the same pattern is 

supplied at the coils PI (see Figure 9). These 

voltages will be achieved by modifying thè poloidal 

power supply system with the addition of a set of 

thyristor switched resistors to supply coils PI and, 

most probably,a resistor divider to supply coils Pi. 

These modifications are expected to allow plasma 

currents of 5MA for several seconds, peak plasma 

currents approaching 7MA and very long pulses (above 

30s) at moderate currents (3MA) and toroidal magnetic 

fields (<3T). 

7 in u. ' ' /1' ' ' ' ' ' 
 ^ ICI (1,2,3,4) = 20k A 

□ C01L2 PLASMA VESSEL 

7 e l m ) 

COILA 
/ / 
/ 

/ 

□coiL3 
 * ^ J b ¡ L . ^1(1) =15kA 

Π
0 0 1 1


2 Κ:ΐ(2,3Λ) =20kA 

ZZZZZ2 /-r-r-r-r 7 I I 1 · 3= 

Figure 10: Example of computed poloidal field 
mapping without (a) and with stray field 
correction (b). 

When the two PI coil sections were connected in 
series and electrically disconnected from PI, 
(February 1985), difficulties in the start-up of the 
plasma current were encountered due to the enhanced 
adverse effect of the stray magnetic fields with the 
reduced voltage available across PI coil at breakdown 
[10J. The possibility of reducing these stray fields 
at breakdown is now considered by limiting the current 

in the two central pancakes of coil PI : Figure 10 
shows the field mapping without and with this 
additional facility [19J, which would require a -5kV, 
-10kA, thyristor controlled power supply and new 
busbar connections. The two available spare pancakes 
may be added, top and bottom of the P1 coils and 
energized: this would further reduce the stray fields 
and provide compensation for the volt-second loss, 
due to the above tailoring of the stray fields. 

The increased plasma current capability should 
allow increase of the density limit and the global 
energy confinement time. 

The JET electromagnetic system, with the 
additions mentioned above, allows the production of a 
magnetic limiter configuration (with the plasma 
detached from the outer wall limiter) with two 
X-points I.19J at plasma currents approaching 1 MA (see 
Figure 11), allowing operations at the high plasma 
temperatures produced by additional heating, possibly 
without an appreciable degradation of the energy 
confinement time ('H' mode). 

All these additional features of the JET magnetic 
configuration could be available after the 1986-87 
shutdown. 

f J ί f ι /-Γ-ΤΠ. 

Figure 11: Computed magnetic limiter configuration 
at I -IMA. 

b) Vacuum Vessel and First Wall 
The original flexible vessel supports in the mid 

plane of the vessel (1 at each octant) were not 
sufficient to cope with the associated stresses from 
plasma vertical instabilities. Additional supports, 
consisting of two rigid vertical supports at the 
bottom edge of each of the eight main horizontal ports 
plus a set of shock absorbers (top and bottom) at the 
vertical ports, have been fitted during the 1981 
shutdown (see Figure 12). However if currents above 
3MA (and up to 7MA) are produced with design 
elongation values (1.6-1.7), the mechanical capability 
of the vessel must be improved by new special supports 
at top and bottom of the vessel (See Figure 12). The 
design is underway and will be implemented during the 
1986-87 shutdown. It should allow to withstand forces 
up to 1600 tons, which can be expected in the event of 
a vertical instability at 7MA and full elongation 
[20 J. 
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Graphite tiling and wall carbonization have 

assisted the reduction of impurity content, (allowing 

somewhat higher density limits) and the tiles have 

provided an efficient local wall protection. 

Consequently eight octant joints were covered by 

graphite (instead of inconel) protection plates during 

the 1985 shutdown, while the vessel bellows will be 

covered during the next 198687 shutdown (leading to 

100m covered , i.e. 50Í of the wall surface). In 

addition, the number; of graphite limiters has already 

been increased from four to eight. 

In order to cope with the additional wall power 

loading caused by increasing the additional heating 

power to the plasma, two toroidal belt limiters (to be 

covered by graphite or beryllium tiles) are under 

manufacture: these are made up of 16 sections each and 

located at the top and bottom of the ports in the 

meridian plane on the outer walls of the machine (see 

Figure 13). The belt limiters (surface area of 18m 

with graphite, 138m with beryllium) will be installed 

during the 198687 shutdown and will replace the eight 

existing limiters (surface area 2.56m ). 

In addition graphite tiles have been installed on 

the outer wall at the point of impact of the 

tangential neutral beams. 

INITIAL DESIGN 

INTERIM SOLUTION 

■HYDRAULIC DAMPERSerb 

ΓΛ 

V 
FINAL SOLUTION 

t 
\y 

y\ 

It is believed, however, with some supporting 

evidence obtained with experiments performed on the 

ORNL ISXB tokamak, that a better solution might be to 

replace the graphite tiles of the belt limiters with 

beryllium tiles. This would be due to the lower Ζ of 

the beryllium and to its property of reducing oxygen. 

Four beryllium evaporators will also be installed in 

order to coat the (remaining) carbon tiles and the 

vessel surface with a layer of beryllium. The 

beryllium tiles have already been ordered, together 

with the evaporators and the equipment necessary to 

handle beryllium in the vacuum vessel. 

A design is underway for the protection of the 

walls facing the Xpoints: the structure of the 

protection plates could be similar in design to the 

one shown for the belt limiters, with cooled fins and 

graphite and/or beryllium covering tiles. These 

plates will be installed most likely during the 1988 

shutdown [12,21 ]. 

TOROIDAL 

LIMITER 

RF 
ANTENNAE 

MIDDLE 

PORT 

TOROIDAL 

LIMITER 

Figure 12: Vacuum vessel supports installed at the 

vessel ports. 

Figure 13: Sketch of the two belt limiters under 

construction. 

Finally pumping panels and/or pumped limiters may 

be installed on the outer walls, to reduce the plasma 

density in a controlled way, by intense pumping at the 

edge of the plasma. Small pump limiter probes (120mm 

diameter) have been installed during the recent 

shutdown and they should allow an assessment of the 

principle of plasma exhaust control. Pumping panel 

(graphite) experiments will also be carried out [12, 

21 1. 
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The other facility planned to increase and 
control the density are Pellet Injection techniques, 
in which the density is increased in the plasma centre 
by injecting, at suitable speed, solid pellets of 
hydrogen isotopes into an existing plasma. 

Preliminary experiments will be carried out 
during late 1986 by using a 1-2km/s single pellet 
launcher, capable of pellet diameters up to 1mm. 
After the 1986-87 shutdown, a triple barrel system, 
2.6, 1, 6mm pellet diameter, at a repetition rate up 
to 5 per second, at speeds approaching 2km/s, will be 
used. This programme will be carried out through a 
cooperation with the USA Department of Energy. Since 
JET may eventually need multipellet injection at 
higher speed (5km/s or above), a cooperative programme 
is underway with other European Laboratories 
concerning: the possibility of accelerating pellets up 
to 3mm diameter with arc heated guns (RISO), the 
development of a cryogenic pellet production unit to 
be used with any accelerator systems under 
consideration (CENG) and investigation of various 
stages of a piston driven scheme with plastic pellets 
of equivalent mass (EMI). The final multi-pellet, 
high speed JET. pellet injection, tritium compatible, 
system should be available before the start of the D+T 
phase [22]. 
c) Additional Heating 

The progressive increase of the additional 
heating power in JET, with both neutral injection and 
ICRF heating methods, represents the main part of the 
JET experimental and development programme shown in 
Table I and it will be maintained. 

Experiments with three RF antennae up to -5MW of 
"high grade" power, (i.e. the power deposited in the 
central region of the plasma) and with the first 
Injection Box made up of eight, 80kV, 60A injectors, 
up to -5MW of "high grade" power, (i.e. considering 
only the full energy components), will be carried out 
during the 1985-86 period of operation. The 
installation and commissioning of the second Box is 
well underway and it will be available by May 1987 
after the next shutdown. The work necessary for the 
future operation of the 16 beams at l60kV, 30A is also 
well in hand [5,17]. 

The RF heating programme will be slightly 
modified. Only eight antennae (and not ten) will be 
eventually installed without reducing the planned 
total "high grade" power of 15MW (8A1, water cooled, 
antennae). This is possible because the antennae and 
the transmission lines, as built, have a power 
capability well above 3MW and therefore modifications 
required are in the power supplies and in the RF 
generators only. In particular new tubes, capable of 
handling a power above 2MW (present ones operate at 
1.5MW), have been ordered. The overall result should 
be the same power to the plasma at reduced cost. 

The additional heating should not only allow a 
substantial increase in plasma temperatures, but also 
in the plasma densities whose optimization has not yet 
been attempted. Moreover it has been suggested [23] 
that with the increase of the additional heating power 
above a certain level, the degradation of the energy 
confinement time may be greatly reduced. 

With more RF heating power available, preliminary 
experiments in setting up the conditions for the 
stabilization of the sawteeth and for the control of 
the plasma current density profiles should be 
performed in 1986. Studies are underway to assess the 
capabilities for current drive, for the control of the 
current density profile, of the JET ICRH system or 
other methods (ECRH and LHRH) [21]. The location of 
the antennae has been revised. They will be 
installed in four pairs, equally spaced on the outer 
walls of the vacuum vessel: two of the existing three 
antennae are already installed in this position (see 
Figure 3), allowing an assessment of some of the 
technical and physics issues on the capability of JET 
ICRH system for current drive. 

d) Diagnostics 
Only minor modifications to the already 

established diagnostics development plan are foreseen. 
In fact, sawtooth oscillation measurements, to be used 
for feedback stabilization, may require four extra 
diodes to upgrade the X-ray diagnostic already 
available, although existing diagnostics, like ECE, 
could be used for the same purpose and will be tested. 
The timing of the 11 MeV neutron diagnostic may be 
re-scheduled in accordance with the modifications to 
the JET development plan now being considered. 
e) Remote Handling and Tritium 

The main reason for the these enhancements is to 
improve the chances of success of D+T operation in 
JET. The remote handling programme is continuing 
expeditiously and the tritium plant programme is also 
proceeding. 

In order to appreciate the full commitment to the 
deuterium-tritium operation phase in JET, one needs to 
consider the layout of the buildings, i.e. the Hot 
Cell, with the sliding doors and roof beams, the Torus 
Hall with the special 2.5m thick walls, the 100m long 
RF and NI high voltage power transmission lines, to 
cope with the mandatory requirements of "no" power 
supplies or electronics too close to the tokamak, the 
use of helium (now implemented) instead of nitrogen/ 
air for the vessel temperature control, because helium 
is a low "Z" material and has no activation problems. 

A large investment has been made in the remote 
handling programme and this is continuing. 

Besides the claim of having considered the remote 
handling [1] requirements in all key design issues of 
the JET tokamak, all the required specific devices 
have been designed (and some of them are operational 
already), such as: 

"Transporters", to move components which will 
need to be replaced and to position the servomani-
pulators and other tools; they are the Main 150t Crane, 
the Telescopic Arm, the Turret Truck, the Low Level 
Transporter and the Articulated Boom [25], which has 
already been successfully used for removing and 
positioning limiters and RF antennae during the 1985 
shutdown (see Figure 11). "End Effectors", dedicated 
to special lifting and operation, such as the force 
reflecting servomanipulators, the limiter gripper and 
the RF antenna grabber; "Special Tools", to perform 
dedicated operations in restricted spaces, like the 

Figure 11: The articulated boom during the 
removal of a Nickel Limiter. 
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welding trolley, already used to weld two vacuum 

vessel octants and the cutter. Four stations for "In 

Vessel Inspection", consisting of stainless steel 

tubes terminating in glass cylinders, fitted already 

in 1981, have been successfully used to take black and 

white pictures of the critical parts of the vessel 

after operation [7]. 

On tritium recycling plant [8, 26] its basic 

design has been fully defined. It will reprocess and 

separate the gases into hydrogen isotope fractions 

ready for reuse in plasma pulses. The choice of 

recovery of the tritium has been made basically on 

economic grounds, since the cost of machine exhaust 

gas disposal would have been more than twice compared 

with a gas recovery and recycling plant. The tritium 

inventory of the plant is expected to be 10g 

(100,000 Ci) which is much less than would need to be 

kept on site if the oncethrough principle was used. 

The basic choices for the tritium plant have been 

secondary containment, cryogenic techniques for 

tritium recycling and gas chromatography for isotope 

separation. Prototypes for key special components, 

fully designed by JET, such as valves, D+T transfer 

pumps and accumulating panels are being manufactured 

and their testing should provide further information 

for the final design. 

I.3 Experimental Programme 1986 and Beyond 

The experimental programme from November 1985 to 

December 1986, will be focussed on the issues shown in 

Table I, i.e. the progressive enhancement of the 

additional heating power with RF and NI [27, 28, 16] 

up to 10MW in the plasma core, allowing an assessment 

of maximum temperatures and densities achievable when 

Pßu>> Ρ«. But at the same time key issues related to 

the new machine enhancements under consideration, will 

be addressed such as: plasma start up, magnetic 

limiter ("Xpoints"), pumping panels, the current 

drive concept for the control of the current profiles 

and sawtooth stabilization. 

The impact on the JET Experimental and 

Development Plan shown in Table I, of the key issues 

described before (and summarized in Table IV) is now 

being discussed by the JET supervisory bodies in order 

to assess technical and scientific merits and cost and 

time implications. 

5. CONCLUSIONS 

JET, has been operational for more than two 

years. The sound technical performance and the good 

overall reliability of the various subsystems has 

permitted start of regular two shifts (I6h/day) 

operation since January 1985. 

The goals of both the development and 

experimental programmes planned so far, have been 

achieved and the main physics results can be 

summarized with the highest value of the fusion 

parameters obtained in Ohmic Heating 

(n
iD

 τ
Ε
 T
i 0.5 10

2 0
m
_ 3
s keV), and with central 

average ion temperatures of 1 keV, obtained with less 

than 20$ of the total additional heating power, which 

will eventually be available. 

However the experimental results recently 

obtained (in JET and other Tokamaks) indicate that 

some machine enhancements must be introduced in JET if 

the ultimate goal (show alpha particle heating) is 

likely to be achieved. 

Due to the key design features of JET and to its 

plasma size, the machine has flexibility which allows 

these enhancements to be implemented without affecting 

the basic structure of the apparatus. 

These enhancements are: the modification of the 

poloidal coils and related power supplies 

configuration in order to allow the full use of the 

flux available, allowing plasma currents up to 7MA to 

be reached (or alternatively long pulses at lower 

currents) and to allow the generation of open poloidal 

field configurations ("Xpoints") to assess the 

"H" mode plasma heating up to plasma currents of 1 MA; 

the above performance can be achieved with the 

associated development on the vessel, i.e. additional 

mechanical supports to withstand vertical 

instabilities, toroidal belt limiters and protection 

plates facing the two Xpoints; moreover to optimize 

and control the density, pellet injectors, pumping 

panel and pumped limiters systems, have to be 

installed; together with the progressive upgrading of 

the additional heating power, RF will be used to 

stabilise sawteeth and the requirements of current 

drive for current profile control will be assessed; 

the diagnostics foreseen will be progressively added. 

All this work is aimed at bridging the gap 

between the present value of the fusion parameter and 

that required to start a meaningful D+T phase, where 

alpha particle heating (n*iD τΕ Tj =  0.5 10
21
m"

3
skeV) 

is clearly shown. The remote handling development is 

well advanced already and the tritium plant programme 

will be pursued at the pace required by the updated 

JET experimental and development programme. 

Table IV: Summary of the technical and scientific 

issues now under consideration for JET. 

(· fully defined, o not fully defined yet) 

NOW AVAILABLE SYSTEMS 

0 3A0 RF Antennae 

o 1st NI Box at 80 kV 

o 8 Graphite Limiters 

0 8 Vessel Joint Graphite 

Protections 

0 Single Pellet (1-2 Ito/s) 

KEÏ ISSUES 

o Confinement studies up to 

5MA 

0 Performance Optimization 

with RF (5MW) k NI (5KW) 

0 "L" and "H" Modes scoping 

studies 

o Machine Enhancement 

preliminary studles 

JZ 

2Ί TO BE MADE AVAILABLE 
o 8A1 RF Antennae 
o Upgrading RF PS (2MW Tubes) 
o 2nd NI Box at 80kV 
o Belt Limiters (C or Be) 
o 32 Vessel Bellows Graphite 

Protection Plate Rings 
0 Vessel Additional Supports 
o Poloidal Field System 

Enhancement (I , Stray Fields 
"X-Points") 

o Multi-Pellet (1-2 km/s) 
KEÏ ISSUES 

Confinement studies at 

I > 5MA 

Performance optimization 

with RF (10-15MW) 1 NI 

(10MW) ("H" modes) 

"X-Polnts" studies 

Current Drive Test (for 

I Prorile Control) 

n...Enhancement and Control 

J: 
KEY ISSUES 

o Confinement Studies 

with 15 MW RF/10MW NI 

o Comparison "L", "H" Modes 

0 n. Enhancement and Control 

o Current Drive with ICRH 

(for I Profile Control) 

o Sawteeth Stabilization 

π TO BE MADE AVAILABLE 

o Upgrading RF PS (completion) 

o 1st NI Box at l60kV 

o Vessel Protection for 

"X-Polnts" 

o Pumping Panels/Limiters 

Mark 1 

o Pellet Injection (3-5 km/s) 

o Current Drive with ICRH 

(for I Profile Control) 

o Sawteeth Feedback 

Stabilization 

S 
TO BE MADE AVAILABLE 

2nd Box NI at l60kV 

o Current Drive Final System 

( for I Profile Control) 

o Pellet Injection (5-10 km/s) 

o Pumping Limiters Mark 2 

o Remote Handling 

o Tritium Compatablllty 

o Tritium Plant 

KEÏ ISSUES 

o Performance^Optlmizatlon In 

D
2
 (
"1D *E V 21 -3 

o I? favourable (-lÔ 'm
 J
keVs) 

Performance Optimization with 

D+T mixture 
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Some of the graphite tiles have also 

to protect the wall from the power loading of 

neutral particle beams. Tests have 

confirmed that the tiles can withstand the 

expected load due to beam shinethrough, but 

they have revealed that the tiles are cracked 

by unattenuated beams of long duration. 

Alternative designs and materials are being 

considered and will be tested. 

By the beginning of 1987, it is 

planned to install a toroidal belt limiter. 

This limiter, with a total area of 15 m
2
, 

should be able to withstand 10 second long 

pulses with 10 MW of additional heating power 

injected into the vacuum vessel. The limiter 

tiles are radiationcooled by means of a 

radiator comprising water cooled fins. A 

similar design is used for the protection 

frames around the ICRF heating antennae. The 

material used for the limiter tiles will be 

either graphite or berryllium. Both 

materials are being procured. It is also 

planned to us'e beryllium evaporators in 

conjunction with the belt limiter, in order to 

take full advantage of the gettering 

properties of beryllium. 

Future plans include the possibility 

of operations with a magnetic separatrix. 

This will require the use of a new set of 

limiters in the top and bottom parts of the 

vessel . 
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1 . 

Graphite Limiters and Inconel Wall 

Protections during the initial period 

of operation 

Description of Limiters and Wall 

Protections 

During the initial phase of 

operation, from June 1983 to October 1981, JET 

operated with 1 graphite limiters and Inconel 

walls . 

The limiters are located at the 

equatorial plane on the outboard wall. Each 

limiter is 10 cm wide and 80 cm long and 

consists of 8 graphite blocks shaped in the 

toroidal direction so as to distribute the 

power load. The graphite blocks are supported 

at the back by an Inconel structure which 

transfers the transient mechanical torques 

occurring during plasma disruptions to the 

vacuum vessel. The radial position of the 

limiters can be adjusted by 12 cm, from the 

outside by means of bellows. [ 6 ] . 

The graphite used is a fine grained, 

highly purified material (CL 5890 PT manufac

tured by "Le Carbone Lorraine") which offers 

satisfactory thermomechanical properties 

(table 3) and an average impurity content of 

the order of 20 ppm [ 7 ] . After machining, the 

material is cleaned, outgassed at 1250°C in 

vacuum, and saturated with helium around 100°C 

during cool i ng. 
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The inner wall of the JET vessel 

consists of rigid sectors made of Nicrofer 

7216 LC (Inconel 6 0 0 ) , and bellows assemblies 

and octant joints made of Inconel 625 (figure 

1 ) . During the initial phase of operation, 

the inner wall was protected by Nicrofer 7216 

LC (Inconel 600) heat shields and protection 

plates . 
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Figure 1. Cross section of vacuum vessel wall 
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2. Operational Experience,with the Limiters 

During discharges, two of the 

limiters were viewed by infrared cameras. 

Arcing was observed during the initial phase 

in 1983 but ceased to be as frequent later in 

1981 when baking at temperatures in the range 

of 300°C was Introduced. The surface 

temperature of the limiters was typically 

around 800°C during the plasma current flat 

tops. Due to the curved shape of the 

limiters, heating is localised in 2 zones 

(figure 2) with stronger heating on the ion 

side for most plasma conditions. The change 

from near circular to elongated plasma cross 

sections results in an increased plasma length 

interacting with the limiter in the vertical 

(poloidal) direction. 

Figure 2. Graphite limiter showing plasma 

"footprints" 
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Another possible source of metal 

contamination was plasma interactions with the 

Inconel structures supporting the graphite 

limiter blocks. When the vessel was opened, 

discoloration marks on these structures 

clearly indicated that the plasma could flow 

behind the 75 mm thick graphite blocks. This 

source of contamination has now been 

eliminated by the recent installation of 

additional graphite tiles around the 

limiters . 

During this period of operation, 

"carbonization" of the vessel walls has been 

the method used to control metallic 

impurities. Carbonization has been achieved 

by glow discharge cleaning in a mixture of 

hydrogen and methane [ i o ] . Carbonization has 

resulted in the temporary reduction of the 

plasma total radiated power from typically 

80Ï of the ohmic power input to less than 50Í, 

and in an increase of the limiter surface 

temperature up to 1800°C. 

3. Damage Observed on Inconel Protections 

When the vessel was opened during 

the October 81 shutdown, significant damage 

was found on the Inconel protection plates. 

[ 1 1 ] . Most damage was localized at the 

inboard wall. Three kinds of damage could be 

clearly identified. 

Type 1 

This type of damage is characterized 

by a thin melted layer which extends along one 

edge of the protection plates. It is seen by 

its coloration due to a surface deposition of 

carbon of about 0.1 urn. The damage is found 

systematically on the left hand side (electron 

side) for plates above the equatorial plane 

and on the right hand side (ion side) for 

plates below the equatorial plane. The reason 

for this is not understood. The damage is not 

radioactive and is believed to be due to 

plasma discharges leaning against the inboard 

wall . 

Type 2 

This type of damage consists of 

melted craters surrounded by splattered metal. 

(Figure 3 ) . There were approximately 50 

impacts, most of them very close to the 

midplane. As expected, the damage was almost 

exclusively on the protection plates which for 

construction reasons project most towards the 

plasma. 
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The craters exhibited some 
radio-activity, the dominant contribution 
being N i 5 7 with a half life of 3 days, the 
next most radiating elements'being Co^6 
(77 days) and Ni56 (6 days). This activ-. 
ation is thus to be attributed to photo-
neutrons generated by run-away electrons. 
These run-away electrons can be accelerated to 
30 or 10 MeV by the voltage spike during a 
disruption, and driven to the inner wall 
together with the magnetic configuration of 
the plasma. 

The total energy deposited by elec
trons was estim'ated from the amount of melted 
metal as indicated in table 1. 

more than the other estimate. The first 
estimate of 1 MJ is however, believed to be the 
most precise. 

Figure 3. Damage (type 2) produced by run
away electrons on inconel 
protection plates. Size of 
crater = approximately 50 mm. 

Table 1. Damage due to Run-Away Electrons 
(October 1981) 

Type 3 

with 
dama 
melt 
(fig 
equa 
bott 
prot 
seve 
most 
Alth 
arc 
expl 

There were 3 areas of local melting 
little or no activation. Contrary to 

ge of type 2, these areas exhibited smooth 
ed craters without any splattered metal 
ure 1 ) . They were not located near the 
torial plane, indeed one of them was at t.he 
om of the vessel on an octant joint 
ection plate. This kind of damage is 
re and involves as much melted metal as the 
extensive single damage of type 2. 

ough the appearance suggests some form of 
damage, there is no satisfactory 
anat ion for this . 

Figure 1. Damage (type 3) found in the bottom 
part of the vessel. Size of 
crater = approximately 60 mm. 

Size of craters 
Amount of metal melted 
( per crater) 
Estimate of energy 
deposited (per crater) 
Total amount of melted 
metal (50 craters ) 
Total energy deposited 
(50 craters ) 

II. Graphite Tiles for Wall Protection 

In the estimate above, the amount of 
metal blown away was given by the volume loss 
of the craters, and the thickness of the melt 
resolidified on the crater was measured from 
the grain structure of micrographs. The 
estimate is however rather inprecise since the 
temperature of the melt is not known and may 
have been close to boiling point in some 
cases . 

Some of the major disruptions were 
accompanied by a burst of photo-neutrons. .In 
one case, a U238 counter recorded 2.5 χ 10^3 
neutrons occurring in a time less than 3 ms . 
An attempt has been made to calculate the 
energy deposited by electrons from the 
measurement of the photo-neutron yield. 
There were 22 major disruptions producing 
about 1.1 χ 10^5 neutrons in total. 
Assuming an energy of 30 MeV for the 
electrons, the total energy deposited in 
Inconel is estimated to be 5 MJ, i.e. 5 times 

The metal contamination described in 
section 1.2 prompted a decision to partly cover 
the Inconel walls of the vessel with some low Ζ 
protection. In a first step towards a low Ζ 
vessel, it was decided to cover only the 
inboard wall. It was felt that this would 
eliminate one of the most important and 
obvious source of metal contamination. This 
decision was taken well before the opening of 
the vessel and was, a posteriori, proven to be 
correct, by the damage found on the Inconel 
plates. 

1 . Choice of a Material for Wall Protections 

Graphite is an obvious choice when 
looking for a low Z, refractory material. It 
can be obtained in large quantities at a 
reasonably low cost and is very easy to 
mach ine . 

In addition to the points above, 
graphite offers a very attractive combination 
of physical and thermo-mechani cal properties 
(table 3). The most important points are 
summarized below. 

Due to the low density of graphite, 
energy deposition by run-away electrons is not 
limited to a small superficial spot as in 
Inconel, but is distributed in a deep layer. 
For example, the penetration depth is 80 mm 
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for 30 MeV electrons. As a result, graphite 

would suffer no damage, and the surface 

temperature would remain below the sublimation 

point for the type of heat impacts which are 

indicated in table 1 . 

Graphite has an excellent resistance 

to thermal loading. For a brief heat influx 

and a volumetric deposition of the energy, the 

factor of merit can be characterized by: 

time as the tiles were installed, the limiter 

graphite blocks were replaced, so that only 

clean metalfree graphite surfaces would be 

present in the vessel. 

f = 
R_c 

o E 

R  ultimate strength, c = specific heat, 

α = thermal expansion coefficient, E  young 

modulus. (The value of f is given in table 3 ) . 

The high specific heat of graphite 

minimizes the temperature rise and the high 

sublimation temperature reduces the erosion 

rat e . 

So far, JET has been using graphite 

from 2 sources only. Graphite CL 5890 PT from 

Le Carbone Lorraine and graphite EK 986 from 

Ringsdorff . 

2. Design of the tiles and their attachments 

For use as wall protection, the 

graphite is machined in tiles. The tiles are 

20 mm thick and their small dimensions 

(typically 150 χ 150 mm) make them easy to 

handle. To avoid the circulation of eddy 

currents, each tile is individually attached 

to the wall and there is a small gap between 

adjacent tiles. These gaps have been arranged 

so that the field lines can never penetrate 

between tiles (figure 6 ) . 
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Figure 6. Graphite tiles at the inboard wall 

of the vessel  Status in January 1985 
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After 6 months of operation, in July 

85, the vessel was reopened and virtually no 

damage could be seen on the graphite tiles. 

Some signs of erosion were observed on 

slightly protruding edges, and 3 tiles showed 

minor cracks, but these may well have been 

caused by mishandling during assembly. This 

gave great confidence in the design and 

suitability of the tiles since during these 6 

months a large number of disruptions, some at 

a current level up to 1.5 MA, had produced a 

total dose of photoneutrons comparable to 

that in the previous operation period with 

Inconel tiles. 

INCONEL ROD GRAPHITE TILE 

V SHAPED RAIL 

VESSEL WAL1 

SPRING WASHER 

INCONEL BACK PLATE 

SPRING 

Figure 5. Attachment of graphite tiles 

3· Operational Experience with Graphite Tiles 

Figure 6 shows the graphite tiles 

installed in the vessel in October 1981. A 

height of 2 metres and an area of 23 m2 is 

covered by a total of 960 tiles. At the same 
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Figure 7. Damage on graphite limiter. Size 
of cracked area : approximately 25 mm. 

1. Further Graphite Protections 

It has been mentioned in the previous 
section that "vertical instabilities" hitting 
the top or bottom parts of the vessel can 
contribute to the contamination of the 
graphite surfaces by metals. It is also at 
the top and bottom parts of the vessel that 
the plasma interacts strongly with the wall 
when JET is operated in the separatrix mode 
(see section V) [13 ] · 

Damage similar to that described in 
section 1.3 has indeed been seen for the first 
time at the top and bottom parts of the 
vessel, after the 1985 experimental campaign 
during which both vertical instabilities and 
the separatrix mode were studied. It is 
therefore essential to extend further the 
graphite protections. For budget and time 
reasons the work has been planned into 2 
steps. (See also table 5 ) . 

Step 1: In August 85, the Inconel 
octant joints protections have been replaced 
by graphite tiles. This makes up a 
configuration of 8 graphite belts in the 
poloidal direction. 

Step 2: The Inconel heat shields 
protecting the bellows will be replaced by 
graphite tiles in January 1987. This will add 
another 32 graphite belts in the poloidal 
direction. 

Ill Protections Against Neutral Particle 
Beams 

1 . Load Conditions at the Inboard Wall 

Some of the graphite tiles face the 
neutral beam injector lines and must be able 
to withstand the power deposition associated 
with neutral particles. The most severe case 
occurs at the inboard wall of the vessel. 
Several load conditions can be considered: 

1. During normal operation, the 
power loading on the wall due to the beam 
shining through the plasma is estimated to be 
less than 500 W/cm2 for 10 seconds. 

2. Neutral beam shots without plasma 
can give peak loads of about 2 kW/cm2. 

This situation can arise: 
a) immediately after a disruption 

for less than 100 ms until the 
beam is switched off 

b) during test shots for less than 
500 ms 

c) in case of a failure of all 
beam interlocks the peak load 
could last 10 sec. 

2. Tests and thermo-mechanical analysis 

Tiles have been subjected to 
destructive tests under neutral beam loading 
[il]. The interpretation of the results is 
difficult because damage initiation is not 
easy to detect and cannot be clearly 
associated with a particular neutral beam 
shot. This is because the tiles are observed 
through windows of the test bed target tank 
and only significant cracks can be seen. In 
addition, fatigue effects do play a role, as 
cracks have been seen to appear only after 
several identical shots. So far, only 1 tiles 
have been tested and the conclusions below 
must be considered with some caution. 

a) The tiles can withstand the 
normal beam shine-through load. The safety 
factor seems adequate since no damage was 
produced with heat loads of 1 kW/cm2 for 
8 seconds. 

b) The peak load of 2 kW/cm2 can 
be resisted only for a limited time, less than 
1 second, and a small number of shots. Cracks 
develop along the fixation holes which act as 
stress ra isers . 

These tests have been supported by 
finite element thermal and stress analysis. 
Table 2 gives the peak stresses in a solid 
(without holes) tile subject to a constant 
heat flux. It must be noted that due to the 
time dependant temperature distribution, peak 
compressive and peak tensile stresses do not 
appear at the same time. 

Table 2. Peak Stresses in a Graphite Tile 
Under Thermal Load 

Heat flux 
(W/cm2 ) 

500 
1500 

Peak tensile 
stress (MPa) 

6.3 
19 

Peak compressive 
stress (MPa) at 
front surface 

1 5 
16 

The holes necessary for supporting 
the tiles introduce a stress intensification 
factor for tension in the vicinity of the hole 
of approximately 2.2. Thus failure of the 
tile along the hole, as observed, is consi
stent with the calculation since the ultimate 
tensile strength of graphite is 10 MPa. 

In conclusion, the present design is 
adequate for the normal load but would not 
resist a single 10 second shot at full power. 
To remedy this, various new solutions are 
being envisaged and will be tested soon. 
Stress can be reduced by using thinner tiles 
and a new design of supports without holes. 
Carbon fibre reinforced graphite is also being 
considered as an alternative material. 
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3. Port Protections 
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IV The Toroidal Belt Limiter 

Figure 8. Toroidal geometry of the belt 
limiter. The ICRF antennae are 
shown between the upper and lower 
bel ts 
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When the additional heating power is 
increased to its full performance value in 
1987, the thermal load will have to be taken 
by a larger, new type of limiter, i.e. the 
toroidal belt limiter. 

1. Operational requirements and general 
description of the toroidal belt limiter 

At full performance, 25 MW of useful 
additional heating power will be injected into 
the plasma, (10 MW of full energy species 
neutral beams and 15 MW of ICRF heating). The 
total power injected inside the vacuum vessel 
however will reach approximately 10 MW for 10 
seconds. This power will be almost entirely 
dissipated on the limiter if radiation due to 
impurities can be reduced to a low level. 

shown 
belts 
ports 

The geome 
on figure 8. 

try of the belt 
It consists of 

above and below the main hor 
of the vesse 1. The axissymm 

limiter is 
2 toroidal 

i zontal 
etry is 

preserved everywhere except for short sections 
at two 
of dia 
i ndent 
geomet 
large, 

hor i zontal ports where the requirements 
gnostics viewing made it necessary to 
the profile 

ry, the area 
and the sur 

even at full power 
temperature rise d 
form o f rad iatlon 

of the limiter . With this 
facing the plasma is very 

face load is low enough, 
, to allow an adiabatic 
uring the pulse, 
cooling between 

and some 
pulses . 

Each belt includes 858 tiles placed 
edge on to the plasma. The material of the 

tiles may be either graphite or beryllium 
(section IV.2). Radiation cooling of the 
tiles is maximized by a "radiator structure" 
made up of nickel fins placed between each 
tile. The fins are themselves welded to 
water-cooled tubes. In order to increase the 
radiative heat transfer, the side faces of the 
fins and of the tiles (in the case of 
beryllium) are coated with a black layer for 
higher emissivity. 

This design is attractive because of 
the absence of critical thermal stresses and 
the possibility of exchanging'easily some or 
all limiter tiles. As shown on figure 8, the 
belt limiter and the ICRF antennae form an 
integrated design wehere the limiter protects 
the upper and lower edges of the antennae. 
The limiter and antennae also share the same 
water cooling system. The toroidal belt 
limiter is now under construction and is 
planned to be installed in the machine by the 
beginning of 1987. 

2. Materials for the Limiter Tiles 

The material to be used for a 
limiter should fulfil the following 
requirements: low Z, high melting 
(sublimation) temperature, large thermal 
conductivity, large specific heat, good 
resistance against thermal shock, low erosion 
through sputtering (chemical or physical 
sputtering), low retention of hydrogen 
isotopes, getter action if possible. 

The two materials which have been 
selected for JET are graphite and beryllium. 
The type of graphite is similar to the one 
described in sections 1.1 and II.1. The 
beryllium grade is S65B from Brush-Wellman 
(USA). Some physical properties of these 
materials are shown in table 3. 

From the table it can be seen that 
the thermal properties of graphite are 
superior to those of beryllium, but this 
advantage is offset by the better mechanical 
properties of beryllium, in particular the 
high ductility at elevated temperature. 
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Table 3· Physical Properties of Graphite and 

Beryllium. Properties Given at 

300"C unless stated. 

Atomic number Ζ 

Densi ty (g/crt]3) 

Porosity {%) 

Melting temperature (°C) 

Boiling/Sublimation 

temp. (°C). 

Heat of evaporation 

(J/mole ) 

Thermal conductivity 

(W/m.°C) 

Specific heat (kJ/kg.°C) 

Expansion coefficient 

(x 10
6
) 

Elastic modulus (G Pa) 

Ultimate tensile 

strength (MPa) 

Elongation at 400°C (%) 

Electrical resistivity 

(μβ.ιη) 

Factor of merit f 

(section II.1) 

Graphite Beryllium 

6 

1.61.85 

1525 

1150 

7x10 

61 

1 .31 

5.5 

1 1 

10 

0 

11.1 

0.88 

1 

1 .8 

0 

1277 

2770 

3x10 
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2.6 

13 
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From an engineering point of view, 

graphite is attractive since it is reasonably 

cheap and easy to machine, whereas, beryllium 

is an expensive material involving a difficult 

metallurgy. Another drawback of beryllium is 

the toxicity of its dust which imposes strict 

safety precautions. The precautions are well 

known to the beryllium industry and can be 

applied to JET. The ISXB experience at 

Oak Ridge (see below) has been valuable in 

assessing safety aspects. The precautions 

include dust monitoring systems, 

decontamination procedures before entering the 

vessel, the use of special suits for workers 

inside the vessel and the careful monitoring 

and cleaning of tools. It must be noted, 

however, that for a machine like JET, which is 

designed for tritium operation, beryllium 

would not add significantly to safety 

problems. 

Graphite has almost become a 

conventional first wall material in tokamaks 

and its use is now well documented. In the 

case of beryllium, the lack of experimental 

data prompted JET into placing a contract with 

the Oak Ridge National Laboratory to test 

beryllium as a limiter in the ISXB machine. 

The results of this experiment are outside the 

scope of this paper and have already been 

reported [ 1 6 ] . They have shown that beryllium 

is suitable as a limiter and getter material. 
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Figure 9. Graphite and beryllium tiles for the 

belt limiter. The point N is where the field 

lines are parallel to the surface of the tiles. 

3. Thermo Mechanical Analysis 

a) Power deposition and heat removal. 
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Heat deposited on the tiles is 

radiatively transferred 'to the adjacent water 

cooled fins. The fins and the beryllium tiles 

are coated with a black layer whidh gives an 

effective emissivity from tile to fin of 

approximately 0.65. The process used for 

blackening are described in section IV.1. 
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Figure 11. Evolution of the surface 

temperature of beryllium tiles during 10 

consecutive shots. 

Heat flux = 290 W/cm
2
 for 10 seconds every 25 

minutes. 

Figure 10. Heat flux distribution on 

beryllium tiles. The field lines are 

tangent to the tiles at point χ = o. Total 

power to the limiter ■ 10 MW. Each curve 

corresponds to a scrapeoff thickness t in mm. 

b) Results of analysis. 

Table 1 gives the"basic results of 

the thermal and mechanical anaylsis. 

Table 1. Results of Thermo Mechanical 

Analysis for Graphite and Beryllium 

Belt Limiter Tiles 

Blackening of radiating surfaces 

Thickness of tiles (mm) 

Total area facing the 

plasma (m
2
 ) 

Average heat flux (W/cm ) 

Expected peak heat flux 

(W/cm
2
) 

Peak surface temperature 

(°C) 
Peak compressive stresses 

at front surface (MPa) 

Peak tensile stresses 

(MPa) 

Beryllium 

tiles 

20 

13.8 

290 

150 

1 000 

plastic 

behav iou 

Graphite 

tiles 

26 

18 

222 

370 

1 250 

21 

5.5 

Figure 11 illustrates the evolution 

of the surface temperature in beryllium tiles 

during 10 consecutive shots at full power. 
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The beryllium 1 imi ter tiles are 

blackened by using a conventional process of 

chromic acid anodizing in a bath. 

5. Mechanical Design and Manufacture 

The cooling structure, or radiator, 

of the belt limiter includes the fins and the 

water pipes. Each belt has been split into 16 

sectors, for assembly reasons. Each sector is 

made up of 1 thickwalled (2 mm) Inconel tubes 

and 55 nickel fins welded to them. Nickel has 

been selected as the fin material because of 

its high thermal conductivity and its good 

mechanical properties even at elevated 

temperature. It has been specified in the 

quarter hard state to ensure the mechanical 

stability of the structure and guarantee an 

easy assembly of the tiles. Holes and welding 

lips around the holes are stamped in the fins 

for welding to the tubes. (Figure 12). During 

manufacture, each fin is precisely located by a 

jig and the fin to tube welds are carried out 

by means of automatic orbital welding machines. 

The water manifolds at the extremities of each 

sector are machined out of forged Inconel bars. 

They carry the water inlets and outlets and the 

mechanical attachments to the wall of the 

vessel. Differential expansion between the 

vessel and the water cooled structure is made 

possible by sliding spring loaded supports at 

one end. Inconel bellows are provided on the 

water pipework. 
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WATER TUBE I TILES 

SECTION AA 
DETAIL OF TLE ATTACHMENT 

Normal tokamak discharge: the 

limiter and antennae are 

watercooled. 

Wall conditioning: the water 

is drained and the temperature 

of the limiter and antennae is 

allowed to rise up to the vessel 

temperature to avoid the trapping 

of impurities on cold surfaces. 

The transition from wall 

conditioning back to tokamak discharge 

involves first a phase of nitrogen gas cooling 

in order to lower the temperature below 

100°C, and secondly the evacuation of the 

system to avoid trapped gas pockets when water 

is reintroduced . 

V Future development and Conclusions 

Figure 12. Cooling fin of the belt limiter 

and detail showing the attachment of the tiles 

onto the fin. 

Each sector may have to be dismantled 

and reassembled remotely during the active 

phase. For this reason, the attachments 

include a combination of hook supports and a 

minimum number of well accessible captive 

bolts. The remote handling of the limiter 

sector involves the use of the articulated 

boom together with a special extension [ 1 8 ] . 

Cutting and welding of waterpipes inside the 

vessel will be carried out by special orbital 

tools presently under development. 

The tiles (graphite or beryllium) 

are assembled in pairs by means of pins and 

locating washers (figure 1 2 ) . Spring washers 

keep the tiles pressed against each other. 

For assembly, the tiles forming a pair are 

slightly separated with a simple tool, and 

inserted on either side of a fin. Slots are 

provided in the fin for the passage of the 

pins. When in position, the locating washers 

spring into the holes in the fin and lock the 

tiles in position. With this simple spring 

locking mechanism it is possible to replace 

pairs of tiles using remote handling 

techniques . 

Table 5 summarizes the installation 

of graphite'protect ions on the inner wall of 

the JET vacuum vessel. From the table it can 

be seen that 18Í of the total vessel area will 

be covered with graphite by 1987. 

Table 5. Graphite Protections in JET 

Descr i pt i on 

Inboard wall 

(2 m high) 

Octant joint 

protections 

(8 poloidal belts) 

Neutral beam prote

ction at horizontal 

port (octant 5) 

Bellows protections 

(32 poloidal belts) 

Neutral beam prote

ction at horizontal 

port (octant 1 ) 

Date of 

instal

lation 

Nov.81 

July 85 

July 85 

Jan. 87 

Jan.87 

Area 

covered 

(m2) 

23 

12.9 

3.5 

62. 7 

3.5 

% of 

vessel 

wall 

surface 

1 0 

6 

2 

28 

2 

Table 6. Basic parameters of the JET limiters 
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6. Cooling System 

The belt limiter and the antennae 

share the same cooling system. The cooling 

system has to provide several modes of 

operation and the complex transitions between 

these modes. The main modes of operation are 

as follows : 

Description 

1 discrete 

limi ters 

8 discrete 

limiters 

Toroidal belt 

limiter 

Per iod 

of 

opera

tion 

June 83 

July 85 

Nov. 85 

Dec. 86 

From 

April 87 

Material 

graphite 

graphite 

graphite 

or 

beryllium 

Area 

(m
2
) 

1 .28 

2.56 

18 

or 

13.8 

Total 

heat 

load 

(MW) 

1 0 

20 

10 

10 

It is planned to install beryllium 

evaporators in the vessel by the beginning of 

1987. The ISXB experiment has demonstrated 

that evaporation is a necessary step for the 

getter action of beryllium to take place. In 

ISXB, this was achieved by allowing the 

limiter to melt locally. In JET, it is 

planned to control this process and avoid 

limiter melting by means of 1 evaporators 

mounted on the outboard wall. They would be 

retracted during discharges, but could 
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Fuel exhaust is of course a key issue 
which will have to be addressed and may become 
crucial when higher densities can be achieved 
with additional heating and pellet injection 

On JET, the density decay at the end 
of a discharge indicates that 2-5 χ 1 0 2 0 

particles are pumped by the torus walls and 
other internal components. This phenomenon is 
not well understood but is observed in other 

tokamaks. If JET is to achieve the high 
densities required for near-ignition 
conditions, much higher pumping rates in the 
range of 5 χ 1021 particles will be 
required to avoid the disruptive termination 
of discharges. 

It is planned in the near future to 
assess more systematically the pumping 
efficiency of the walls. Of particular 
interest is the enhanced wall pumping which 
has been sometimes observed on JET during 
plasma discharges leaning against the inner 
graphite wall. Wall saturation effects are 
expected and are an important part of this 
study . 
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Transient pumping, should it prove 

of interest, could be associated with the belt 

limiter. As shown on figure 12, the cooling 

fins have been provided with re-entrant edges 

on either sides. The limiter tiles could 

therefore be reshaped to assume the function 

of scoop limiter tiles and deflect particles 

towards pumping plates placed along the vessel 

wall behind the limiter tiles. 

Pumping plates may also be 

associated with the top and bottom protections 

for the magnetic limiter mode of operation. 

Another possibility is the 

installation of pumped limiters, possibly 

moveable limiters, at some of the main 

horizontal ports. Because of the large size 

and conductance of these ports, fast pumping 

could be achieved there by getter panels 

inside and conventional pumps outside the 

vacuum vessel. No design effort has been 

devoted to this scheme so far. 

Since JET started operation in June 

1983 with Inconel wall3, there has been an 

accelerating evolution towards the use of low 

Ζ materials, in accordance with the policy 

defined at the start of the project. The 

increasing use of graphite protection offers 

good prospects of eliminating high Ζ 

impurities. The use of beryllium also offers 

the exciting possibility of reducing low Ζ 

impuri ties. 

Plans beyond 1987 are less defined 

and new modes of operation such as the 

magnetic limiters, or new systems such as fuel 

exhaust, have still to be developed. Because 

of the size of JET, there is a long delay 

between the conceptual phase and the start of 

experiments. The development of these new 

systems will therefore have an impact on the 

long term experimental programme of JET but 

may also be the key to reach the goal of 
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near ignition conditions. 
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In the course of experiments 

performed in May 1981 the stabilization limit 

was, however, already reached in the pulse no 

1917 at an elongation ratio b/a = 1.68 and the 

plasma became vertically unstable. The 

stabilization circuit was subsequently 

investigated and adjusted to perform as 

intended, so that presently plasmas with 

elongation ratio exceeding 1.8 can be 

stabi 1 i zed . 

The consequences of a vertical 

instability are of great concern. In the 

pulse no 1917 the current was 2.65 MA and the 

instability gave an estimated vertical force 

of  250 tons at the vessel and caused large 

deflections and stresses. Forces of order 800 

tons are expected in the event of a vertical 

instability at extended performance, with 5MA 

current and elongation ratio b/a = 1.6, and 

these would cause a permanent deformation of 

the vessel. 

The following courses of action have 

therefore been considered or started: 

automatic and operational safeguards 

against exceeding the stabilization 

limits. This concerns mainly the 

shaping circuit which produces the 

destabilizing quadrupole field. 

improvement of the reliability and, 

if possible, of the stabilization 

range of the vertical stabilization 

circuit. 

provision of additional vessel 

supports, to reduce stresses of the 

vessel in the unlikely event that 

the first two actions fail. 

The shaping and stabilization 

circuits of JET are outlined and discussed in 

the following sections. 

The Poloidal Magnetic Field 

The poloidal magnetic field is 

governed by the currents in four sets of 

coils, the transformer or magnetising coil 

(Μ) , the vertical field coil (V), the shaping 

coil (S) and the radial field coil (R). Each 

coil consists of series connected subsections 

of four coils which are shown as P1 to Pi in 

the fig. 1. 

Fig. 1 Schematic section of the JET apparatus 

Table 1 presents specific magnetic fields, 

field gradients and other parameters of 
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Table 1 specific magnetic fields b z i = B z i / I¿ and field gradients 3b z/3R at 

radius R = 3 m for typical configurations of the magnetising, vertical, shaping and radial 

field coils. The iron image current field caused by the plasma current is given for circular 

shape and parabolic current profile. The iron core is saturated. 

^Parameter 

Funct i orT̂ 

M 

V 

S 

R 

Plasma 

PF coil turns 

PIM 568 

P3M^ 1 

Pi 78 

(max 122) 

P2S 10 

P3S +20 

P2R 32 

P3R 10 



b
z
 0 r b

R 

(10~
6
 T/A) 

 0 . 1 0 

+ 16 · 

1.11 

±5.5 

0.028 

3b /3R 
ζ 

(IO
6
 T/m/A) 

+ 0.19 

0.86 

+ 1.10 



+0.012 

Inductance 

(mH) 

21 0 

1 17 

15 

13 

0.006 

Resistance 

(m!î) 

29 

17 

6 

21 

Comments 

signs apply after 

current reversal 

current in P2S 

opposite P3S, Pi 

minor radius 

a = 1.25m 

typical coil configurations as used in 1985. 

In the course of experiments the M, V, Rcoil 

configurations remain unchanged while that of 

the Scoil is altered occasionally by choosing 

different turn numbers and current directions 

in the P23 and P3S coils. 

The Mcoil is connected through the 

ohmic heating network to the JET Poloidal 

Flywheel Generator Converter. It includes few 

turns of the coil P3M to reduce the stray 

field in the plasma region. The maximum 

current is ± 10 kA. 

The Vcoil is connected to a 50 Hz 

2 kV/25 kA 2 quadrant thyristor power supply 

which is configured as a voltage amplifier 

with gain 300 V/V. The Vcoil produces an 

almost homogeneous vertical field as main part 

of the required equilibrium vertical field. 

The Scoil is connected to the same 

type of power amplifier as used for the 

Vcoil, but this amplifier is configured as 

current amplifier with gain 1 kA/V. The 

purpose of the Scoil is to provide a quadru

pole field for the control of the elongation 

ratio b/a of the plasma cross section. The 

contribution to the vertical field can be made 

relatively small. 

The Rcoil produces the radial field 

for the stabilization of the vertical plasma 

position. The upper and lower parts of the 

coils P2R and P3R are connected in series and 

in opposite sense. The Rcoil is connected to 

a 50 Hz 1 kV/2 kA 1 quadrant thyristor power 

supply which is configured as voltage 

amplifier with gain 600 V/V. 

ohmic heating circuit was removed and the 

control system was slightly modified. 
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Plasma Shape Control 

The shape of the plasma cross section 

is controlled by two feedback systems which 

act on the vertical field (V) and the shaping 

field (S) coils, respectively. 

Radial position control 

An earlier version of this system is 

described in [ï]. In 1985 the previous 

galvanic connection of the Vcoil to the 

The outlined method of controlling 

the position of magnetic surfaces has been 

previously applied in the ASDEX Tokamak [2] 

and in other Tokamak machines. 

Control of plasma elongation 

In the simplest mode of operation 

the current in the shaping coil (S) is 

controlled in proportion to the measured 

plasma current, with a factor of 

proportionality which can be regulated as 
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function of time by a preprogrammed gain 

function GOH. The resulting elongation ratio 

b/a of the plasma cross section depends on 

the radial diameter 2a and on the plasma 

current profile. The example shown In f ig. 2 

illustrates the effect of an increased shaping 

current. The flux contours are derived from 

measurements with flux loops and pick up coils 

indicated in fig. 1 and 2. 

Interactions of Control Systems 

I.45S Ip1.5MA 

Is  3ß kA 

b/1.39 

t  45s lp1.5MA 

I s  144kA 

b/a ■ 1.74 

F i g . 
c u r r e 

15 2:0 25 30 35 4.0 45 [m] 15 2D 25 3D 35 40 4.5 [m] 

Plise 3495 Pulse 3494 

2 Plasma shape for two different shaping 

nts 

A potential danger of this control 

method arises for large plasmas In the event 

that the current profile becomes flatter than 

expected. The plasma becomes then more 

elongated leading to contact with the vessel 

at top and bottom and the limits for 

vertical stabilization can be exceeded. 
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Stabilization of the Vertical Plasma Position 

Feedback Circuit 

The radial flux 6Ψ is measured 
between two symmetric positions at distances 
± h from the mid plane by a combination of 
integrated signals from saddle loops spanning 
from positions 1 to 1' and 6 to 6' (fig. 1) 
and from pick up coils at interior positions 
1, 1', 6 and 6'. The separation 2h of the 
equivalent differential flux loop Is about 3.2m 
if field gradients are ignored. To lowest 
order the flux Ψ corresponds to a vertical 
plasma displacement 

6Zp=h6f/(2p0IpR) (1) 

from the mid plane, where I p = plasma 
current, R = 3m. The measurement sensitivity 
δΨ/όΖρ is however substantially smaller when 
the strong non uniformity of the poloidal 
field along the poloidal circumference of 
elongated plasmas is taken into account. 

For feedback stabilization a flux 
error signal proportional to óf is transmitted 

through a proportional/derivative controller to 

the radial field amplifier In order to apply a 

corrective voltage at the radial field coil. 

The use of derivative control is equivalent to 

a direct transmission of the effective 

differential loop voltage {γ. It corresponds 

to velocity feedback and is essential for the 

stabilization. The proportional control is 

only needed to define the position. 

Simplified System Analysis 

Several studies have been performed 

for the design of the stabilization circuit. 

We outline a simplified analysis which assumes 

a rigid plasma displacement and ignores eddy 

currents in the mechanical shell. The 

stabilizing eddy currents in the vessel are 

assumed axisymmetric and toroidal. 

So far, no integral control was used. 

The resulting control error of a desired 

increment of the plasma/wall distance at 

positions 1,1' (fig. 1) is about 10%. The 

measured response time upon a small step of 

the desired distance is about 20 ms , in 

reasonable agreement with simulation results 

The circuit equations for the Rcoil 

and vessel currents are 

± Ir 

Arr,Ir + A r v I v + A p p I p Z p = Vr 

A
rv

I
r 

A I 
vv ν 

i' I„Z„ 
vp ρ ρ W 

(2) 

Ampere turns in the upper/lower half 

of the Rcoil 

315 



± ΙΛ 

"rv 

4
rp 

■ differential vessel current in the 

upper/lower half 

= plasma displacement 

= applied voltage per turn at the 

Rcoil 

=11.6 μΗ = Rcoil inductance, one 

half only, reduced for single turn in 

each half 

= 1.2 μΗ = vessel inductance, one 

half onLy, for current I v 

1.2 μΗ = mutual normalised 

inductance, one half 

vp»1.1 pH/m = flux change in 

one half of the Reoil and the vessel 

for unit displacement parameter 

1 MA.m 

essel resistance (one half) 

rrent I„ 

IpZp 

R v=1 m!2 = ν 

for cu 

The plasma force balance can be 

written in the form 

A1 I 
" rp 1 ! · 

A> I 
"vp V 

S P V P 
( 3 ) 

where 

'PP 
■ normalised plasma self force due 

to the quadrupole component of the 

equilibrium field and due to iron image 

current fields produced by the 

displacement 

The values for A > r '
 A

r v '
 A
v v '

 A
r p '

 A
vp

 a r e 

derived from previous field computations. 

They are independent or only weakly dependent 

of the plasma shape and current profile, in 

contrast to the plasma self force coefficient. 

For a full size D shape plasma with parabolic 

current profile a value App = 0.23 μΗ/m
2
 was 

computed. 

where T v 

the Rcoil voltage 

3 yield an 

"acement with an 

by 

 _ App — (A r p) /Arr~ ( 1| ) 

QAypJ / " W ~/App 

) / R v = 3ms 

For the case that the 

is kept zero the equations 2, 3 

exponential growth of the displ 

instability growth rate Y given 

vT  A P P  lA\p)VArr 

f v "fA\..iVA^AS« 

.A* /A  v"vv r v r r ' ν 

ime for the decay 

vessel currents or 

■ vv 'TV' 'rr · 

char acter ig t i c time 

differential 
the penetration of radial flux. 

One obtains Y = 135 s
 1
 for a full size 

D shaped plasma. When App < (Aj,p) /A r r = 

0.13 μΗ/m
2
 the induced currents in the 

Rcoil are sufficient to stabilize the 

plasma. In JET this is the case when the 

plasma elongation ratio b/a is < 1.2, with 

large diameter 2a » 2.1 m. When A
,
r!r,> 
PP ' 

(A» v p)
¿
/A v v = 0.17 μΗ/m

2
 the plasma Is 

unstable on a MHD timescale and stabilization 

becomes impossible. 

The dependenee of App on the plasma 

shape can be anticipated from an approximate 

expression which is applicable for plasmas 

with flat current profile and small elongation 

ratio b/a of the semi axis a, b: 

>pp 
« 

(5) 

"where ã = (a + b)/2 and a m » 3 to 1 m » 

average effective distance of the magnetic 

and Y increase with increasing elongation 

ratio and decreasing size ã. 

When feedback stabilization is 

applied using a PDcontroller the system 

behaviour can be approximately described by 

the closed loop transfer function 

νΛ« Vo 
1 + sTp 

Λ t sTp+ s J (sTv fv)(A+ sTA ){A + sT„ ) 
(6) 

where s » Laplace parameter 

V1 

Vo 

I'D 

TA 

Τη 

voltage perturbation at the input 

of the radial field amplifier 

feedback or error voltage 

V| = control voltage 

80 ms = derivative time constant 

of controller 

2 ms = amplifier response time 

1.5 ms = combined delay time due 

to filters in the feedback 

electronics and due to second order 

time lags in the amplifier 

adjustable low frequency open 

loop gain without plasma, i.e. for 

Y T V =  1 

From (6) one finds that the loop gain Gc 

must be chosen between the limits 

yTv<G0<(%t|)(lyTAX1yTuj (7) 

in order to stablize the plasma position, for 

example 0 . 1 5 < G o < 1 . 9 for Y = 0 .15 a 
Normally t h e loop g a i n i s chosen G0 

■1 

1 

In practice, the stabilization range 

is narrower than estimated from ( 7 ) , with the 

parameters listed above. In the particular 

case of the pulse no 1917, the amplifier reap

onae time was T^ » 1 ma and the plaema beca

me inatable with growth rate Y = 0 . 1 3 a
 1
. 

The critical loop gain (Gcrjt; * 1·1 from 

(7)) was obvioualy amaller than the chosen 

one. Since then the amplifier response was 

improved so that presently T¿ = 2 ma. 

Experimental Tests 
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Experiments aimed at producing 
highly elongated plasmas with a separatrix 
gave further information on the stabilization 
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Fig. 3 Step response of the feedback voltage 

Vi for different values of the open loop 

gain G0. Plasma elongation ratio b/a = 1.67 

limits: at G0 » 1.01 the plasma became 

vertically unstable with a growing eigenmode 

f = 80 Hz when the elongation ratio reached a 

value b/a = 1.86. At G0 = 0.78 the plasma 

became unstable at a somewhat larger ratio 

b/a » 1.92, starting with a growing eigenmode 

of low frequency f » 12 Hz. This indicates 

that a slight improvement was achieved by the 

reduction of the loop gain. 

The vertical instability 

Large vertical forces at the vessel 

can result from a malfunction of the 

stabilization. The vertical instability was 

therefore examined at different plasma 

parameters at low current level in order to 

establish safe operational limits. For this 

purpose the feedback stabilization was 

disabled during the current flat top at a time 

t = 15.05s (5.05s after plasma start up). 

The f ig. 1 shows, as example, the 

displacement of the effective current centre 

and the plasma current in a pulse with large 

plasma size and elongation. Initially the 

current centre moves downwards with 

approximately exponential growth while the 

radial position and the current remain 

unchanged. This is followed by a rapid 

current quench and an inward plasma 

di splacement . 

The vertical force on the vessel Fv 

and a decomposition of vertical forces acting 

on the plasma are shown in f lg■ 5, for the 

pulse exemplified in fig. 1. 

05

(m) 

10*

Or^ 

(m) 

10

o

-10-

(MA) 

R ref - 2-96 m 

P u l s e 

I p = 

B T = 

a = 

b /a = 

γ = 

5 2 6 1 

16 M A 

1  6 4 Τ 

1  2 2 m 

1  6 2 

9 5 s "
1
( ¡ n i t ¡ a l l y ) 

45-10 45-15 
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the current centre when the stabilization is 

disabled at t = 15.05s 

( ton ) 


50 



100 

I 

*  *» , 

Pulse 

a = 

b/a = 

I 

w~^/ 

yy— / 

' y 
^^y-^" 

S 

\ \ 

5 2 6 1 

16 MA 

122m 

1 62 

1 

\ 

\ 
\ 

\ 

1 

s / > .
 N

^ F p add 

f Ρ \ » 

~~<1 \ \ 
^ \ N X \

 N 

\ ^ v i . 

// 
/l 

/1 

/ 1 

\ / ' 
\ / ' 
\ y ι 

FT / 
; 
/ 
/ 

v
 < ' 

F
p , s 

1
 1 



" 







4510 4515 (s) 

Fig. Vertical forces on the vessel Fv and 

the plasma F p i during a vertical instability. 

Fps = self force, F p r = force from 

Rcoil, FpV = force from vessel differential 

currents, Fp add = force needed for the 

balance lFpj = 0. 

The forces are evaluated from 

measurements using a simplified model in which 

stabilizing eddy currents in the mechanical 

shell and saddle shaped currents in the rigid 

sectors of the vessel are ignored. 

wri tten 

The plasma force balance can be 

F =F +F +F +F J . = 0 r
p
 r

pa
 r

pr
 r

pv
 r

p add
 u

' (8) 
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where F 
ps 

= 2A Ie
 Ζ 

ΡΡ
Λ
ρ^ρ 

V=
2A
rPVr 

F =2A' Τ τ 
pv

 ¿ A
vp

i
p
I
v 

P add 

= deatabilizing aelf 

force of' the plaama 

= atabilizing force from 

Rcoil current Ι Γ 

= atabilizing force from 

differential vessel 

current I v 

= additional force, not 

accounted for by I r 

and I v 
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The vessel force Fv shown in fig. 5 

is derived from the relation 

F v»uR 0I vB rF p a d d 
^ps^pr^VppVv' (9) 

which is applicable as long asthe 

contribution from the net toroidal vessel 

current set up by the current quench can be 

neglected. In (9) Br is the first Fourier 

harmonic of the radial field at the vessel and 

av = 1.75 m is the average minor radius of 

the vessel. The last term of (9) is found to 

be significantly smaller than the first and 

second terms, so that an upper limit of the 

vessel force is represented by the plasma self 

force, reduced by the stabilizing force of the 

Rcoil current. 

A theoretical estimate of the vessel 

force can be derived from the equations 

(
2
,3,9) by setting Vr = 0 (feedback 

disabled). In the case that poloidal 

stabilizing currents are ignored one obtains, 

before the current quench, 

VK.i;z p(t).YT v.(i+YT v) 
2 

(10) 

where K = 2(A^ )
¿
.(1A^ v/A v yA r r)/A y v. 

This suggeata that the maximum vessel force 

should depend mainly on the normalised growth 

rate YT V and on the displacement reached 

before the current decrease. 

Experimental results obtained for 

different plasma diameters and elongation 

ratios are shown in f ig. 6. The growth 
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Fig. 6 Growth rate and normalised peak 
vertical force at the vessel for different 
plasma parameters 

rate Y (fig. 6) increases with increasing 
elongation ratio b/a and with decreasing 
radial plasma diameter 2a, as expected from 
(1) and (5). The peak vertical force at the 
vessel ia of particular Intereat for JET. In 
fig. 6 thia force ia normalised to the square 
of the plasma current and plotted as function 
of the growth rate. As suggested from (10) 
the peak force increases with increasing 
growth rate and there is no indication of an 
explicit dependence on the plasma diameter. 

Some tests were performed at larger 
current/toroidal field ratio in order to 
simulate conditions at extended performance. 
It had been expected that the current quench 
would start earlier and that the vertical 
plasma displacement and the peak vessel force 
would be smaller than in the majority of test 
pulses which were performed with a small 
current/field ratio. This expectation was not 
aupported by the experiments, aa indicated in 
fig. 6. For extrapolation to the potentially 
dangerous conditions at high current a crude 
scaling of the peak vessel force 

Y«i|(b/ä-i.z) ( 1 1 ) F «I' 

was then chosen on the basis of the tests. 
This scaling appears to be reasonable for 
conditions with large plasma diameter 2a = 2.1 
to ^.5m as needed to reach high currents. 

Vessel displacements and stresses 

Originally, the JET vessel was 
suspended with spring aupporta at the 8 large 
horizontal porta and at the octant joints. 
These supports were not designed to cope with 
large vertical forces aa they arise in a large 
current vertical instability. In the pulse 
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1917 the vessel was exposed to a peak vertical 

force of about 250 tons which caused a 

rotation of the vessel sectors around an 

apparent pivot at R » 6.5m. The corresponding 

vertical deflection of the vessel had an 

estimated amplitude of  10mm and the linear 

range of the spring supports was exceeded. 

No. 1917, a vertical force F  300 tons was 

assumed, with sinusoidal time dependence for 

one half wave of 30 ma duration. Two limiting 

cases were considered concerning the aupporta 

and the actual evolution of deflections and 

stresses was estimated by interpolation. 

Results are 
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An example of deflectiona measured at 

one octant is shown in f ig. 7. The plasma 

the deflections of ports are in 

rough agreement with observations, 

when an appropriate matching of 

forces is applied 

deflection amplitudes are reduced 

by about a factor Ά when boundary 
conditions according to the 
additional supports are applied 

as expected, the additional 
supports produce higher local 
stresses. In the limiting case 
that the radial motion of the 
vertical ports is fully restrained 
a bending stress ~210MPa is found 
at the narrow end of the vertical 
ports, the point of highest stress. 
With shock absorbers the expected 
stress is reduced. 

Pulse 5261 1-6 MA 

4 5-10 
F v #0 

Fig. 7 Radial and vertical displacements of 
the large top and bottom ports of octant 5 
resulting from a vertical instability 
moves downwards (fig. 1), the vertical force 
acts therefore mainly on the lower half of the 
vessel. This causes a top/bottom asymmetry of 
the displacements due to bending of the 
vessel. The same signals obtained at other 
octants are somewhat different. Thia may be 
due to differencea of the mechanical 
properties of supports, such as pre-stressea, 
and due to different mass loada at the large 
ports. The vertical force might be 
non-axlsymmetrlc as well, but there is no 
evidence from magnetic measurements at 
different octants. It is therefore reasonable 
to assume that the reaction forcea and 
stresses of the vessel are not very different 
among octants . 

The deflections and stresses of the 
vacuum v.eaael have been atudied with a 
simplified dynamic model and a finite element 
model [3]· As test case to simulate 
approximately the instability of pulse 

As a result of the experimental 
tests and the stress calculations a 
preliminary limitation of the JET operation 
has been adopted to avoid overstresses in the 
event of a vertical instability: 

l£(b/a-1.2) < 5(MA)2. (12) 
This limit corresponda to a 

vertical force of approximaqtely 350 tona, for 
plasmas with large radial diameter 2a = 2.1m. 
In particular, the elongation ratio of 5 MA 
plasmaa must be reatricted to b/a ¿. 1.1. 

Conclusions and further developments 

The dynamics of the vertical 
instability in JET is not fully understood, 
there is some uncertainty about the existence 
of atabilizing poloidal currents in the 
plasma/vessel syatem. The magnitude of the 
vertical force on the vessel, estimated on the 
basis of experimental tests, is however not 
affected significantly by this uncertainty. 

A preliminary restriction of the JET 
operation (eq.12) had to be imposed to 
safeguard the vessel against overstresses in 
the event of a stabilization failure. Further 
stress calculations and also some additional 
experimental tests are foreseen to assess if 
the operation limit (12) can be relaxed with 
the present vessel supports. 
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cloae fitting coila could not be applied In 
JET which is designed in a modular fashion. 

For the next operation period 
attempts will be made to extend the 
stabilization range by reducing electronics 
noise levels which then would permit the 
reduction of filtering and second order delaya 
(Tu in eq.7). Aa protection againat 
exceeding the stabilzation range inadvertently 
the shape feedback control will be 
supplemented by- an automatic limitation of the 
ratio shaping coil current/plasma current by a 
preprogrammable function of time. 

Further developments comprise: 

Design of additional vertical 
supports of the vessel for operation at 
extended performance where vertical forces of 
order 800 tons are expected in case of a 
stabilization failure. 

A dual stabilization system aimed at 
reducing the probability of complete loss of 
stabilization. This system consists of two 
separate branches for position measurement, 
feedback electronics and power amplifiers, 
connected in series to the stabilizing coil. 
The functioning of both branches is 
continuously monitored and protective 
switching actions are initiated in the case 
of a failure in one branch. It is intended to 
investigate and teat thia scheme during the 
1986 operati on . 
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ENGINEERING DESIGN AND PRELIMINARY PERFORMANCE OF THE JET ICRF SYSTEM 

A. Kaye, R. Anderson, J . Arbez, G. Boala, B. Beaumont , M. Bures , J . J a c q u i n o t , 

P. L a l l i a , J . P l a n c o u l a i n e , F. Sand, M. Schmid, T. Wade, C. Walker 
JET J o i n t Under tak ing , Abingdon, Oxon, 0X11 3EA, UK 

Attached from A s s o c i a t i o n Euratom-CEA, Fontenay-aux-Roses , France 

The JET programme r e q u i r e s the p r o v i s i o n of 16 MW of 
RF h e a t i n g i n t h e ion c y c l o t r o n r e i g n of f r e q u e n c i e s . 
Two p ro to type systems a r e now o p e r a t i o n a l and have 
coupled 1 MW i n t o the plasma fo r 2 second pu l ses 
wi th l o c a l i s e d h e a t i n g i n the plasma c e n t r e and wi th 
no change in r e l a t i v e impur i ty l e v e l s . Eight cooled 
antennae and 32 MW of g e n e r a t o r c a p a c i t y w i l l be 
o p e r a t i o n a l by 1988. The des ign and manufacture 
of t h e s e systems a r e de sc r ibed t o g e t h e r wi th a 
summary of o p e r a t i n g r e s u l t s t o d a t e . 

I n t r o d u c t i o n 

The p r o v i s i o n of 15 MW of RF h e a t i n g was 
Included i n t he JET programme a t an advanced s t a g e i n 
the p r o j e c t f o l l owing s t u d i e s c a r r i e d ou t i n 
con junc t ion wi th EURATOM-CEA A s s o c i a t i o n Fontenay-
aux-Roses [ 1 , 2 ] . These i n v e s t i g a t i o n s concluded t h a t 
powers l a r g e i n comparison wi th t he ohmic power 
( t y p i c a l l y 5 MW) could be provided i n t h e ion 
c y c l o t r o n range us ing e s t a b l i s h e d technology fo r the 
RF g e n e r a t o r s and t r a n s m i s s i o n l i n e s and e x p l o i t i n g 
r a p i d advances i n t h e design of the l aunch ing 
s t r u c t u r e . The s t u d i e s i d e n t i f i e d s e v e r a l o p t i o n s 
for mounting the antennae i n t he e x i s t i n g vacuum 
vesse l and for p r o v i d i n g t h e n e c e s s a r y a c c e s s f o r t h e 
t r a n s m i s s i o n l i n e s . D e t a i l e d des ign began i n 1982 
and two p ro to type an tennae with 6 MW of gene ra to r 
c a p a c i t y became o p e r a t i o n a l on t he t o r u s i n e a r l y 
1985. The f u l l system w i l l be o p e r a t i o n a l in 1988. 

Ion c y c l o t r o n h e a t i n g a t MW power l e v e l s has 
been e x p l o i t e d on a number of tokamaks [ 3 _ 7 J . These 
a p p l i c a t i o n s fol lowed from break throughs In t he 
unde r s t and ing of ICRF h e a t i n g mechanisms i n the 
1970 ' s : development of second harmonic resonance 
a b s o r p t i o n [ β ] , t h e i d e n t i f i c a t i o n of t h e r o l e of 
m i n o r i t y s p e c i e s and r e c o g n i t i o n of the importance of 
mode convers ion [ 9 - 1 2 ] . 

A number of t e c h n o l o g i c a l problems a ro se i n t he 
des ign of t h e l aunch ing s t r u c t u r e , which must be 
mounted c l o s e t o t he plasma boundary. In o rde r t o 
m a i n t a i n t he h igh RF v o l t a g e s on the an t enna , i t was 
neces sa ry t o provide an e l e c t r o s t a t i c ae reen between 
the antenna conductor and the plaama, wh i l a t 
m a i n t a i n i n g good RF c o u p l i n g . D i e l e c t r i c (ceramic) 
a c r e e n s were only p a r t i a l l y s u c c e s s f u l due t o high 
thermal s t r e s s e s . Subsequen t ly , t he a l l - m e t a l 
s l o t t e d s c r e e n waa developed [13—15] and became 
widely adop ted . Thia aereen a l a o auppreaaed 
e x c i t a t i o n of t h e l o n g i t u d i n a l l y p o l a r l a e d alow 
magnetoaonic s u r f a c e wave which i s thought t o l e a d t o 
p roduc t ion of i m p u r i t i e s . Thick acreena of 
a u f f i c i e n t a e c t i o n t o accommodate water coo l ing 
channels have been shown t o g ive l i t t l e i n c r e a s e i n 
RF l o s s e s or l o sa of coup l ing [ l 6 ] . The t echnology 
of c o a t i n g ae reen elementa wi th high c o n d u c t i v i t y 
metal t o reduce l o a s e s , fo l lowed by a p r o t e c t i v e 
c o a t i n g of t i t an ium c a r b i d e has been a u c c e s s f u l l y 
employed [ 1 7 ] . Open s c r e e n s which do not l i m i t the 
l i n e - o f - s i g h t a r e being i n v e s t i g a t e d e l s ewhe re . 
These s c r e e n s o f fe r much reduced RF l o s s e s and 
s i m p l i f i c a t i o n of t h e mechanical a t r u o t u r e . 

High l é v e l e of m e t a l l i c i m p u r i t i e s were 
a s s o c i a t e d with e a r l y antenna des igns a p p a r e n t l y 
o r i g i n a t i n g from the s i d e s of the an tenna and o t h e r 
components on t h e same magnet ic s u r f a c e s , r a t h e r than 
the a e r e e n . The uae of g r a p h i t e l i m i t e r a and a i d e 
p r o t e c t i o n on the an t ennae , and c a r b o n i a a t i o n of t he 
t o r u s have both been e f f e c t i v e [ 6 , 1 8 ] in r educ ing 
impur i ty ; t h e r e s i d u a l i n f l u x appears t o be p a r t l y 

due t o t he s c r e e n [ 1 9 ] . In a d d i t i o n , t he alow wave 
i a d r iven p r i m a r i l y by t h e low k component of t he 
e x c i t a t i o n . Suppreaaion of t h i a component by 
a p p r o p r i a t e t o r o i d a l d i s p o s i t i o n of the antennae 
conductors has a l s o been shown t o reduce the impur i ty 
i n f l u x [ 7 ] . Impur i ty p roduc t ion appears t o be l e s s 
s eve re on l a r g e machines when the a b s o r p t i o n i s well 
l o c a l i s e d near the core of t he plaama. 

Recent des igns of c o a x i a l vacuum windows 
u t i l i s i n g c o n i c a l or c y l i n d r i c a l ceramics [20-22] 
have g r e a t l y improved power hand l ing c a p a b i l i t y and 
now exceed the r equ i r emen t s of e x i s t i n g ICRF syatema. 

The development of high power t he rmion i c valvea 
c o n t i n u e s . Seve ra l s u p p l i e r s o f fe r 1.5 MW u n i t s and 
a number of h igher output u n i t s a r e being deve loped . 
I n c r e a s i n g l y s o p h i s t i c a t e d systems f o r matching the 
g e n e r a t o r s t o the antennae a r e . b e i n g developed [23] 
t o enab le t h e f u l l p o t e n t i a l of m u l t i p l e antenna 
i n s t a l l a t i o n s t o be e x p l o i t e d i n such a r e a s as 
c u r r e n t d r i v e [21] programmed power d e p o s i t i o n 
p r o f i l e s and sawtooth s t a b i l i s a t i o n . 

General D e s c r i p t i o n and P r e s e n t S t a t u a 

of t he JET ICRF Syatem 

The JET ICRF ayatem i s r e q u i r e d t o o p e r a t e us ing 
va r ious m i n o r i t y s p e c i e s or harmonic h e a t i n g 
s c e n a r i o s [2] over a 25-55 MHz range of f r equency . 
Th i s l a r g e bandwith, t o g e t h e r wi th r e l i a n c e on 
e x i s t i n g technology for c r i t i c a l components l e d t o 
t he choice of an endatage capab le of a c c e p t i n g 
va r ioua t u b e a , i n i t i a l l y t h e EIMAC 8973, 1.5 MW 
t e t r o d e . The des ign s t u d i e s showed t h a t t h i s power 
could be t r a n s m i t t e d with t he a n t i c i p a t e d s t a n d i n g 
wave r a t i o by a c o a x i a l l i n e through e x i s t i n g 150 mm 
diameter t u b e s , mounted in p a i r s a t 16 symmetr ical 
l o c a t i o n s around the t o r u s and o r i g i n a l l y provided to 
cool t h e l i m i t e r s . Thus, a modular aystem evo lved , 
each module comprialng an antenna t y p i c a l l y 0 .8 χ 2 χ 
0 .2 m i n c o r p o r a t i n g two s i n g l e - t u r n c u r r e n t loops 
each connected by a long c o a x i a l t r a n s m i s s i o n l i n e t o 
a 1.5 MW RF a m p l i f i e r . The two a m p l i f i e r s for each 
antenna a r e mounted i n a s i n g l e modular gene ra to r 
u n i t . The s p e c i f i c a t i o n r e q u i r e d ha l f of t he 
gene ra to r power t o be coupled t o t he plasma as high 
grade h e a t i n g . Other major des ign d e c i s i o n s taken a t 
an e a r l y s t a g e i n c l u d e : 

- t he use of r i g i d , 30 fi, ceramic i n s u l a t e d c o a x i a l 
l i n e s . 

- the use of a s i n g l e s t u b tune r a t the g e n e r a t o r 
or c l o s e t o the an t enna . 

- the use of i n t e g r a l a n t e n n a / l i m i t e r l aunch ing 
s t r u c t u r e s . 

These f e a t u r e s a r e d e s c r i b e d in d e t a i l l a t e r . 

Table 1 

1981/5 

1985 

1987 

1988 

2 A0 Antennae + Generatora i n s t a l l e d 
3 MW 2 second pu l se h e a t i n g (6 MJ) 

Third A0 Antenna + Genera tor i n s t a l l e d 
1.5 MW 2 second pu l se h e a t i n g , (9 MJ) 

E igh t A1 Antennae + Genera to r s i n s t a l l e d 
12 MW long pu l se h e a t i n g , (210 MJ) 

Genera to r s upgraded t o 1 MW 
16 MW long pu l se h e a t i n g , (320 MJ) 
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The JET RF program has been modified to re f lec t 
changing requirements and the i n i t i a l performance of 
the prototype system, and is presently as given in 
Table I . ' The planned complete system now comprises 8 
socalled A1 antenna/generator modules rated to give 
2 MW each of high grade heating for 20 seconds every 
10 minutes. This program is well advanced. The two 
uncooled prototype A0 antennae and associated 
equipment have been operational on the torus since 
early 1985, and the th i rd syatem haa been ins ta l led 
and commissioned. Most of the generators and 
transmission lines^ for the complete system are now 
at JET. The design of the longpulse A1 antennae is 
complete and manufacture i s well advanced with 
prototype components being delivered to JET. A 
contract has been placed for the upgrade of the 
generators to 1 MW. 

The planned location of the 8 antennae in the 
torus is shown in Fig 1. The fourfold symmetrical 
disposit ion f a c i l i t a t e s the potential use of the ICRF 
system for current drive, whilst the adjacent pairs 
offer a wide range of control of the k h spectrum. 
The three A0 antennae locations are alao ahown in 
Fig 1. 

Impurity Survey Impurity Survey ^ rf t 
Spectrometer ¡gg lfl\ 

Bolometer Array 

Η α Spectrometer 

Neutral 
Beam 

J Al ANTENNA % AO ANTENNA POSITIONS 

Fig.1 Location of the antennae.in the Torua. 

The RF Generators 

The RF generators have been described in de ta i l 
previously [25] and only a brief summary i s given 
here. Each 1.5 MW amplifier comprises 600 W 
t rans ia tor ized preamplifier atages, and three 
Tetrode amplif iers, a 20 kW predriver , 100 kW final 
driver and a 1.5 MW' ends tage. The stages are coupled 
using wide band matching tranaformers. Tuning over 
the full frequency range requires.some mechanical 
adjustment of theae transformers. The frequency 
range i s thus divided into eight channels each of 1 
MHz bandwidth. Channel se lect ion is carried out 
automatically on demand using preprogrammed 
motorised mechanical adjustments. The two amplifiers 
on each module can be locked to a preset , 
continuously adjustable phase difference and are 
driven from a s ingle remotely set o sc i l l a t o r . The 
endstage drives a nominal 120 fi impedance and is 
matched to the 30 fi l ines using a special high power, 
wide bandwidth matching network which also provides 
f i l t e r i n g of the harmonics from the class B 
operation. The generators will operate at fu l l power 
into a maximum VSWR of 1.5. 

The DC supplies for the generators [26]are also 
modular, each 26 kV, 6 MW unit being used to drive 2 
generator modules. The DC voltage may be controlled 
by the RF generators to maintain operation within the 
l imi ts of the te t rode . The generator tubes are fully 
protected against excess anode and screen grid 
d iss ipa t ion , current and ref lected power and will 
i n i t i a l l y l imit the output below the requested l eve l , 
or, if necessary, t r i p the RF output. Rapid 
protection against flashover is achieved using 
ignitrons to remove the anode and screen voltage. To 
date, only one tube has fa i led . 

The generator output i s measured using 
cal ibrated wideband direct ional couplers. The 
output may be switched into a soda dummy load for 
t e s t and cal ibrat ion purposea. Cooling of the 
generatora i s carried out by modular demineralised 
water c i rcula t ion systems. These are in turn cooled 
between pulses by heatexchangers to the a i t e cooling 
water. 

The generatora are designed for local manual 
control or operation by the central JET computer 
systems and two units have been routinely operated in 
th i s mode since early 1985. 

The generators are ful ly tested to full power 
levels at the manufacturer's works and require only 
power supply commissioning after i n s t a l l a t i on at JET. 
Experience with in s t a l l a t ion and commissioning of 
three units has been that operation i s achieved after 
typical ly 3 weeks work on s i t e . 

The Transmission Lines and Matching System 

The optimum impedance for the antennae to 
operate over the wide frequency band i s typical ly 
30 fi. Thia impedance maximiaea the power trana
miasion in a coaxial l ine and has been adopted for 
the JET system. 

The transmission l ine has to be typical ly 81 m 
in length. All l ines are designed to be thia same 
length, giving a to ta l i n s t a l l a t ion of 1.3 km 
incorporating about 300 insulat ing supports on the 
central conductors. Each l ine is many wavelengths 
long, even at the lowest frequency, and offers the 
potential of much simplified matching (at discrete 
frequencies at typical ly 1.76 MHz in tervals ) by the 
use of a s ingle variable stub at the generator end, 
combined with small frequency changes. As the 
frequency may be rapidly controlled during a pulse, 
such a system offers the potential for online 
matching of the antennae to compensate for changes in 
antenna impedance during the long JET pulse. This 
system has been adopted at JET. The ful l l ine from 
stub to antenna thua operates at high voltage. 
Provision has been retained for in s t a l l a t ion of a 
matching stub at the antenna if required. A 230 mm 
l ine rated at 50 kV peak voltage and 1.6 dB/km was 
therefore adopted. In addit ion, in order to maximise 
the ava i l ab i l i t y of the system, ceramic insulators 
have been specified. These are found not to be 
susceptible to the rapid degradation with repeated 
arcing which i s found with p las t ic insu la tors . The 
l ines are pressurised with 1 bar absolute a i r ; SF6 
may be used to further improve the maximum voltage. 

A number of components have been specif ica l ly 
developed for JET including a wideband 60 dB 
direct ional coupler, 3 m variable s tub, telescopic 
and ar t icu la ted elements, trombone phase shif ter and 
a 3 MW, 30 fi t e s t load. The l ines are fabricated 
from aluminium alloy castings and stock aluminium 
tube for the outer conductor, and copper tube for the 
inner conductors. The castings are loaded with epoxy 
res in for leak t ightness and proprietary seals and 
plugin connectors are used at a l l j o in t s to minimise 
RF leakages and losses . 
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F i g . 2 Ceramic suppor t on t he main t r a n s m i s s i o n l i n e . 

The c r i t i c a l components i n t h e l i n e s a r e t he ceramic 
s u p p o r t s . Breakdowns i n the l i n e s occur 
predominant ly a t t h e s e c e r a m i c s , wi th t h e l i m i t i n g 
vo l t age being dependent on the humidi ty of the a i r 
and the genera l c l e a n l i n e s s of t he c e r a m i c s . Careful 
q u a l i t y c o n t r o l dur ing i n s t a l l a t i o n fol lowed by an 
extended per iod of d ry ing to a dewpoint t y p i c a l l y 
50°C a r e r e q u i r e d t o meet t he s p e c i f i c a t i o n . 
Severa l des igns of ceramic and of t he d e t a i l e d 
p r o f i l e of the inner conductor a t the ceramic have 
been t e s t e d and development work i s c o n t i n u i n g . The 
c o n f i g u r a t i o n adopted on the p r e s e n t i n s t a l l a t i o n i s 
i l l u s t r a t e d i n Fig 2. The peak v o l t a g e i s found t o 
i n c r e a s e wi th p r e s s u r e up t o 3 bar abs ; f u r t h e r 
i n c r e a s e has l i t t l e e f f e c t . T e s t s with i n c r e a s i n g 
t empera tu re of the l i n e show the peak v o l t a g e t o be 
determined by the gas d e n s i t y . Opera t ion in SF6 
g ives a f u r t h e r i n c r e a s e i n v o l t a g e but breakdowns 
produce heavy d e p o s i t s of powder. All t o r u s 
o p e r a t i o n t o da t e has been wi th dry a i r . 

The t u n i n g system u t i l i s e s a motor ized v a r i a b l e 
l e n g t h (3 m max) s h o r t  c i r c u i t e d s t u b . The s t u b 
l e n g t h Í, and optimum frequency F a r e given t o a good 
approximat ion by 

il = 
n c 
2F ± -£ψ Tan [x y V(1x ) ] 

F
 " 2ïï * ufe

 C o s
" [ ( i  x ) / d

+
x ) ] 

where R = t o t a l l o s s e s ( l i n e + antenna + coupl ing) 
Ζ  l i n e c h a r a c t e r i s t i c impedance. 
L  t o t a l e l e c t r i c a l l e n g t h ( l i n e + antenna) 
χ » R/Z and m,n = 0 , 1, 2 

For l i n e s many wavelengths i n l e n g t h , t h e s e two 
parameters a r e n e a r l y independen t . In o p e r a t i o n on 
JET, a s i n g l e pu l s e with approximate s e t t i n g s , 
coupled wi th a 100 kHz frequency sweep, has been 
s u f f i c i e n t t o match t h e system with a r e f l e c t e d power 
l e s s than a few per c e n t . Whi l s t t h i s ayatem has 
been used fo r most o p e r a t i o n s , t he quadrupole an tenna 
c o n f i g u r a t i o n (cf . S e c t i o n 3) haa very low coup l ing 
which has r e q u i r e d the use of f i x e d s h o r t c i r c u i t 
a t ubs c l o s e t o the an t enna . The s t u b l e n g t h was 
determined in advance from measured parameters and 
found t o give good match ing . This match can only be 
ob t a ined a t d i s c r e t e widely s e p a r a t e d f r e q u e n c i e s and 
s e v e r e l y r e s t r i c t s the v e r s a t i l i t y of the sys tem. 

The quadrupole antenna (cf . F i g . 3) comprises 
two coupled c i r c u i t s and r e q u i r e s the two l i n e s t o be 
equal in l e n g t h with a t o l e r a n c e of ± 3 cm which was 
ob t a ined by shimming of the l i n e s . A n t i c i p a t e d use 
of t he ICRF system for c u r r e n t d r i v e w i l l r e q u i r e a l l 
the 16 l i n e s to be a c c u r a t e l y the same l e n g t h . A 
s h o r t trombone a d j u s t a b l e l i n e i s being developed f o r 
t h i s a p p l i c a t i o n . 

The RF Antennae 

General D e s c r i p t i o n of the P ro to type Antennae 

The 3 p ro to type antennae p r e s e n t l y i n s t a l l e d i n 
the t o r u s were designed t o be r e p r e s e n t a t i v e of the 
enviaaged A1 antennae except t h a t no a c t i v e coo l ing 
waa i n c o r p o r a t e d . Aa a r e a u l t , t h e s e antennae a r e 
r e s t r i c t e d t o s h o r t pu l s e o p e r a t i o n , t y p i c a l l y 13 s 
depending on antenna c o u p l i n g . These p ro to type 
antennae have been d e s c r i b e d in d e t a i l p r e v i o u s l y 
[27 ,28] and the p r i n c i p l e s of the des ign t e s t e d us ing 
a model antenna i n TFR [ l 6 ] . 

Each an tenna comprises s i n g l e loop Incone l 
conduc tors mounted i n s i d e an open f ron ted sha l low 
Incone l box which p reven t s f l ux e scap ing t o the s i d e s 
of the an tenna . The f r o n t of the housing i s covered 
by a n i c k e l e l e c t r o s t a t i c s c r e e n f a b r i c a t e d from 
T  s e c t i o n n i c k e l bars t i l t e d a t 15° t o t he h o r i z o n t a l 
t o be p a r a l l e l t o the magnet ic f i e l d and mounted 
a l t e r n a t e l y so aa t o p reven t l i n e  o f  s i g h t access t o 
the hous ing . The housing i s surrounded by g r a p h i t e 
t i l e s o r i g i n a l l y mounted wi th t h e f r o n t face 17 mm 
in f r o n t of the s c r e e n , but now i n c r e a s e d t o 25 mm. 
The housing l o c a t e s on con ica l s p i g o t s i n t he 
l i m i t e r guide tubes which a l s o c a r r y t he two c o a x i a l 
t r a n s m i s s i o n l i n e s . These l i n e s a r e under vacuum f o r 
t y p i c a l l y 2 m to a double ceramic vacuum window, and 
each inner conductor i s a d d i t i o n a l l y suppor ted by a 
con ica l ceramic a t t he antenna end. As the 
conductance from the l i n e t o t h e t o r u a ia very low, 
an a d d i t i o n a l vacuum pumping ayatem g iv ing t y p i c a l l y 
100 H/s per l i n e i s p rov ided . 

RF P r o p e r t i e s of t he Antennae 

The antennae a re des igned t o r e s o n a t e a t 33 MHz, 
choaen t o op t imiae t he performance over the wide 
f requency r a n g e . The a v a i l a b l e l i n e access p o r t s l e d 
t o the adopt ion of a modif ied loop conductor as 
i l l u s t r a t e d in F ig 3b, and i n s t a l l e d on the A01 
antenna i n o c t a n t 6. The RF c h a r a c t e r i s t i c s of t h i s 
antenna have been computed [29] and a l s o measured 
us ing a s imple model of t he an t enna . These s t u d i e s 
showed t h a t t he induc tance was dominated by the o u t e r 
conductor ad j acen t t o t h e s c r e e n and the c a p a c i t a n c e 
by the inner p l a t e . 

CO FEEOING COAXIAL LINES 

® CAPACITIVE PLATE FOR TUNING 

(3) RF CONOUCTORS 

® GROUND PLATE (HOUSING) 

(5) CONNECTIONS TO GROUND PLATE 

Fig.3 Conductor configuration. Left: Quadrupole/ 

Dipole on A02 ; Right: Monopole/Dipole on A01 . 

Arrows indicate relative current directions for 

π phase difference. 

323 



The A1 Antennae 

The A1 antennae are designed for long pulse 

operation (20 a) at the maximum JET duty cycle of one 

pulse every 10 minutes. This requires enhanced 

cooling of the aereen, the inner conductor of the 

vacuum transmission lines and the side protection 

tiles. Additional changes to improve coupling of the 

quadrupole configuration and to facilitate remote 

handling have also been incorporated. 

ANTENNA HOUSING 

■ LIMITER TILE 

SCREEN ASSEMBLY 
QUADRUPOLE CENTRAL CONDUCTOR 

Fig.7 Section through the cooled Ai Antennae. 

The Al antenna ia wider and the aereen ia now 
curved to follow the magnetic aurface (cf Fig 7 ) . 
The centre of the aereen i s 32 mm behind the plane of 
the aide protection t i l e s . The screen elements are 
water cooled and manufactured by gun d r i l l i ng a 5 mm 
hole through 700 mm Nickel bars . The c r i t i c a l 
feature in fabricat ion is the element to manifold 
weld, carr ied out using pulsed TIG without f i l l e r to 
achieve a penetration equal to the wall thickness. 
Differential expansion resul t ing from the a l te rna
ting or ientat ion of the elements requires good 
fatigue resis tance in t h i s weld. 

The side protection of the A1 antennae is of 
similar construction to the bel t l imi te r , comprising 
thin t i l e s mounted between and radia t ive ly cooled by 
blackened Nickel fins welded to the screen manifold. 
The t i l e s are profiled to give uniform power 
deposition for a 15 mm scrapeoff layer , and are 
mounted with a 23 mm spacing between the l imiter and 
antennae at design elongation of 1.5. The design i s 
compatible with both graphite and beryllium t i l e s . 

The A1 vacuum transmission l ines will be cooled 
by forced convection of gas through the inner 
conductors as far as the conical support uaing 
centrifugal fans in the basement. The connections of 
the l ine to the antenna are of bayonet form to 
f a c i l i t a t e remote i n s t a l l a t i o n . The auxil iary vacuum 
ayatem on the l ines u t i l i s e s nonevaporative get ter 
pumps regenerated into the to rus . 

Design of the A1 antenna i s essent ia l ly complete 
and manufacture well advanced. 

Subsequent inspection of the antenna revealed a 
thin (1 micron) surface layer of carbon/nickel 
mixture on the outer surface of the screen, loosely 
attached and flaking off in regions of high plasma 
loading. Inside the housing, the system was very 
clean with no evidence of breakdowns. 

Antenna Plasma Coupling 

The effectiveness of the coupling from RF 
generator to plasma may be expressed in terms of a 
coupling reaiatance R defined by [30] 

R = 2P Z„ /Vm o m 

where Ρ « net generator power, Ζ ■ charac te r ia t ic 
impedance, V peak voltage on the line. Thia 

resistance includes contributions from the line, R, , 

and the antennae vacuum losses, R». The net coupling 

to the plasma Rp and the fraction η of generator 

output power delivered to the plasma are 

Rp= R R
L  Rp/R 

0.35 ohm with the stub 
at the generator and i s negligible with the stub at 
the antenna. RA has a measured value  0.25 ohm in a 
strong magnetic f i e ld . At low f i e ld s , ferromagnetic 
effects in the carbonised nickel can strongly 
increase R.. 

R, has been measured to be 

10 

R 
[OHM] 

0.1 

D(He3) 
33 MHz 

QUADRUPOLE 

— THEORY M 
5 10 

DISTANCE SCREENPLASMA [cm] 

Fig.8 Measured and computed coupling resis tances 
of the prototype antennae. The efficiency of 
coupling of the generator output to the plaama ia 
alao ahown for the stub at the generator (ni) and 
at the antenna ( ru ) . 

I n i t i a l ICRF Results 

Operation of the JET System 

Conditioning of the antenna was carried out 
using procedures developed on the RF t e s t bed [27] 
and was completed in typical ly 1 day for each 
antenna. During subsequent operations over a period 
of 6 months the system operated r e l i ab ly , showed no 
occurrence of multipactor arcing, and possible arcing 
in the antenna was observed only with the poloidal 
l imi ters re t racted to be level with the screen. The 
system has delivered up to 2.5 MW, 5 MJ per antenna 
in monopole/dipole configuration; 1.5 MW, 1.5 MJ as a 
quadrupole; and 1.5 MW, 9 MJ in a single pulse with 
both antennae. 

The value of Rp depends on the antenna 
configuration, the distance from screen to plasma, 
and on the edge density p rof i l e . Measured and 
computed values [3I , 32] are shown in Fig 8. The 
monopole and dipole have high coupling corresponding 
to n in the range 6090Í. The quadrupole haa much 
lower coupling giving η of typical ly 30Í unleaa the 
fixed atub la used, which increases n to  70$. The 
voltage on the antenna scalea as 1//Rp and the 
screen losses as 1/Rp. Thus operation with the 
quadrupole can increase the screen losses by an order 
of magnitude compared to the monopole. 
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A second type of conductor was Instal led on the 
A02 antennae and also on the new third antenna. 
This conductor, i l l u s t r a t ed on the le f t in Fig 3 
comprises four loops, with e'ach l ine driving two 
loops in pa r a l l e l . The two feeds on ei ther A01 or 
A02 antennae have been driven at a r e la t ive phase 
of 0 or it. This enables invest igat ion of the effect 
of both k// and k8 on the performance of the system 
over a range 07/m [30]. In future, other phasings 
will be used to generate a t rave l l ing wave of 
in te res t for current drive. 

Before i n s t a l l a t i o n , the RF impedances of the 
two antennae were measured with one feed open 
c i rcu i ted . The resu l t s are shown in Fig 1. After 
In s t a l l a t i on , the complete systems were tested using 
time domain reflectometry, which showed the 
e l ec t r i ca l length of the antenna to be close to twice 
i t s physical length. The RF losses in the antennae 
under vacuum with magnetically saturated screen have 
also been measured; the to t a l losses in the 
transmission line/antenna are equivalent to 0.6 fi, of 
which 0.35 fi ar ises in the transmission l i n e . 

T2kf i 

1KQ 

2KÜ 

■1kfi 

90°! 

Fig.1 Impedances of the two prototype antennae 
measured with one l ine open c i r c u i t . 

Mechanical Design and Manufacture of the 
Prototype Antennae 

The antennae must withstand the forces on the 
antennae during disrupt ions , thermal s t resses due 
both to RF losses and heating by the plasma, and 
baking to 150°C. 

Fig.5 Disruption induced 
forces on the antennae. 
For 5MA collapse in 5 ms. 
F = 8 tonne, 
Ti = 10 kNm, Τ 2 = 21 kNm. 
Substantial forces also 
a r i se on the central 
conductor 

Detailed analysis of the disruption forces has 
shown the dominant components on the housing and 
screen to be as indicated in Fig 5, based on a 5 MA 
disruption in 5 ms. To accommodate these loads, the 
antenna housing is bolted to the vacuum vessel at 
each corner, aa well aa being located on the apigota. 

In addit ion, the A01 central conductor is attached 
to the housing by an ar t icula ted ceramic support. 
The forces on the screen can be much reduced by use 
of a DC break between screen and housing. 

The high temperature of operation has required 
the use of Inconel 600 for the major components, 
except the screen, which i s in pure Nickel. Nickel 
was chosen because of the thermal and e lec t r i ca l 
properties combined with moderately good mechanical 
strength and sput ter ing res i s tance . The 
disadvantages are the low fatigue resis tance of 
Nickel, the re la t ive ly high RF losses and minor 
complication ar is ing from ferromagnetic e f fec t s . 

Thermal s t resses in the graphite , the screen and 
central conductors have been minimised by use of 
flexure pivots , disc springs and s l id ing contacts to 
allow re la t ive movements. 

The vacuum transmission l ine is designed to 
sustain high RF voltage, par t icu lar ly near the 
conical ceramic support which i s close to the f i r s t 
voltage maximum at 33 MHz. The cones are seated on 
s i lver hellcoflex s ea l s , are s i lver plated on the 
contact faces, and coincide with a change in l ine 
diameter, which reduces the e l e c t r i c f ie ld 
enhancement. They have been tes ted to 50 kV peak RF 
voltage and also maximum current . The inner 
conductor incorporates a bellows on the current path 
to accommodate d i f ferent ia l expansion. This i s 
fabricated in 0.5 mm Inconel to obtain the necessary 
fatigue l i f e and s i lver plated to minimise RF losses . 
RF heating of th is component is nonetheless an 
important l imi ta t ion on the duty cycle. Extensive RF 
tes t s on the bellows showed no problem with 
multipactor a rcs . 

All current carrying surfaces except the screen 
are s i lver plated. After p la t ing , these components 
were baked to 150°C to check the adhesion. All RF 
contacts are made using s i lver hellcoflex sea ls ; 
binding i s inhibited but not prevented at elevated 
temperature by rubbing with graphite. Titanium 
n i t r ide is being tes ted as an a l ternat ive to 
graphite . 

Fig.6 Conical vacuum window for the A1 Antennae. 

The vacuum window is fabricated by simulta
neously brazirig copper inner and outer conductors 
into two annular 97% alumina ceramics. Corona rings 
and the outer mechanical support are subsequently 
electron beam welded in place. RF tes t ing showed the 
peak voltage on the pressurized side to be s e n s i t i 
vely dependent on the location and shape of the 
corona r ings . All units ins ta l led on JET have been 
tested to 30 kV peak RF voltage; as the window is 
near a voltage minimum at 33 MHz th i s ra t ing has not 
been a l imi ta t ion . A revised conical window has been 
developed for the A1 antenna as shown in Fig 6. The 
prototype has been tested to 50 kV peak voltage 
without any sign of breakdown. 
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Plasma Heating Resu l t s 

The r e s u l t s o b t a i n e d t o da te have been reviewed 
in d e t a i l p r e v i o u s l y [3>30] . The conc lus ion r e l a t e d 
t o t h e system des ign a r e summarised below: 

 RF power i s wel l l o c a l i s e d a t the plasma 
c e n t r e wi th o n  a x i s r e sonance , 
t he quadrupole produces s i g n i f i c a n t l y wider 
d e p o s i t i o n p r o f i l e s c o n s i s t e n t with t he high 
value of k . 

a l l c o n f i g u r a t i o n s g e n e r a t e l a r g e s awtee th ; 
t hose e x c i t e d by the quadrupole a r e sma l l e r 
and have s h o r t e r pe r iod of r e l a x a t i o n , 
t he d e n s i t y i n t h e s c r a p e  o f f l a y e r i s 
doubled by the quadrupole on ly ; the i n c r e a s e 
in c e n t r a l d e n s i t y i s s i m i l a r for a l l 
sy s t ems . 

r e l a t i v e impur i ty l e v e l s and Ζ » f remain 
cons t an t du r ing RF h e a t i n g , 
t y p i c a l l y 75Í of the coupled power can be 
accounted for by t h e r a t e of i n c r e a s e of ion 
and e l e c t r o n t empe ra tu r e i n t he c e n t r e of the 
plasma, or i ndependen t ly from magnet ic 
measurements . 

the i n c r e a s e i n s t o r e d energy i n t he plasma i s 
n e a r l y independent of t he antenna con f igu ra 
t i o n . 
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ABSTRACT 

Two additional heating methods are used in JET, 

e.g. the Neutral Injection (NI heatingl [11] and the 

Ion Cyclotron Resonance Heating (RF Heating) [7]. 

In the RF heating, 10 generators each will 

deliver 3MW to their antenna; for the NI heating 16 

ion sources each delivering 1.8MW ion beam will be 

installed. 

In order to minimise the internal dissipation in 

the generator and hence to obtain the maximum output 

power of the RF generators under the varying load 

conditions given by the plasma, the high voltage on 

the anode of the tetrode is varied. This is one of 

the main features of the power supply. 

The requirements for the NI power supply are 

different to the ones for the RF power supply. The 

accelerating grid (G1 ) power supply has to be very 

stable and must be able toswitch off in 10 microsec 

„in case of a breakdown in the accelerating structure 

and reapply within 50 ms. Both these functions, 

voltage regulation and switching on and off are 

performed by a high power tetrode (protection system). 

In addition to the accelerating grid power supply, 

other power supplies (Aux PS) are necessary. They are 

the arc power supply, the filament power supply, the 

suppression grid (G3) power supply, the gradient grid 

(G2) power supply and the bending magnet power 

supply. 

Because JET will operate with tritium at a later 

stage, no electronic circuits can be installed in the 

Torus Hall or in the basement. Therefore, all the 

power supplies .have to be installed outside these 

areas. A special cable (SF6 Transmission Line) with a


length of approximately 100m links each protection 

system and the associated Aux power supplies for the 

ion source with this ion source. 

These transmission lines are not directly 

connected to the ion source. They terminate at a 

pressurized vessel (SF6 Tower) which houses the 

snubbers (to dissipate the capacitive energy of the 

transmission lines in case of a breakdown in the ion 

source) and the high voltage breaks for all services, 

e.g. the cooling water circuit of the ion source, 

feeding gas, etc. This SF6 Tower contains passive 

components only and can therefore be placed close to 

the injectors in the Torus Hall. 

The main characteristics of these power supplies 

will be discussed, and some voltage response curves 

given under real load conditions. 

1 RECTIFIER REQUIREMENTS 

All pulsed power supplies in JET are fed from a 

33kV distribution network. This network is fed from 

the lOOkV grid of the Central Electricity Generating 

Board through three stepdown transformers of 3OOMW 

pulsed power each. At maximum pulse power, the 

voltage dip on the 33kV network is approximately 15Ï. 

Because of the response time required in both the NI 

and the RF power supplies, a transformer with a 

tapchanger and a simple diode rectifier cannot be 

used. A thyristor regulated power supply is 

necessary. For the RF heating power supplies, voltage 

optimization during the JET pulse was only the next 

step. Because of the varying voltage, reactive power 

loading, of the 33kV is very high, especially in the 

case of the RF, where the highest current is obtained 

with the lowest DC voltage. 

The basic rectifier circuit used is a 6pulse 

rectifier. The required DC voltage is obtained by 

connecting two of these 6pulse rectifier circuits in 

series to obtain a 12pulse circuit and hence a lower 

ripple on the DC side. On the 33kV aide the primaries 

of two of these 12pulse circuits are phase shifted to 

obtain a 21pulse circuit. 

The maximum output voltage of the thyristor 

rectifier for the NI power supply is approximately 

110kV and the maximum current is 60A. Each 6pulse 

rectifier has therefore a maximum output voltage of 

55kV and 60A. For this output voltage, primary 

regulation is obvious, if it is performed at a suitable 

voltage and current level so that a single thyristor 

can te used. The voltage level was chosen to be 

approx. 1000V. 

For the RF power supply, the maximum DC voltage is 

30kV and the maximum current 30OA and therefore each 

6pulse bridge delivers a maximum of 15kV and 300A. 

Again primary regulation at a voltage level of 1000V 

was chosen. In this case two thyristors had to be 

connected in parallel as the current was too high. 

Even in this case, thia solution was more economical 

than a straightforward rectifier with the thyristor at 

the high voltage side. 

With the exception of during a load breakdown, the 

load current, in both the NI and the RF case, remains 

constant during a pulse. The filter chosen at the DC 

output was a LCR type filter. The big disadvantage of 

thia type of filter is that during switch on and switch 

off of the load, severe voltage dips respectively 

overshoots do occur. This can be avoided by 

preeharging the inductance to the initial required 

current at switching on of the load and to provide a 

freewheeling path for the current in the inductor when 

the load is switched off. Both these requirements are 

most easily obtained in a special type of primary 

regulation called the starpoint controller. Table 1 

gives the values of the main components of the 

rectifier circuit. 

Table 1 : Values of the Main Components in the Thyristor 

Rectifiers for the Neutral Injection Power 

Supply (NI) and the Radio Frequency Power 

Supply (RF). 

Component 

Norn, volts 

Max. volts 

Max. current 

Max. power 

Matching transf.1 

2 

Rectifier transf.1 

2 

L 

C 

R 

Unit 

kV 

kV 

A 

MW 

MVA 

MVA 

MVA 

MVA 

mH 

micro F. 

Ohm 

N.I. 

85 

120 

60 

1.8 

1.1 

1.1 

3.17 

3.17 

1.6 

9.33 
100 

RF 

22 

30 

300 

6 

7.0 

6.1 

5.96 

5.2 

1 

300 

2 

Remarks 

(1) 

(1) 

(1) 

(2) 

(3) 
(3) 

1 

Remarks: 

(1) NI has two 12.5kV bridges in series, but no 

midpoint connection 

RF has two 11 kV bridges in series with the midpoint 

used for the driver amplifier; 

(2) Inductance in each of the two starpoint bridges 

(3) NI: R and C in series over the two bridges; 

(1) RF: limited in current or power whatever is reached 

first. 
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2. STARPOINT CONTROLLER 

The circuit of the starpoint controller is given 

in Figure 1 ■ 

This arrangement has several advantages: 

 the required isolation level of the inductor is much 

smaller than if it was placed in the high voltage 

side 

 the iaolation level of the precharging circuit is 

much smaller than if it had to be placed on the 

high voltage side 

 the freewheeling path can be switched in and out of 

the circuit when required. 

 the equivalent value of the filter· inductance is n 

bigger as the value of L on the primary side of the 

transformer, where n equals the transformer ratio. 

I RECTIFIER 
I TRANSFORMER 

ι ? : 

L. 

Γ 

Ι. 

■W

*J

_J A ¿ï 

TTÌ 

Lx' 

W

w

_R EG UL ATI_NGJHYR_j 

¡"FREEWHEELING] 

THYR. 

Figi. STARPOINT CONTROLLER 

Before switching on the load, the inductor is 

préchargea to the required current level by the 

precharging circuit. During this time, the free

wheeling thyristor is continuously fired by a pulse 

train of 1kHz. The freewheeling thyristor closes the 

freewheeling path for the precharging current. By 

monitoring the current in the filter capacitor or 

through a separate signal from the load, the 

switchingon instant of the load is detected. At 

this instant the firing of the freewheeling 

thyristor is stopped. Natural commutation to the 

rectifier bridge occurs, the moment the voltage 

across the freewheeling thyristor has the correct 

polarity. Before the commutation starts and partly 

during the commutation, the load current is supplied 

by the filter capacitor. This gives rise to a 

voltage dip on the output of the power supply. 

Once the commutation is complete, the inductor 

forms part of the filtering circuit. The output 

diode bridge of the precharging circuit is 

freewheeling. 

When the load is removed, the freewheeling 

thyristor is fired, providing the freewheeling path 

for the current in the inductance. Commutation takes 

place from the main thyristor bridge to the 

freewheeling thyristor if the polarity across the 

freewheeling thyristor has the correct polarity. 

Before commutation takes place and partly during the 

commutation, part of the energy in the inductor is 

transferred to the filter capacitor. This gives rise 

to the voltage overshoot at the end of the pulse. 

If the interface signal from the load asks for a 

reapplication of the output voltage, the current in 

the inductor is kept at the same value it had prior to 

the load shedding by the precharging circuit, 

otherwise the remaining energy in the inductance is 

dissipated in the circuit formed by the inductor, the 

freewheeling thyristor and the freewheeling diode 

bridge of the precharging circuit. 

3. ION CYCLOTRON RESONANCE HEATING POWER SUPPLY 

The characteristics 

given in Table 2. 

of the RF power supply are 

Table 2: Characteristics of ICRH power supply. 

Output voltage end stage 

Output voltage driver 

Maximum output current 

Maximum output power 

Response time: for voltage step 

for current step 

Maximum ripple on DC 

Maximum DC voltage accuracy 

Output power ramp up 

Mode of operation: 

normal 

conditioning 

Maximum number of breakdowns 

Neutral isolation level 

1126.IkV 

713.2kV 

300A 

(+15A for driver) 

6MW 
30msec 

30msec 

+5Ï 
+ 1Í 

$ 3msec 

20s (300A+15A) 

rep. rate 0.033 

515msec (100A+20A) 

rep. rate 0.2 

100 in 20s pulse 

10kV 

The power supply for the RF heating is installed 

at a distance of approximately 100m from the RF 

generator. The output cables are installed in the same 

trenches as the 33kV cables. For this reason and also 

to avoid any RF disturbing the interface signals 

between the generator and the power supply, it was 

decided to install a fibre optic link between the 

generator and the power supply. 

All control and operating signals are transmitted 

over this link, and the power supply can be fully 

controlled from a local control panel situated near the 

RF generator or through the JET computer system called 

CODAS [io]. 

The two main interface signals between the power 

supply and the generator are the setpoints for the 

output voltage and the precharging current of the 

inductance. 

The setpoint of the output voltage forms part of 

one of the internal control loops of the RF generator. 

Its value depends on the measurement of the screen grid 

current of the tetrode in the RF generator. 

The setpoint of the precharging current is set 

manually. It depends on the initial load current for 

the next pulse. If it is set to a too high value, the 

output voltage tends to overshoot when switching on, if 

it is set too low, the output voltage dip might be too 

high. Experimentally it was found that a difference of 

20Í keeps the overshoot or the voltage dip within 

acceptable levels. The correct setting of this value 

is therefore not too critical. 

The circuit diagram of the power supply which 

feeds one of the RF generators is given in Figure 2. 

The 11 kV midpoint of the thyristor rectifier is 

brought out and is used as the High Voltage Supply for 

the driver circuit. This 11 kV voltage is always half 

the voltage of the 22kV. Both the rectifier bridges 

therefore always regulate to the same voltage. The 

voltage regulation is performed by means of the 

starpoint controller. 
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33kV BUSBAR 

1RFGEN. 1fìFGEN. 
MODULE MODULE 

J T S Í 
REGULATOR PRECHARGING 

TRANSFORMER 

Figure 2: Power Supply for the RF Generator 

The precharging circuit of the inductor is fed 

from the matching transformer, as is the rectifier 

transformer. In this way phase differences and 

synchronisation problems, which give rise to severe 

current peaks in the precharging circuit, are avoided. 

Figure 3a gives the output current and output 

voltage of the power supply as recorded during a pulse 

of the RF generator when emitting power in the plasma. 

Figure 3b gives the output voltage of Fig 3a on an 

extended scale to show better the voltage regulation. 

The voltage reference is set to 21.25kV prior to 

the pulse. This value of the voltage prior to the 

pulse is a value chosen by experience. It depends on 

the required output power. If the voltage setting is 

not correct then the voltage control loop between the 

generator and the power supply automatically adjusts to 

the correct level to obtain the minimum internal tube 

dissipation. 
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I n F i g 3a a t a r o u n d 1 6 . 3 5 s t h e c o u p l i n g r e s i s t a n c e 
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f a u l t s of t h e power s u p p l i e s w e r e o b s e r v e d d u r i n g t h i s 

p e r i o d . 
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1. NEUTRAL INJECTION POWER SUPPLIES 

The NI power supplies are composed of four major 

subsystems, e.g. the accelerating grid power supply, 

the auxiliary power supplies, the transmission lines 

and the SF6 Tower. 

Figure 1 gives the connection diagram of the power 

supplies. All auxiliary power supplies, with the 

exception of the grid 3 (suppression grid power supply) 

and the magnet power supply, are referenced to the grid 

1 (accelerating grid) power supply. The JET vessel is 

earthed in one point only. To avoid any earthloops, 

any system connected to the vessel must be fully 

floating from earth. Hence the neutral of the Gl 

power supply, the outer enclosure of the transmission 

line and the SF6 Tower are fully isolated up to an 

isolation level of 10kV. 
FIL.TRANSF. 

ISOLATION 

TRANSFORMER 

Fig.4. Interconnection Diagram of Neutral Injection Power Supplies. 

Table 3 gives the main characteristics of the 

neutral injection power supplies. 

The grid 1 power supply has two parts, the 

thyristor rectifier and the voltage regulating and . 

switching circuits (protection system). 

The thyristor rectifier consists of two starpoint 

controllers. Before the pulse starts, the required 

output voltage is set and the thyristors are released. 

The control loop maintains the voltage constant during 

the pulse. 

The output of the accelerating grid (Grid 1) power 

supply is a maximum of 80 kV for operation in hydrogen. 

Two of these power supplies will be connected in series 

to give l60kV for operation in deuterium. The 

conversion of one of the power supplies to l60kV is in 

progress [ï]. 

Table 3: Main Data for the Power Supplies 

The main component of the protection system is 

the tetrode. Its function is to maintain the output 

voltage to within +_1 % and to perform the required fast 
switching on and off of the output voltage in case of 

a breakdown in the ion source. 

The acceptance test performed reflects these 

requirements. Deliberate short circuits of the dummy 

load are made and the response of the entire system is 

measured [6]. 

All auxiliary power supplies with the exception 

the grid 3 and the magnet power supplies are housed 

inside a fully closed cabinet. This cabinet is mounted 

on isolators, the whole of this cabinet is connected to 

the output of the grid 1 power supply. The isolation 

level of this entire installation was tested up to a 

voltage of 260kV. With the test voltage of 260kV 

applied, it was verified that all thyristor controls 

and the communication links with the computer system 

were working correctly. 

The nominal voltage level for the filament power 

supply was chosen to be 1kV AC. The main reason for 

this was to reduce the diameter of the cables as they 

are installed inside the inner conductor of the 

transmission line. This voltage is transformed down to 

12V nominal at the ion source. 

Another feature of the filament power supply is 

that the arc current is controlled by an automatic 

control circuit which acts on the filament voltage. In 

this way the operation of the ion source is much easier 

because the power supply is more independent from a 

particular ion source [5]. 

One complete injection system has been in 

operation in the test bed since January 1981. During 

this operation period valuable information was 

obtained on the operation of the power supplies. Some 

minor changes had to be done because, as expected, an 

injector cannot be simulated with a resistive dummy 

load. 

During June and early July 1985, eight power 

supplies were operated simultaneously at 60kV for 

approximately 2s together with their ion source. The 

beam was directed on a specially constructed ion dump 

which was placed inside the neutral injection box 

instead of the bending magnets and their associated 

ion dumps. 

During the shutdown from July to October 1985 

this ion dump was removed and replaced by the central 

support column with the bending magnets and the ion 

dump. Operation with these eight ion sources and 

injection into the plasma will start in December 

1985. 
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Because of the space restrictions imposed, a 

transmission line with a diameter as small as possible 

had to be designed. A coaxial construction was 

preferred as this allowed for the cables for the 

filament power supply, arc power supply, etc., to be 

installed inside the inner conductor. Because of the 

space restrictions, the characteristic impedance of 

the transmission line was chosen to be around 70 Ohms. 

This value of characteristic impedance is the optimum 

value for voltage withstand capability. The actual 

measured value ia 67 Ohms and the capacitance per 

metre line is 55pF. 

The routing of the transmission line is rather 

complicated and involves several bends. Each of these 

bends would give rise to a joint if a conventional 

rigid construction of the transmission line was 

chosen. It was therefore opted to construct a 

flexible line. A crosssection of the line is shown 

in Figure 5. 

corrugated sheath 
spacer 

Fig.5 Transmission Line 

The outer enclosure is made from 2.5mm 

aluminiummanganese alloy and a spiral configuration 

is formed or. it to make it more flexible. The outside 

and inside diameter of the corrugation are 216mm and 

217mm respectively. 

The circular spacers supporting the central cable 

bundle is cast from a modified polyphenylen oxide and 

coated with a varnish which improves their behaviour 

against surface tracking. The inner coax conductor is 

made of a corrugated copper tube. The space between 

the inner and outer conductor is filled with SF6 at an 

absolute pressure of 3.3 Bar. 

In addition to the mechanical tests, several 

electrical tests were performed successfully. Test 

voltages of 200kV DC for 15 min and 260kV DC for 1 min 

were applied. At the transmitting end, the inner 

conductor of the line is connected to the cabinet 

which houses the auxiliary power supplies. At the 

other end the line is connected to the SF6 Tower. 

This connection comprises a stopjoint so that the SF6 

inside the line and inside the tower are contained 

within separate spaces. This was done, so that in 

case of leakage, to avoid one system from emptying in 

the other. Another added advantage is that both 

systems can be operated at different SF6 pressures. 

The outer conductor of the transmission lines is 

connected to the SF6 Tower. 

The SF6 Tower is a a pressurized vessel which 

contains the snubbers and the high voltage breaks for 

the cooling water of the ion source. As indicated 

before, the SF6 Tower is isolated from local earth. 

The isolation level is 10kV. 

Fig 6 gives a view of the SF6 Tower and all its 

internal components. The transmission lines are 

terminated at the bottom. The inner conductor is then 

routed through its correspondent snubber. At the top 

Snubber 

Figure 6: SF6 tower 

of the snubber, the cooling water hoses are added. 

They continue together with the conductors of the 

auxiliary supplies inside the inner conductor of the 

coaxial transmission lines. These cooling water hoses 

are made of a special mixture of EPDM rubber 

reinforced with kavlar. At the output of the SF6 

Tower Ceramic bushings isolate the high voltage from 

the main frame of the SF6 Tower. 

The snubber is premagnetized so that its complete 

magnetization curve is used in case of a breakdown. 

This means that less magnetic material has to be used 

for the same amount of energy dumped which results in 

a smaller snubber. This is of great importance as it 

also reduces the actual size of the SF6 Tower. The 

basic building block of the anubber is the magnetic 

pancake. It consists of a band of SIFE steel of 50 

micron thickness wound like a coil. These coils are 

housed inside a plastic container. Around this 

assembly a coil is wound which provides a high 

impedance in series with the bias power supply. It 

prevents any . short circuit energy from being 

dissipated inside the small snubberbias power supply. 

Prior to installation in the SF6 Tower the snubbers 

were tested. A capacitor of 10nF, which simulates a 

transmission line of 100m, and the other stray 

capacitance, was discharged through the snubber. 

Figure 7 gives a picture of these discharges. Its 

peak discharging current was measured and found to be 

210A which was within the design value of 300A. 
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5. CONCLUSIONS 
Although all the RF power supplies were 

commissioned on a dummy load, minor adjustments were 
necessary when the real load was connected. They are 
now switched on daily either for commissioning of a RF 
generator, or for RF operation with plasma. Up to now, 
no problems have been encountered with any of the power 
supplies. 

The experience of operation of the Complete 
Neutral Injection Power Supply performed on the Test 
Bed with the Injectors, allowed to verify that the 
original design was basically sound and at the same 
time it was possible to identify and correct minor 
difficulties. In this respect the first system has 
been used as a prototype and all the others were a sort 
of aeries production. 

All Power Supplies for the second Neutral 
Injection Box will be on site by the end of 1985 and 
will be fully commissioned on dummy loads by the middle 
of 1986. 
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OPERATIONAL TEST OF THE JET NEUTRAL INJECTION SYSTEM IN THE JET TEST BED 
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JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, England 

A Stäbler (attached from IPP Garching, Germany) 

ABSTRACT 

One quadrant of the first JET Neutral Beam Injector has 

been tested extensively in the JET Neutral Beam Test 

Bed. We find a reduced neutralisation efficiency 

caused by beam gas interaction. Not yet completely 

understood effects in the magnet region widen the 

profile of the full energy Ions at higher currents. 

1. INTRODUCTION 

The JET Neutral Injector [ï] consists of 8 beam sources 

arranged in two vertical banks of 1 sources each. Four 

deflection magnets and ion dumps are installed on a 

central column [2] forming four identical quadrants 

(Fig. 1). Each quadrant handles the beams of two 

sources rated at 80 kV, 60A for hydrogen and 160 kV, 30 

A each for deuterium. The first completely assembled 

beamline system was installed In the JET Neutral Beam 

Test Bed for testing one well instrumented quadrant 

with one beam source (PINI) in either of the two 

positions for this quadrant. The Test Bed [3], which 

consists of a standard Neutral Injector Box, a Target 

Tank and a Beam Dump (Fig. 2) was operating for more 

than a year prior to this test, so that the tests were 

carried out using an already operational system. The 

duct region of the Torus Is simulated in the Target 

Tank by scrapers on either side of the beam. The beam 

dump behind this duct simulation therefore receives the 

power that would be transmitted to 

ELEVATION OF JET 

NEUTRAL INJECTOR 

the plasma except for reionlsation losses in the torus 

duct region. 

Roughly 2000 beam pulses of various energies (10  80 

kV) and pulse length (up to 10s) have been fired 

through one quadrant with hydrogen and deuterium beams. 

2. BEAM PROPERTIES AND POWER LOADING 

Power densitlea are derived from the Initial 

temperature rise of the thermocouples brazed into the 

metal 3 mm below the exposed face of the actively 

cooled components, and from the equilibrium temperature 

of these thermocouples using a measured conversion 

factor. The total power is ' deduced from the water 

outlet temperature of various components. Water flow 

rates are measured with either turbine flowmeters (beam 

source and neutraliser) or with a clampon ultrasonic 

flowmeter where the routing of the pipes does not allow 

the installations of insertion type flowmeters. 

Depending on the individual pipe runs these 

measurements have been corrected by relating them to 

more accurate ones using energy conservation. 

Optical species measurements have been made in the 

Target Tank. To achieve good signal levels additional 

gas had to be injected into the tank. For deuterium 

our measurements agree well with data taken at the 

Culham Beamline with one of the JET beam sources (Fig. 

3). The species mix is 82Í D
+
, 11$ D* and 7% D, 

at an extracted current of 11 A. Only a few 

measurements have been made in hydrogen, so far with 

poor signal to noise ratio. Therefore we use in this 

paper the species ratios measured at the Culham 

beamline. 
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CULHAM MWBL 
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Fig. 1 
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30 40 A 

Fig. 2 Plan view of the JET Neutral Beam Test Bed 

(without beamline system) 

extracted current 

Fig. 3 Species mix for deuterium from Dopppler shift 

measurements in the Target Tank. 

The beam profile measured at the Test Bed Beam Dump is 

shown in Fig. 1. During the beam on time the beam 

moves from left to right by approximately 25 mm. There 

is also a constant deflection of the full beam compared 

with the neutral beam of between 10 and 20 mm. A 
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Horizontal Beam Profile 12 m from Beam Source 
T A B L E 

y—^.8560 undetected beam 

div · 0 72· 

POWER LOADING OF VARIOUS ACTIVELY COOLED COMPONENTS AS 

PERCENTAGE OF THE EXTRACTED POWER FOR DEFLECTED BEAMS 

200 

Fig. 1 Horizontal beam profile at the testbed beam dump 

through the beam centre. Solid symbols: power density 

derived from the maximum temperatures. Light symbols: 

power density derived from the initial temperature 

r i s e . Top: undeflected beam, bottom: neutral beam 

only. 

Pulse No. 

EXTRACTION 

VOLTAGE/kV 

EXTRACTED 

POWER/MW 

GAS 

NEUTRALISER LINE 

DENSITY/(10
16
 cm

2
) 

LOSSES ($ of extracted 

beam power) IN: 

BEAM SOURCE 

NEUTRALISER 

FULL ENERGY 

ION DUMP 

MAGNET LINERS & 

FRAC. ION DUMPS 

CALORIMETER 

(BACK PANEL) 

BOX EXIT 

SCRAPER 

DUCT 

SIMULATION 

TB BEAM DUMP 

ACCOUNTABILITY 

8570 

80 

1.77 

H2 

1.2 

5.3 

3.7 

65.9 

1.2 

0.9 

0.7 

0.1 

16.9 

97.7 

8600 

80 

1.82 

H2 

2 

7.0 

3.7 

60.6 

1.7 

1 .0 

1 .1 

0.1 

19.7 

97.9 

8681 

80 

3.18 

D2 

1 

1.9 

3.6 

36.8 

1.7 

1.1 

1.5 

0.1 

11.8 

97.8 

8693 

80 

3.13 

D* 

2 

7.0 

1.0 

26.8 

5.7 

1.1 

2.7 

0.1 

16.6 

91.3 

deflection of up to 70 mm is expected from the Earth's 

magnetic field. The beamlet divergence deduced from a 

fit to either profile is = 0.7°. 

The movement of the beam (which is also obvious from 

the time dependence of the thermocouple traces in Fig. 

1) makes the data evaluation more complicated. 

Profiles derived from the initial temperature rise give 

the situation during the first few hundred milliseconds 

after beam initiation while profiles derived from 

maximum temperatures include the beam movement, but 

might be distorted by heat conduction along the 

component. The obvious discrepancy in the power 

density derived from the two methods is not yet 

understood and needs further investigations. 

Table I gives the power to the components for hydrogen 

and deuterium as a percentage of the total extracted 

power. At 80 kV, hydrogen operation roughly 10% is 

lost in the beam source and neutraliser, 70$ goes to 

the full and fractional energy ion dumps and 17$ (minus 

reionisation losses) would go to the plasma. 

Increasing the line density of the neutraliser by a 

factor of 1.7 reduces the power to the dumps from 70$ 

to 65$. The actual gain in neutral power is slightly 

leaa than 3$ of the electrical power while 2$ are 

additionally lost in the beam source. Remarkable is 

the very small power loading in the duct which is 0.1$, 

just measurable. As already mentioned this does not 

include reionisation losses in the duct region as the 

Torus stray field is not simulated. 

3. NEUTRALISATION EFFICIENCY 

The JET neutraliser has typical dimensions of 130 χ 180 

mm
2
 cross section and 1.8 m length. The neutraliser is 

split into two stages of nearly equal length, gas is 

introduced into the source and into the neutraliaer 

between the two stages. In the Test Bed a valve 

separates the two stages with a capacitance manometer 

[ï] at the valve body recording the neutraliser 

pressure at the mid point. 

A nude ion gauge, calibrated against a capacitance 

manometer, was traced along the beam path through the 

neutraliser and through the magnet in order to 

determine the pressure profile with neutraliser flow. 

Apart from the neutraliser exit, the pressure decreases 

linearly along the second stage neutraliser. 

Additionally the pressure drop across the second stage 

neutraliser is measured as a function of the 

neutraliser flow Qn and the source flow Qs. The 

source gas flow Qs is normally set to equal roughly 

the beam particle flux QB. The neutraliser line 

density is derived by adding the line density measured 

for the neutraliser flow (Qn) to that from the 

surplus source gas (Qs  QQ) for which we assume a 

linear pressure drop throughout the neutraliser with 

measured preaaures at the mid point and at the exit of 

the neutrallaer. 
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The neutralisation efficiency wae mainly determined aa 

the power ratio measured in the Target Tank or on the 

Test Bed Beam Dump for beam pulses with and without ion 

beam deflection by using otherwise identical beam 

parameters. In this caae the meaaurements rely only on 

the Integral over the water temperature, not on the 

flow rate which is kept constant. The result is found 

to be independent of the beam pulse length for pulses 

between one and ten seconds long. Alternatively, the 

power ratio between the full beam (power on Ion dumps, 

liners and calorimeter) and the power on the caloi— 

imeter (neutrals) in one single shot was used for a few 

cases. In this case the results rely on absolute power 

measurements. Both methods give the same 

neutralisation efficiency as shown in Fig. 5 where the 

neutralisation efficiency is plotted veraua the 

meaaured line denaity in the neutraliser. The 

calculated neutralisation efficiencies are based on the 

measured line density, the species mix as discuased, 

and published cross sections [5]. The correction for 

the reioniaation losses in the magnet region is 

calculated using the measured line density. Obviously 

there is no agreement between the meaaured and the 

calculated neutralisation efficiency. Reasonable 

/nds)h 

5.W 10.10 " 

50 V. 

40 V. 

(B0kVD¿_ 

I0V. 

80 k V Hydrogen 

Species mix for ri_TH 

X H2 from Magnet on/off 

o Hg from Colorimeter/Dump 

V Dg from Magnet on/off 

5.4% 

agreement can be achelved by: using half the measured 

line density in the neutraliser for the calculation. 

Thus it appears as if the actual line density of the 

neutraliser during beam on time Is only half the value 

measured in the absence of beam. The exact value of 

thl3 reduction factor depends on the species mix and 

the reionisation losses used in the calculation. The 

measured species mix for D2 shows good agreement with 

the Culham data (Fig. 3) which supports the value of 

the species mix used for the calculated neutralisation 

efficiency. Thi3 species mix is also consistent with 

the power measured on the magnet liner and fractional 

energy dump. Reionisation and reneutralisation 

losses will mainly appear as a reduction in the total 

power accountability as this power is deposited on 

inertial panels. For D2 we actually see in Table I a 

loss in accountability of 2.6$ by Increasing the line 

density where 2.3 $ is expected [6]. For hydrogen a 

1.3$ reduction is expected which is within the data 

scatter. On the Inertial plate which collects the 

devious particles from the magnet we find a power 

density of 20 W/cm
2
, roughly 80$ of the expected value 

at the standard gas flow (25.5 mbar l/s)[6]. This 

suggests that the assumed r.eionlsation losses are 

reasonable. The most likely explanation for the 

observed reduction in line density is heating of the 

neutraliser gas by the beam [7]. In our neutraliser, 

which operates In the transition regime between 

molecular and viscoue flow, an Increased ga3 

temperature will show up as Increased pressure reading 

of the neutraliser gauge. Fig. 6 shows the observed 

pressure rise during hydrogen and deuterium operation. 

Increasing the neutraliser flow Qn helps to increase 

the neutral power, but also increases the losses in the 

beam source and the reionlsatlon losses. 
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Fig. 5 N e u t r a l i s a t i o n e f f ic iency versus measured 
neutral iser target thickness in the absence of 
beam (bottom scale) and assumed target thickness 
with beam (top sca le) . Upper solid curve: 
c a l cu l a t ed e f f ic iency using measured l i n e 
d e n s i t y . Lower so l id curve: ca l cu la t ed 
efficiency using half the measured l ine density. 
Dashed curve: relonisat ion losses subtracted. 

Fig. 6 Pressure versus time at the midpoint of the 
neutraliser during a beam pulse. The gauge is 
at room temperature. Firs t the source gas, then 
(after « 1.5 s) the neutraliser gas, and after 
another - 1 . 5 s the beam is turned on. The 
i n i t i a l spike is caused by a small volume 
between the throt t le and the absolute valve of 
the gas introduction system. 
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14. BEAM PROFILES ON THE FULL ENERGY ION DUMP 

The full energy ion dump, described elsewhere [Ö] is 
instrumented with 62 thermocouples. Additionally 5 
inertial calorimeters have been installed to measure 
the power loading to the side of element 2, and to 
measure power densities at the outer part of the 
profile (Fig. 7). Fig. 8 gives a profile in the non 
bend plane for 

Fig. 7 View on magnet and full energy ion dump showing 
the thermocouple location of one dump side. The 
dump elements are staggered. The inertial 
calorimeters on element No. 3 are mounted at the 
side of the element flush with its surface. 
Obviously they are in a different plane compared 
with the thermocouples In element 3. 
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Fig. 8 Power density for the full energy ions at 80 kV 

hydrogen. Again the points are derived from the 

maximum temperatures (black symbols) or 

temperature rise (open symbols). The curves are 

eye fits. The shading gives the calculated 

profile. 

hydrogen beams at 10 kV and 80 kV. At the lower 

voltage the measured profile is well described by the 

calculated profile derived from numerical magnetic 

field calculations beam emmittance and ray tracing 

calculations [9]. The 80 kV profile is considerably 

wider than calculated. The inertial calorimeters 

mounted at the side of element 3, flush with its 

surface, show that the power falls off towards the 

outer edge of the element. As the beam stopping 

elements are staggered these blocks are "further away" 

from the magnet than the thermocouples in the centre of 

the element which explains the discontinuity in Fig. 8. 

With increasing beamon time the power gets more 

concentrated in the centre of the dump. This can be 

seen from the two profiles derived from the temperature 

rise (profile shortly after beam initiation) and the 

maximum temperatures (profile in equilibrium). Adding 

additional gas through a second neutraliser does not 

change the profile within the tolerance of the 

measurement. 

The profiles in the bend plane (Fig. 9) are also 

considerably wider than expected with a long tall along 

the dump centre line. Again, as in the non bend plane, 

the profiles become more peaked with increasing beamon 

time. The beam broadening results in a peak power 

density of around 1.2 kW/cm
2
 where the profiles of the 

upper and lower beam overlap. At present attempts are 
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MAGNET CURRENT (290A) WOmm FROM CENTRE LINE 

1200 

1000 

8O0 

600 

400 

200 

1 2 3 4 

»8570 

W cm
2 

/ Λ 
/ / TEMP RISE 

J / 
/ / 
/ / 
'r 
1 

5 6 7 8 9 10 

«8273 

- - ' " ' \ MAX. TEMPERATURE 

X CALCULATED Ν 

A A ^ \ ) 

v
\ y / 100mm from centre ■*

yk ^ * 

\
v
*

0 200 400 600 800 1000mm 

PROJECTED LENGTH ALONG ION DUMP 

Fig. 9 Beam profiles from two beam pulses in the upper 

and lower position. Black symbols are derived 

from the maximum temperature after 6s of beam 

pulse, open symbols are from the temperature 

during the first 300 ms. Triangles represent 

measurements from the opposite dump half. 

being made to describe thia beam broadening by space 

charge effects in the magnet. However, beam broadening 

is not observed for 80 kV deuterium beams as Fig. 10 

shows. This Is even true for beam pulses with low 

neutraliser line density where the neutralisation of 

deuterium is roughly the same as for hydrogen. 
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Fig. 10 Power density profile of the full energy 

deuterium ions in the non bend plane along 

element No. 3 (lower beam). 
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The horizontal beamshift as observed on the Test Bed 

Beam Dump additionally complicates the interpretation 

of the profiles of the deflected full energy ions. 

5. OPERATING EXPERIENCE WITH THE OPEN STRUCTURE 

CRYOPUMP 

The JET cryopumps use a special geometry for the 

nitrogen shield and helium panel to achieve a very high 

specific pumping speed of 20 1/s cm
2
[lo]. The average 

number of wall collisions with the liquid N2 

temperature shield is lower in this geometry than in a 

conventional chevron arrangement. Therefore it was 

important to examine the pump performance in the 

presence of a beam. In the Test Bed 1/10 (2 modules) 

of the cryopumplng capacity of a JET injector is 

installed. The two modules are opposite the 

calorimeter (Fig. 1,2) which acts as a scraper in its 

non intersecting position. The pumping speed is found 

not to be influenced during beam on time and the helium 

consumption only increases by the amount expected from 

the thermal gas load. 

6. CONCLUSION 

The system has been operated satisfactorily with the 

beam at full power (80 kV, 60 A). Further experiments 

are planned to Improve the neutralisation efficiency 

and to measure the power loading of the full energy ion 

dump for deuterium beams at up to 160 kV with extended 

instrumentation on the full energy ion dump. These 

experiments are required as the observed beam 

broadening effects do not allow to simply scale the 

power loading for 160 kV beams from the present 

measurements. 
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Abstract 

Of 30 diagnostic systems planned for JET most are 
now commissioned and the remainder are in an advanced 
stage of construction. This paper describes the 
engineering problems encountered of size, radiation, 
temperature and remote handling that were common to 
all the diagnostics and the role of the Diagnostic 
Engineering Group at JET in the successful implement
ation of these systems. 

Introduction 

The Scientific Department at JET is responsible 
for the provision and operation of all the JET diag
nostic systems. Some 30 systems are planned and the 
parameters measured by them are shown in table I. The 
majority of these systems have been designed and con
structed by the Associated Fusion Laboratories in 
Europe to agreed specifications. Initial discussions 
with each laboratory established which of the proposed 
diagnostic systems it would be prepared to design and 
construct, and after subsequent assessment by JET 
staged contracts were placed for the detailed design 
and manufacture of these systems. The precise allo
cation of responsibilities between the Association and 
JET were defined in these contracts, as was the neces
sity for the overall approval of the designs by JET at 
various stages and the detail approval of all items 
interfacing to JET and its subsystems, e.g. vacuum 
components. 

The role of the Diagnostic Engineering Group, 
which is part of the Scientific Department, is one of 
liaison to ensure that the interfaces between diagnos
tics and JET are correct, to coordinate the construc
tion and finally to install the diagnostics. 
Considerable in-house design and construction is 
undertaken for items where very close liaison with 
other JET divisions is essential. Items such as ECE 
internal antennae and external waveguides, internal 
discrete coils, vacuum beam lines and diagnostic 
support pillars are some of the items handled by the 
group. 

TABLE I 
Diagnostic Measurements 

Bolometry 
Magnetic Flux Measurements 
Electron Temperature - 3 Systems 
Density - Interferometers - 2 Systems 
X-Ray Intensity - 3 Systems 
Limiter Temperature 
Neutron Diagnostics - 6 Systems 
Neutral Particle Analysis 
X-Ray Crystal Spectrometer - 3 Systems 
Optical/UV Spectrometer - 5 Systems 
Plasma Boundary Analysis - 3 Systems 
Hydrogen Pellet Injector 

Engineering Problems 

The factors that affected the design of diag
nostics are the size of the JET machine, requirement 
for radiation shielding, remote handling of components 
and the bakeout temperature of the torus. 

Size: The linear dimensions of JET are very much 
larger than the previous generation of machines. Hence 
the weights of components which were previously a few 
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tens of kilogrammes are now a few tonnes. Thus as 
well as ensuring their weight is properly supported 
when in position the fact that nearly all components 
will have to be handled by crane or other mechanical 
manipulator has to be considered at the design stage. 

The size of the diagnostic equipment also pre
sents a problem in being able to accommodate the 
planned number at the port space available at the 
torus. Success has only been achieved by careful 
allocation of diagnostics tc each port and some 
compromises. Even so shortage of space has complica
ted designs and installation and access have become 
more difficult than one would have liked. 

Radiation: JET is expected to produce significant 
quantities of neutrons and associated γ radiation in 
the active phase. The Torus Hall has walls nearly 3 
metres thick for radiation protection. Ultimately 
electronics will not survive inside the hall so all 
diagnostics designed for the active phase have detect
ors, and electronics as well as other components 
requiring regular maintenance outside the torus hall. 
Diagnostics whose radiations are capable of being 
guided use labyrinth paths to connect the torus to the 
diagnostic hardware. Spectrometer beamlines penetra
ting the torus hall wall present a secondary shield 
problem however. 

Remote Handling: In common with other components of 
the JET machine most diagnostics are designed for some 
remote handling. Non active-phase diagnostics have 
been designed only to be disconnected from the machine 
and removed intact, whereas active phase diagnostics 
need to be capable of complete dismantling and repair 
by remote handling techniques. Usually Remote Handiin 
needs require the simplest solution rather than a 
complex one. Further difficulties arise not only due 
to the space required around a component for manipu
lator and tools but also the compromise needed between 
diagnostic and remote handling requirements. For 
example spectrometers are installed with an all-metal 
vacuum isolation valve between them and the torus. The 
valve itself is remotely handleable and the increased 
length of the valve this demands will result in a loss 
of viewing angle for the spectrometer. 

Temperature: The torus is capable of being baked to 
500°C and hence provision has to be made for its 
expansion of up to 45mm where an unheated diagnostic 
is attached and where a diagnostic with a heated beam 
line across the Torus Hall is connected up to 100mm of 
expansion has to be allowed for. The solution now 
used wherever possible is to have a stiff bellows at 
the torus flange and the diagnostic mounted on a slide 
system. The bellows will take up minor angular 
misalignments but not axial compression. This method 
allows the vacuum loads on the torus to remain con
stant. The alternative method using flexible bellows 
and a fixed diagnostic results in forces tending to 
move the torus in its suspension mounting. 

Adopted Designs for Diagnostics 

Two examples of design solutions to overcome the 
various problems are those for the Electron Cyclotron 
Emission systems and the High Resolution X-Ray Crystal 
Spectrometer. 



Electron Cyclotron Emission Diagnostic 

The ECE system detecto 
Torus Hall, fortunately the 
around labyrinths to ensure 
tion but the penalty is gre 
with corresponding increase 
ity. There are 10 waveguid 
over 45m long with 15 bends 
other components around the 
the torus through which the 
occupied by two other large 
modating them all presented 

X-Ray Crystal Spectrometer 

rs must be outside the 
ir beams can be reflected 
adequate radiation protec-

atly increased path lengths 
in signal loss and complex

es following tortuous paths 
as they also need to avoid 
machine. The flange on 
signal paths pass is also 
diagnostics and accom-
severe restraints. 

The X-Ray Crystal Spectrometer requires direct 
lihe-of-sight between the plasma and reflecting 
crystal, and between the crystal and detectors with 
only the interposition of a beryllium window close to 
the torus. The crystal, mounting and detectors had to 
be outside the Torus Hall, consequently the wall 
penetration is an escape route for gamma rays and 
particularly neutrons. Shielding is required not only 
for line-of-sight radiation but also for the consider
able scattered radiation. The beam line outside the 
Torus Hall is 15m long and required over 500 tonnes of 
concrete and blockwork to ensure adequate protection. 
This was constructed above the waveguides, sources and 
detectors of three existing operating diagnostics. 

Cabling 

A further consequence of the machine size is that 
approximately 125 kms of transmission cables have been 
installed for diagnostics. This was a major instal
lation exercise complicated by being able to work only 
during shutdowns. Cable requirements had to be 
defined 6 months before a shutdown to allow for 
procurement and similarly detailed installation and 
connection schedules have to be finished two months 
before a shutdown to allow for contracts to be placed 
for this cable installation work. 

Cable routings generally go through sealed 
penetrations first from the diagnostic hall into the 
basement and then through the Torus Hall floor to 
junction boxes on the transformer limbs. From there 
jumper cables with remote handling connectors connect 
to the diagnostics. Indeed all services, water, 
compressed air, nitrogen etc. follow a similar prac
tice being connected by flexible tubes with remote 
handling couplings from limb junction boxes. This 
system allows complete disconnection of all services 
prior to remotely removing a diagnostic and vice 
versa. 

Vacuum Design 

Apart from the neutron diagnostics, all diag
nostic systems have a vacuum interface with the JET 
torus, either through optical windows, whose develop
ment is described later, or with a direct connection to 
the torus vacuum. All diagnostic systems are designed 
for ultra high vacuum and some also for tritium operation 
This has been achieved using metal seals or welded 
joints, all-metal valves and provision for system 
baking. The mechanical interfaces to the torus are 
all-metal pendulum gate valves which had to be tailored 
to the requirements of individual diagnostics as well 
as themselves meeting remote handling requirements. 
Some designs needed to be very complex, particularly 
when a large viewing angle was required, and great care 
had to be taken to ensure that the mechanical loadings 
were within the valve manufacturers' limit. It was a 
JET responsibility to design and procure these valves, 

and the flanges on the diagnostic sides became the 
physical interface between JET and the Association's 
equipment. Standard components, such as vacuum gauges 
and their controllers, angle valves and turbomolecular 
pumps were also designed and procured by JET. 

The turbomolecular pumps are all tritium sealed 
with special features required by JET. However, if 
suitable non-mechanical pumps become available for the 
tritium phase, these may replace turbomolecular pumps 
in the Torus Hall. 

Vacuum Windows 

The largest and most important development 
programme undertaken by the Group was to obtain 
suitable vacuum windows. They were required in crystal 
quartz, fused silica and sapphire, up to 120mm optical 
aperture and capable of 400°C operation and some even 
500°C. Further they should be remote handleable and 
in the majority of cases weldable to the torus. After 
a difficult but eventually highly successful programme 
undertaken with the Culham Laboratory over 60 windows 
have been installed. Culham developed a technique 
using aluminium as the bond material between the 
window discs and suitable ferrules, and then welding 
these assemblies into the main tubular bodies of the 
windows. Two problems exist with these windows, they 
operate only up to 400°C due to metallurgical reasons 
and they cannot be immersed in water as the aluminium 
bond dissolves. Present bakeout temperatures do not 
exceed 400°C and with human access to the torus 
windows can be protected before water washes. However 
for tritium operation 500°C torus bakeout is planned 
and if beryllium is used inside the torus automatic 
washing will be undertaken before entry of any person
nel to the torus can take place and hence the windows 
cannot be protected. Gold bonding the windows was 
always an objective for the few windows for 500°C, 
however all the windows will need to be replaced in 
order to resist the water wash. Culham have now 
developed a gold bonding technique to crystal quartz 
only and a major new fabrication programme has started 
to replace all the quartz windows. The problem for 
the remaining 20 silica and sapphire windows remains, 
however Culham are hopeful of developing techniques 
for these materials. 

Computer and Electrical Interfaces 

The Control and Data Acquisition System (CODAS) 
interfaces are built around CAMAC systems which are 
some distance from the subsystem computere and connec
ted to them by fibre optic serial highways. The 
physical interface between diagnostic, and indeed all 
JET subsystems, are the terminal blocks on the sides 
of the (CODAS) cubicles containing the CAMAC hardware. 
Essentially, each system has to define what is to be 
inside the cubicle and CODAS has to provide and 
maintain it. Diagnostic Engineering Group had to 
liaise between CODAS, which has a set of rigid rules 
and also large procurement programmes, and the 
Associations whose requirements were changeable and 
individualistic, initial proposals rarely met CODAS 
requirements and considerable adjustment was required. 
To date, all 30 diagnostics have their CODAS interface 
cubicles commissioned or almost commissioned with the 
various compromises incorporated in them. 

The two major factors that affect the control and 
data acquisition for diagnostics are the operation of 
JET in pulses and the relatively slow fibre optic link 
to the computer. Control functions requiring quick 
responses, such as safety systems, must have local 
controllers operating with firmware to give the 
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required response. Secondly the CAMAC system must be 
primed to accept and store data autonomously during a 
pulse. The amount of data that it is possible to take 
during a 20 second pulse is enormous. The experimental
ists, therefore, have to exercise restraint on the 
amount of data they take not only because of thé 
problems of data transfer rates possible between JET 
shots but also to avoid being overwhelmed by the 
problem of analysing the data afterwards. 

Conclusions 

JET has now 30 diagnostics operating or nearing 
completion. Those- operating are taking considerable 
data, which is being transferred through CODAS and 
archived at Harwell. 

After close collaboration with other JET groups 
there are diagnostics built for active phase operation 
that are compatible with tritium and are also remotely 
handleable for maintenance and removal. 
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JET NEUTRAL INJECTION BEAMLINE SYSTEM, MANUFACTURE AND ASSEMBLY 
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Abstract 

The first JET neutral injection beamline system has 
been installed. Many of the components have numerous 
vacuum brazed, electron-beam welded and friction welded 
Joints including various dissimilar alloy combinations. 
The large beamline system has been assembled, installed 
and aligned to tight tolerances. Acceptance leak 
testing of components has included thermal cycling from 
ambient temperature to 300 °C followed by pressuris
ation with helium Inside a vacuum furnace. Install
ation of the large components has required special 
lifting and alignment equipment. 

Introduction 

Operation of the first JET neutral injection beamline 
is now imminent. The system has been installed and 
many components have been fully commissioned. First 
Injection Into the plasma is planned for this year. 
The design values for the beamline are 

80 keV, 60A for hydrogen operation 
160 keV, 30A for deuterium operation 
Pulse length 10 s 
Fatigue life 105 cycles 
Duty ratio 10/600 

As described in more detail in [ï,2,3,1,5] the beamline 
is housed in a large vacuum box, as shown schematically 
In Fig. 1. This box is surrounded by a magnetic shield 

to minimise the effect of the torus magnetic field on 
the beamline. Eight beam sources are attached to the 
back panel of the box. The ports onto which the beam 
sources are flanged also hold water cooled 
neutrallzers. The neutralizer and plasma source gas Is 
pumped by liquid helium cooled panels which line the 
two side walla of the box. The eight aourcea are 
grouped in four pairs such that, after partial 
neutralization, each pair of beams passes through one 
magnet, where the ionic fractions are separated and 
directed onto full, half and third energy ion dumps. 
The magnet pole faces are protected by water-cooled 
copper liners. The neutrals can either be intercepted 
by a calorimeter or, with the calorimeter moved out of 
the beams, be injected in the plasma through a duct 
section containing an absolute rotary high vacuum 
valve. At the front aperture of the vacuum box the 
beams are pre-shaped to the race track aperture of the 
rotary valve by the box scrapers. Furthermore, a fast 
shutter assembly is mounted here which can close the 
front aperture rapidly (-0.1 sec) to minimize the 
ingress of tritium (during later operation) or other 
contaminants. The fast shutter is water cooled and 
made of two titamium alloy doors (Tl Grade 5, 6% Al, 
1ÍV) which are actuated pneumatically from outside the 
box. 

The dumps, bending magnets and calorimeter are mounted 
on a hollow section, stainless steel (SS) structure 
that also conveys the coolant to and from the 

Fractional Energy 
Dumps 

Fig. 1 Schematic view of JET Neutral Injector. 

341 



Fig. 2 View of central support column assembly 
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components. This central support column as shown in 

Figs. 2, 3 is supported from the lid of the box in such 

a way that the complete central column assembly can be 

removed by crane (32 t). Thia allowa relatively simple 

replacement of a complete central column or maintenance 

of its components. 

Component Manufacture  Some Special Features 

Spatial restrictions dictate a rather compact design. 

This leads to high power densities on beam scraping and 

stopping elements. The system has been designed such 

that the maximum nominal power densitiesare  1kW/cm
2
. 

By using hypervapatron type elements [ï] the coolant 

pressure drop requirement is very modest. This type of 

element requires, however, a rather thick copper front 

plate (6 to 11 mm) giving rise to high thermal stresses 

during a pulse. In order to satisfy the requirement of 

a fatigue life of IO
5
 full power pulses, a 

precipitation hardenable copper alloy was selected for 

these elements (CuCrZr with nominally 1Í Cr and 0.07Í 

Zr). 

The internally finned shape of the beam stopping, 

element (see Fig 3) is made by machining from forged or 

extruded bar. Rear and end plates are added by 

electronbeam (EB) welding. EBweldlng is always 

carried out in the solution heat treated (soft and low 

conductivity) condition and is followed by 

precipitation hardening at 170 °C. Depending on the 

component, SS or Inconel 600 coolant feed/return stubs 

BEAM 

Fig. 1 Cross section through beam stopping element. 

are brazed or friction welded to the rear or end 

plates. These stubs are then welded to SS bellows, 

which provide the necessary flexibility in the coolant 

lines during a pulse when the beam stopping elements 

deflect. In the second beamline, these bellows are 

changed to Inconel 600 to Improve corrosion resistance 

to demineralised water. As the coolant pressure Inside 

the elements is  5 bar, the stresses generated inside 

the elementa are almoat entirely thermal atreaaea. Fig 

1 depicts some results of strain controlled tests on 

EBwelded samples. The shaded area is the calculated 

maximum strain range inside the element under steady 

state conditions (established after  1 s) at 1 kW/cm
2
. 

As the exact phenomenon of hypervapotron heat transfer 

is not fully understood, a margin of uncertainty exista 

with reapect to temperature profile calculations and 

hence with stress and strain distribution. This ia 

reflected in Fig 5. where optimistic and pessimistic 

assumptions are shown. The weldment samples were 

tested under conditions to cause failure after ΙΟ
1
* to 

10
5
 cycles and the 10

5
 values have been calculated 

using the Coffin formula for atrain controlled fatigue 

[6]. The tests were carried out with 1.5 s rise and 

ω 
D) 
C 
ro 
LT 

ε 2 

ω 

I 1 

o 

Δ ε
 10

5
 Cycle life 

Flg. 3 View of central column assembly in beam 

downstream direction. 

100 200 300 400 500 

— Temperature /(°C) 

Fig. 5 Strain range vs temperature of CuCrZr alloy (10
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cycle life derived from electronbeam weldment samples) 
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T A B L E 
JOINTS REQUIRING LEAK TIGHTNESS «1Q-9mbarl/s 

Joint Type 

EB-Weld 

EB-Weld 

Vac-Braze 

Vac-Braze 

Friction Weld 

Friction Weld 

TIG Weld 

Vac-Braze 

Vac-Braze 

Friction Weld 

Friction Weld 

Friction Weld 

Friction Weld 

Material Combination 

CuCrZr/CuCrZr 

Ni/CuCrZr 

SS/CuCrZr 

SS/CuCrZr 

SS/AI MgSi 
(0.5ÍMg,0.5ÍSi) 

SS/Al/Ti Grade 5 

Ti Grade 5/Ti Grade 5 
(6Ï Ac, 1J V) 

SS/Cu 

SS/SS 

Ni/Cu 

SS/Inconel 600 

SS/Cu 

Ni/SS 

Remarks 

Filler NiCrPFe 
(76/11/10/0.2%) 

Filler AgCu (28/72%) 

Cycling cryo temp-
RT 

Welding is followed 
by stress relieving 
treatment at 700 °C 

Pd-Cu-Ag braze 

Nlerobraze 10 

Ni in full annealed 
condition 

Ni in full annealed 
condition 

Quanti ty 

- 600 

50 
350 

1 

1 
- 800 

- 250 

- 150 

- 61 

- 750 

- 70 

61 

ramp-down time and 3 s hold time. As can be seen at 1 
kW/cm2 the elements can be considered marginally safe 
or very safe depending on the exact temperature 
profile. Some tests are underway on an element at JET 
to measure the temperature profiles, during transient 
and steady state condition. 

In addition to some 2500 SS welds which require leak 
tightnesa to 10~9 mbar 1/a, many other leak tight 
jointa are employed in the deaign of the beamline 
components. Table 1 lists the main high quality brazed 
and welded joints. Furthermore, some components have 
been formed by electro-deposition of copper, which 
requires to be leak tight in relatively thin (~1 mm) 
copper layera. In addition, leak tight joints of the 
interface between deposited copper and copper plate or 
nickel coated SS stub pipes are required. 

The leak tightness of components is tested by thermal 
cycling between ambient and 300 °C (150 °C for 
electrodeposited' components). Subsequently the 
component is pressurised with helium and the leak rate 
into the vacuum furnace is measured. 

Acceptance leak rate for moat componente has been 
specified to be 10~' mbar 1/a or lower In aome caaea. 
By thia method many small leaks ( ¿ 10~7 mbar 1/s) were 
discovered that were not found before cycling. In 
addition small cracks in or near CuCrZr EB-welds were 
found after thermal cycling [7]. The cracking is now 
being avoided by additional heat treatment prior to 
welding and by modifications to the weld design 
especially by making the weld design more flexible. 

Assembly, Installation and Alignment 

Asaembly of the components to a central support column 
was carried out by a team of 5 skilled technicians over 

Fig. 6 View of magnet assembly prior to Installation on 
central support column. 
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an average period of 8 months. Strict clean conditions 
had to be observed to guarantee compatibility of the 
system with high vacuum conditions. Handling of heavy 
and large components (- 32 t, - 7 m ) under very atriet 
tolerances presented a challenge. Therefore special 
care had to be taken to ensure that the final position 
of components with respect to the beamiInes was correct 
within ±2 mm. Weld shrinkage and the resultant Induced 
stresses over - 250 welds had to be accomodated. 

The magnets were pre-assembled with all the associated 
components such as liners, dumps for fractional energy 
ions and water manifolds in a horizontal position. 
Thereafter the assemblies were raised 'to a vertical 
position, as shown in Fig 6, before being fitted to the 
support column. Then the dumps for full energy ions 
and calorimeter were bolted in place, followed by 
welding of water pipes. These welds were radiographed 
and leak tested. 

In parallel with the central support column assembly, 
beam protection acrapera have been fitted inaide the 
Torua port. Thereafter the vacuum box with the 
cryopanels, fast shutter, box scrapers and neutralisers 
was installed on the support structure which forms the 
base of the magnetic ahielding. Finally the beam 
aourcea were fitted and all aervicea, such as water, 
cryo-fluids, vacuum pumping, and electrical were 
connected. Electrical connections were also needed for 
approximately 100 thermocouples that monitor the 
condition of components. 

Special lifting and installation devices have been 
designed for all major components. These range from a 
simple counter-balanced beam for installation of 
neutrallzers to purpose-built lifting gear for the 
erection of the magnet assemblies, beam aourcea and 
dumps. Typical installation operations are shown in 
Figa 7 and 8. 

Fig. 7 View of beam aource being fitted to vacuum box 

It is of great importance that the alignment of all 
beamline components is within the tolerances specified 
to ensure correct operation of the beamline and avoid 
excessive power loading on to the components. The 
alignment consists of three main parts: 

(1) Alignment of the vacuum box, rotary high vacuum 

Fig. 8 View inside vacuum box showing cryo-panels and 
the installation of the box scrapers 

valve, and adaptor flange to the Torus with respect to 
the injection port in the Torus and the nominal 
beamline centre lines. Using an alignment staff set 
in the narrowest aperture of the injection port, and 
accurate survey points in the JET Torus hall, the box 
and downstream components have been aligned by means of 
theodolites to within ±1.5 mm of the nominal centre 
lines. 

(2) Alignment of beam sources. 
During conditioning of the beam sources in a testbed, 
the misalignment between the geometric and beam centre 
lines of the sources is established using thermal 
analysis of the beam profiles. The steering flanges of 
the port on the vacuum box back panel are first 
adjusted with respect to the nominal geometric beam 
centre lines using the targets on the alignment staff 
in the injection port and an alignment telescope 
mounted on to a special dummy beam source which 
produces the forces on the source flanges. The 
alignments thus obtained are then transfered to a 
secondary target plate outside the vacuum box using 
lasers mounted onto a lever arm connected to the 
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steering flanges. This allows subsequent checking of 

the beam alignment during operation. During mounting, 

the beam sources are offset laterally to bring the beam 

centre lines onto the optical centre line and after 

evacuation (deflection) the steering flanges are 

adjusted to the correct offset using the external 

secondary targets. In this way alignment to within 

= ± 2 mm at the injection port is achieved. 

(3) Alignment of other components 

Uaing apecial alignment targeta for each component 

together with the alignment staff and alignment 

telescopes or lasers mounted onto adaptor flanges, the 

misalignment of all other components can be measured. 

The design allowa for poaitional adjuatment during 

installation with the exception of the central column 

assembly which can only be adjusted aa one unit. The 

measured alignment of components ia generally better 

than ±2.5 mm which comparea favourably with the 

specified misalignment of ±5 mm. 

Figure 9 shows the complete neutral injection beamline 

installed between the Torus and the high voltage tower 

which supplies all services to the beam sources. 

Following the completion of the central column 

assembly, the system was installed and operated in a 

testbed. This successfully submitted one quadrant to 

the operational conditions [8]. 
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DESIGN AND OPERATION OF THE JET ARTICULATED BOOM 

PDFJones, DMaisonnier, Τ Raimondi. 

JET Joint Undertaking, Abingdon, Oxfordshire, England. 

Abstract 
After tritium introduction, planned for JET about 1991, 

remote handling maintenance will be vital to the continued 
operation of the machine. 

An articulated boom has been designed at JET as the sole 
support device for invessel transport of all equipment and servo
manipulators and is part of the JET Remote Handling plan (1), 
(2), (3). The boom was manufactured by NEI Thompson of 
Wolverhampton and AET of Coventry, England, delivered to 
JET in October 1984 and has been commissioned successfully to 
its full design performance. 

The boom has been used during the June 1985 maintenance 
period as a handson lifting device using a handheld, push
button controller. Dynamic computer modelling of the boom has 
been carried out to analyse crosscoupling inertial effects arising 
in the horizontal plane. A /sscale, mechanical model has also 
been used to control the boom in a masterslave mode. 

Introduction 
Direct vertical access for lifting of heavy components inside 

the vacuum vessel is impossible and the only sizeable access ports 
(940 x430mm) are on the horizontal equatorial plane. A rail 
system is not possible as it would be susceptible to damage by 
plasma and, in any case, the first wall is covered with protective 
graphite tiles. Various possible methods have been proposed of 
which the 2 favoured ones are the 'boom' and the 'tracked 
vehicle" methods. 

The problems of inserting a tracked vehicle into the vessel are 
severe and its use would necessitate the use of troublesome 
umbilical supplies. Therefore cantilevertype boom lifting arms 
have been planned for JET as for most conceptual TOKAMAK 
reactor design (4), and most invessel remote handling 
maintenance operation scenarios include the use of boom
mounted devices (5). 

A telescopic boom has 3 main shortcomings: firstly and most 
importantly, the necessity of reaching both near and far 
positions within the torus would require an impossible extension 
ratio; secondly, the problem of cable reeling; and thirdly, the 
curved geometry of the vessel. Therefore an articulated design 
was selected for JET. 
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Figure 1 shows the boom in operating position in the JET 
Torus Hall, together with other proposed transporters, such as 
the existing 150 tonne crane and the telescopic mast which will 
be attached to it. 
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Operational Requirements 
During the yearly maintenance shutdowns of JET, expendable 

items are to be replaced or upgraded. Items less than 20 kg, such 
as tiles, are handled by the MASCOT, a feedback 
servomanipulator, situated at the end of the boom (see Fig 2). 
The MASCOT will also position special cutting and welding 
tools and operate wrenches. 

Heavier items up to 300 kg, such as limiters and RF antennae, 
are handled by dedicated gripper assemblies which replace the 
MASCOT at the end of the boom. So far 6 types of end-effectors 
have been designed and 3 manufactured. These have to be 
utilised sequentially to perform in-vessel tasks and, so that the 
minimum of time may be lost, a rapid remote end-effector 
change system has been designed. 

The end-effectors themselves incorporate a special-purpose 
mechanism for failsafe transferral of antennae and limiters onto 
the vacuum vessel wall. 

A turret truck (later to be radio-controlled) is used to transport 
equipment and end-effectors from the Assembly Hall into the 
Torus Hall, which will be active during the D-T phase. 

The boom itself carries a maximum of 3 CCTV cameras with 
fully remote motorised zoom, focus and aperture control. One 
boom camera is mounted at the rear of the boom directed so as 
to monitor the critical clearances (order 10 mm). The other 2 
cameras mounted on special retractable arms near the end-
effector are provided for operational viewing. 

In addition, the in-vessel inspection system for JET enables 4 
equally spaced computer controlled CCTV cameras to view in-
vessel boom operations from above. 

Boom Description 
The limited size access port and the need to reach all points on 

the inside toroidal surface of the vacuum vessel determined the 
leading size parameters such as arm length (1.66 m), number of 
arms (4 to reach half the vessel, or 5 to reach the whole vessel), 
cross-sectional dimensions (880mm χ 340mm) and size of motor 

uncollected 
shape 

deflected 
shape 

FIG 3 BOOM MASCOT AND MASTER MODEL IN 
ASSEMBLY HALL. 

FIG 4 FINITE ELEMENT MODEL 

gearbox unit (φ —300 mm and length — 400 mm). 
The load capacity is one tonne at 9 m from the support in the 

(horizontal) equatorial plane. An extension to the boom provides 
3 additional axes of rotation with a load capacity (out of the 
equatorial plane) of 350kg at 13.5m from the support (see Figs 
2 and 3). 

The requirement not to contaminate the vacuum cleanliness of 
the JET vessel precluded the use of any paint or hydraulic fluid 
(excepting pure water). Therefore electric motors were selected as 
prime movers for all the main in-vessel joints. DC torque motors 
are used to achieve the fine control needed in the simplest way. 
Harmonic Drive gearboxes with outputs up to 600 kgm were 
chosen to couple the motors to the joints in a modular package 
as they provide high efficiency, high ratio, high torque, low 
weight and low volume and may be used with grease fill. Failsafe 
brakes are arranged to allow the joint to go 'loose' if required. 

The trolley with a horizontal travel of 7.4m permits boom 
entry to the vacuum vessel through the pumping chamber and 
allows the arms to fold outside the vacuum vessel. The trolley 
allows for limited slew and tilt (±3°) providing vertical motion 
at the boom tip, compensating for vertical deflection and fine 
alignment of the arm in the torus access port. 

To optimise the strength vs weight the arms near the trolley are 
of stainless steel (304L) and the arms further away are of 
aluminium alloy (N8). These are compatible with the clean 
conditions inside the vessel. Outside the vessel cheaper mild steel 
was used for the trolley and carrier beam. 

The boom extension (see Figs 2 and 3) is open to accommodate 
a tool box and so could be made simpler as a casting. The HIP 
(Hot Isostatic Pressing) treatment on these aluminium (LM25) 
castings improves the yield, tensile toughness and fatigue 
properties. 

A finite element stress and deflection analysis (see Fig 4) was 
carried out using NASTRAN code for each of the main boom 
segments and results were verified by strain gauge and brittle 
lacquer tests during manufacture. Measured vertical deflections 
at the boom tip were 20 mm/tonne straight ahead and 
40mm/tonne reaching sideways and putting maximum torque on 
the first arm. 
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FIG 5 BOOM FOLDED IN TORUS HALL 

The electrical and fluid services (MASCOT and boom power 
and signals, air, cooling water, high pressure water for special 
tools, gases for welding) are carried inside the arms of the boom 
for maximum protection and to allow maximum usage of 
structural material in the given space envelope. 

Control and Operation 
The boom was procured well in advance of the active phase in 
order to gain experience in hands-on work and sirriulated remote 
conditions. In order to allow for hands-on operation a push-' 
button, portable control box was procured with the initial 

delivery of the boom. A separate power supply module allows 
simultaneous movement in open loop of any combination of any 
2 drives in either continuous or inching mode. LED displays 
indicate required parameters such as joint angle, motor current 
and speed, output torque and trolley linear position. The boom 
was manoeuvred without difficulty with this unit and it was used 
during the summer '85 shutdown to replace 4 equatorial limiters 
with RF antennae (see Figs 5 and 6). 

A simultaneous motion of 4 axes in a master-slave mode has 
also been implemented using /¡-scale model as a master (see Fig 
3). Obstacle avoidance is achieved by moving the master within 
simulated equatorial boundaries. 

As originally conceived, a fully computerised control system 
has been defined and will be operational by the end of 1986. This 
will incorporate a teach and repeat facility for repetitive motions 
such as vessel insertion and pre-positioning in working areas. It 
will also compute and execute resolved motion for fine 
adjustment using a joystick and the system will allow for future 
implementation of high-level software such as anti-collision 
algorithms. 

For remote operation all identified loads weigh only 30% of 
the original design capacity. It is now planned to extend the reach 
of the boom to cover the whole vacuum vessel from one entrance, 
by adding another vertical axis joint and extending the arms by 
a total of 2.8 m with obvious operational time-saving benefits 
(see Fig 7). If time were more at a premium, the operation could 
be speeded up by using 2 booms, entering from opposite sides of 
the vessel. One would carry the servomanipulator whilst the 
other would carry the heavy duty end-effector. This would also 
enable rescue operations to be carried out more easily in the 
event of a boom motion failure. 

\ SHORTER VERSION 
BOOM SCHEME, 
CAPACITY: 1 TONNE 

EXTENDED VERSION. 
BOOM SCHEME, 
CAPACITY: 350 kg 

FIG 6 BOOM INSIDE TORUS HOLDING EQUATORIAL 
LIMITER 

FIG 7 BOOM IN VESSEL, PLAN VIEW 

Dynamic Studies 
The articulated boom has very low torque to inertia and 

stiffness to inertia ratios when compared with other robotic arms 
and those factors increase the problem of inertial cross-coupling 
between the 4 main vertical axis drives. In order to make the 
problem amenable to solution the effects of vertical deflection, 
which would not in any case have affected the fundamental 
behaviour, were neglected. Also the cross-coupling effect of the 
linear travel was not included as this motion is slow and contains 
a high mechanical damping. 349 
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The equations of the dynamic cross-coupling between arms, 
obtained by the Lagrange equation, can be summarised by the 
following matrix equation: 

where 

r = [j(fl)]e+[C(fl)]e 

1 = Ο ι , Γ2 , Γ3 , Γ4) 

2 = ("1> *2> »3> **) 

Σ = (^1· ^2» θ3, 0 4 ) 

¿2 

Segment ( i 1) 

Motor stator

Motor rotor 

Gearbox input shaft 

Gearbox stator 

Gearing (ratio η ) 

Gearbox output shaft 

Actuator stiffness (Hi) 

Segment ( i ) 

FIG 9 EXPLODED VIEW OF THE I™ JOINT (A¡) 
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Γ) is the torque applied by the actuators to the arm A¡Ai+1, 0, 

its absolute angular position, 0, and 0, its speed and acceleration. 

[7(0)] represents the inertia tensor of the arm referred to the 

output shafts of the actuator. 

[7(0)] £ is the inertia torque vector and [ C ( 0 ) ] ^ the 

centrifugal and Coriolis torque vector. 

[7(0)J and [C(0)] depend on the boom geometrical 

configuration. 

Vector Γ is obtained by modelling the joint actuators and 

servosystems in a conventional way, simulating the non

linearities (such as backlash and amplifier saturation) and 

torsional flexibility of the joints. 

A computer simulation (using the CSMPIII code from IBM) 

was carried out using the above model (see Figs 8 and 9), and the 

results compared well with the real measured responses (see Fig 

10). 

FIG 10 STEP INPUT RESPONSE, WITHOUT OVERSHOOT, 

OF JOINT A! FOR DIFFERENT VALUES OF 

STIFFNESS 
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