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FOREWORD 

Foreword and Overview 

This is the tenth JET Progress Report, which provides an 
overview summary and puts into context scientific and 
technical advances made on JET during 1992. This Report 
provides a more detailed account of JET's progress than that 
contained in the JET Annual Report. It is aimed not only at 
specialists and experts engaged in nuclear fusion and plasma 
physics, but also at a more general scientific community. To 
meet these general aims, the Report contains a brief sum­

mary of the background to the Project, and describes the 
basic objectives of JET and the principal design aspects of 
the machine. In addition, the Project Team structure is 
included as it is within this structure that activities and 
responsibi I i ties for machine operation are carried out and the 
scientific programme is executed. 

At the beginning of 1992, JET was still in the midst of 
an experimental campaign which had started in June 1991. 
This campaign finished in February 1992, and the machine 
entered a long shutdown to undertake major modifications 
and changes for operation of the Pumped Divertor Phase 
of JET . This overview summarizes the final experiments 
during that experimental campaign and the shutdown 
activities during 1992. In addition, it outlines preparations 
for the continuing shutdown activities which will take 
until the end of 1993 and reviews subsequent programme 
options. Finally, it sets out changes in senior management 
at JET during 1992. 

The 1991 experimental programme encompassed sev­

eral objectives, all of which were successfully accom­

plished. Amongst the major achievements were: the first 
demonstration of the use of tritium in a tokamak and the 
production of 1.7MW of fusion power; the demonstration of 
high current (2MA) AC operation of the tokamak; the 

detailed comparison of carbon and beryllium as divertor 
target materials and an extensive exploration of divertor 
physics; and the attainment of long pulse operation in both 
L­ (60s) and H­modes ( 18s). In addition, a wide range of 
tokamak physics issues were addressed, covering funda­

mental processes influencing energy and particle transport. 
The two­months experimental campaign at the begin­

ning of 1992 essentially sought to extend and complete the 
experimental investigations addressed during 1991. The 
major themes of the programme were to advance under­

standing in several key areas of tokamak physics (such as 
energy and particle transport, impurity production and trans­

port and Η­mode physics); to improve fusion performance; 
and to address issues central to the pumped divertor and 
other items relevant to Next Step devices. 

Of particular note is the study of 7MA plasmas. These 
were first produced several years ago, but recent improve­

ments in the design of the vessel protection tiles and ad­

vances in disruption control have increased the safety mar­

gin for high current operation and allowed more extensive 
experimentation at 7M A. As a result, of the fifty 7M A pulses 
in 1992, there was only one disruption, despite additional 
heating powers of up to ­28 MW. This demonstrates signifi­

cantly higher reliability than usual in other less technically 
demanding programmes and reflects the learning process on 
this scenario over the years, care in preparation, and perhaps 
significantly, a diagnostic effort organised primarily for 
'plasma safety' during the experiments. 

The flat­top duration of 7M A plasmas was also extended 
to nearly 9s, by employing lower hybrid current drive 
(LHCD) and additional heating to reduce flux consumption. 
Energy confinement of these discharges was good, with 
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total stored energies of up to 12MJ achieved (close to the 
highest Η­mode value of 12.7MJ). 

Power handling was the major problem during 7MA 
experiments. The plasma position could not be optimized to 
share power between the upper beryllium and lower carbon 
limiters (since the plasma­wall clearance at the top and 
bottom of the vessel was insufficient), and substantial melt­

ing of the beryllium limiter occurred in high power experi­

ments. As a result, plasma purity was relatively poor, plasma 
density was high and the ion temperature was low. There­

fore, the best value of the fusion triple product produced at 
7MAwasn.(0)T.(0)TH=l χ 102"m ìceVs, substantially below 
the best values achieved in 3MA hot­ion Η­mode plasmas. 

Establishing acceptable ripple in the toroidal magnetic 
field is fundamental to the design of a tokamak reactor. By 
operating JET with 16 (rather than 32) toroidal field coils, it 
was possible to study the effect of ripple on plasma param­

eters. In L­mode plasmas with NB injection, a loss of stored 
energy of about 30% was observed. In Η­mode plasmas with 
NB injection, it was found that, in the high­ripple case, no 
ELM­free Η­mode could be sustained. With ICRF heating 
in high ripple L­mode plasmas, a severe reduction of heating 
efficiency and a loss of fast minority particles were ob­

served. These findings confirmed that high ripple cannot be 
tolerated in any future tokamak reactor. 

Considerable efforts were made during the campaign to 
establish an experimental database for the validation of 
the modelling of the plasma edge and divertor region. 
Detailed studies were undertaken on, for example, impu­

rity retention in the divertor, the effects of the ion VB­drift 
direction and the relative merits of carbon and beryllium 
as divertor target materials. A key experiment was the 
attempt to establish a 'gas target' or radiative divertor 
plasma. The need for such an approach arises from the 
excessively high power densities, much higher than 
lOMWm'2, to which divertor targets in ITER will be 
exposed unless a substantial fraction of the power is 
distributed over a large surface area by atomic processes, 
such as charge­exchanged neutral losses and radiation. 

The most successful attempts to establish a radiative 
divertor utilized the beryllium target in a single­null X­

point configuration. In most experiments, a pre­

programmed gas­puff was applied at the start of additional 
heating and was increased with heating power. Quasi­

steady state operation was demonstrated at powers of up 
to 22MW and for pulse lengths of up to 4s. In a more 
advanced scenario, feedback control of the gas target 

regime was achieved using thermal radiation from the 
divertor target to determine the gas­puff rate. The 
demonstration of this regime is of major significance for 
the development of reactor­relevant scenarios. 

The experimental campaign finished in February 1992, 
completing Phase III of the planned operation programme 
on Full PowerOptimization Studies. With this, the stage had 
then been reached where two of the main objectives set out 
in the original JET design had been fulfilled ­ that is 
demonstrating effective heating methods in near reactor 
conditions, and the scaling of plasma behaviour as param­

eters approached the reactor range. The pursuit of the other 
major objectives ­ of studying plasma wall interactions in 
near reactor conditions and studying alpha­particle produc­

tion, confinement and consequent plasma heating ­ were 
well advanced. 

The analysis of JET data obtained during the 1991/92 
experimental campaign continued during 1992. In particu­

lar, analysis of high performance discharges obtained during 
the first tritium experiments was completed. The overall 
picture was unchanged and confirmed that hot­ion H­mode 
plasmas yielded the highest neutron yield of 4.3xl0l6s', 
corresponding to a fusion product η.(0)Τ(0)τ|:~ 102' m 'ke Vs 
and QDT= 1.14. 

The 1991/92 campaign made significant progress in 
determining the conditions required in a reactor. JET 
results have been outstanding, advancing knowledge of 
tokamak physics and improving technological capabili­

ties. However, high performance has only been achieved 
in a transient manner. The behaviour confirmed that the 
control of the heat and particle flux to the first wall and the 
resultant impurity influxes to the plasma is one of the most 
important problems currently facing the development of 
fusion as a viable energy source. The new phase of JET, 
based on the installation of a pumped divertor, is designed 
to address this problem and to develop techniques for its 
satisfactory resolution. The main objective of this plan is 
to establish the effective control of plasma impurities in 
operating conditions close to those of the Next Step. 

In February 1992, JET completed its experimental 
campaign in the machine's original configuration. The 
machine then entered a major shutdown, which is the 
longest and most complex shutdown yet undertaken by 
JET. It is expected to be completed by the end of 1993 and 
will lead to a totally transformed interior of the JET vessel. 
The shutdown is being undertaken in three stages and 
involves the exchange of two Toroidal Field (TF) coils and 
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the installation of the components of the pumped divertor 
and its associated system modifications. These included: 
a lower divertor structure with Mark I carbon fibre com­

posite (CFC) target plates (inertially­cooled); four inter­

nal divertor coils and associated power supplies; pumping 
chamber and cryopump; poloidal limiters; new ICRF 
antennae and modified protections; full lower hybrid 
current drive system with modified launcher, grill and 
protections; divertor diagnostics and internal saddle coils 
for disruption control. 

Stage 1 involved the removal of components and beryl­

lium decontamination of the vacuum vessel for installation 
of the divertor coils. During this stage, it was intended to 
replace a TF coil which had been found in 1990 to have a 
fault, but was not serious enough to prevent operation during 
1990 and 1991. The coil was replaced and the change was 
completed by June. Subsequently, a further less severe fault 
in an adjacent coil became apparent and, in view of the 
difficulty of changing a TF coil once the divertor coils were 
installed, it was prudent to replace this second coil, while the 
opportunity still existed. The change was successfully com­

pleted by August 1992. The consequential delay in the 
shutdown was limited to eight weeks, by intensive working 
and by drawing on previous experience. 

In late October, work began on Stage 2 of the shutdown 
with the fabrication of the divertor coils and cases. The 
assembly of the four divertor coils and casings inside the 
vacuum vessel was in progress at the end of 1992. It is 
believed to be the first time that full manufacture and 
assembly of coils has been undertaken in such a confined 
space, and the work is being done to demanding standards to 
ensure the highest reliability during subsequent operations. 

In parallel with the in­vessel work, which constitutes the 
critical path for the divertor shutdown, many ex­vessel 
activities were carried out. Intensive design and procure­

ment activities for the pumped divertor components to be 
installed in the third phase of the shutdown have continued. 
The complexity of the new configuration has required close 
attention to the sequence in which components are installed 
and means that it is important forali components to be ready 
for installation in accordance with the shutdown schedule. 
Testing and training on mock­ups has taken place to ensure 
efficient completion. 

Preparations for the full D­T phase of operations have 
also continued. The installation of the systems in the Active 
Gas Handling building has been completed. The function of 
these systems is to collect exhaust gases from the torus, to 

remove impurities and to separate pure deuterium and 
tritium so that it can be stored for re­injection through neutral 
beam, pellet or torus gas introduction systems, as required. 
Significant progress in commissioning was made in Exhaust 
Detritiation, Gas Chromatography and the Analytical Labo­

ratory. In addition, a series of tests and modifications to 
improve the performance of the Cryodistillation System 
were carried out. 

Following completion of the shutdown, the first operat­

ing period will focus initially on establishing reliable opera­

tion in the new configuration. Subsequently, attention will 
be devoted to the study of the pumped divertor in controlling 
impurities, plasma density and exhaust, and power loading 
on the target plates. Preparations for D­T operations will 
also continue during this period, including finalisation of 
remote handling tests and commissioning of the Active Gas 
Handling System with tritium gas. A second tritium experi­

ment is being considered as a possible option at a time, yet 
to be determined, when divertor operation has been well­

established. The information derived from preliminary tri­
tium experiments provide a safer approach to the full D­T 
phase and aid optimisation of active handling and waste 
management arrangements. On present plans, the final 
Phase of full D­T operation should start at the end of 1995, 
subject to approval by the JET Council and to the necessary 
official consents. 

1992 was also a year of change in senior management at 
JET. In July 1992, the ITER Engineering Design Activity 
(EDA) agreement was signed by the four parties (European 
Community, Japan, United States and the Russian Federa­

tion). In September, the ITER Council nominated Dr P­H. 
Rebut (the then Director of JET) as the inaugural Director of 
ITER and Dr M. Huguet (former Associate Director of JET 
and Head of Machine and Development Department) as a 
Deputy Director of ITER and Head of the Co­centre at Naka, 
Japan. In October 1992,1 was nominated by the JET Counci 1 
to the position of Acting Director of JET. Subsequently, in 
February 1993,1 was appointed Director of JET, when Dr 
Rebut formally took up his post as Director of ITER. In 
addition, JET has provided three Division Heads to ITER, as 
well as other staff. Whilst we are reluctant to lose the services 
of such high calibre staff, we have to accept that JET is a 
natural source of expertise and experience for the Next Step. 
We can be proud that JET personnel are filling such a high 
proportion of senior posts in ITER. 

JET made impressive advances during 1992, in spite of 
severe budgeting constraints. However, the Project must 

iii 
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continue to achieve economies where possible during the 
coming years to ensure successful completion of the pro­
gramme. It has already been necessary to restrict the scope 
of the programme, to reduce staffing levels and to intensify 
economies in operational expenditure. In October 1992, I 
informed the JET Council that I wished to assess the existing 
scientific Programme and discuss it with the JET Scientific 
Council. The JET Council supported a review within the 
existing statutory conditions and noted my intention to 
clarify the major options, objectives, schedules and decision 
points. The proposals emerging from this review will be 
presented to the JET Scientific Council and the JET Council 
during the first half of 1993. However, it is already clearthat. 

JET must continue along the path towards simulating the 
operation of a fusion reactor and in making unique and 
essential contributions to the ITER EDA. 

JET's exceptional achievements reflect the continuous 
cooperation and assistance received from the Associated 
Laboratories and from the Commission of the European 
Communities. I am confident that with the continued dedi­
cation of the staff and the support and guidance of the JET 
Council, JET Scientific Council and the JET Executive 
Committee, the Project will meet the challenges ahead and 
continue to make substantial contributions of crucial infor­
mation that will ensure fusion is an important source of 
energy for future generations. 

Dr. M. Keilhacker 
Director 

April 1993 



INTRODUCTION, BACKGROUND AND SUMMARY 

Introduction, Background and 
Report Summary 

Introduction 

JET Progress Reports are aimed both at specialists in 
plasma physics and nuclear fusion research and at the 
more general scientific community. This contrasts with 
the JET Annual Reports, which provide overview 
descriptions of the scientific, technical and administrative 
status of the JET programme, and is directed at the average 
member of the public. 

To meet these general aims, the Progress Report contains 
a brief summary of the background to the Project, describes 
the basic objectives of JET and sets out the principal design 
aspects of the machine. In addition, the Project Team 
structure is detailed, since it is within this framework that 
machine activities and responsibilities are organized and the 
scientific programme is executed. 

The main part of the 1992 Report provides overview 
summaries of scientific and technical advances made during 
the year, supplemented by detailed cross-references to the 
more important JET scientific and technical articles pro­
duced during the year. The final part of the Report briefly 
sets out developments underway to further improve JET's 
performance and plans for future experiments through to its 
foreseen completion. 

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 objectives of 
obtaining and studying plasma in conditions and with 
dimensions approaching those needed in a fusion reactor. 
These studies are aimed at defining the parameters, the 
size and working conditions of a tokamak reactor. The 

realisation of this objective involves four main areas of 
work: 
(i) the scaling of plasma behaviour as parameters approach 

the reactor range; 
(ii) the plasma-wall interaction in these conditions; 
(iii) the study of plasma heating; and 
(iv) the study of alpha-particle production, confinement and 

consequent plasma heating. 
Two of the key technological issues in the subsequent 

development of a fusion reactor are 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 through the gas. 
Originally, the machine was designed to carry 4.8MA, but 
has already been modified to achieve 7MA. This current is 
produced by transformer action using the massive 
eight-limbed magnetic circuit, which dominates the 
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Fig.1 : Diagram of the JET Tokamak. 

Table I 
Principal Parameters 

Parameter 

Plasma minor radius (horizontal), a 
Plasma minor radius (vertical), b 
Plasma major radius, R0 

Plasma aspect ratio, RJa 
Plasma elongation ratio, e=b/a 
Flat top pulse length 
Toroidal magnetic field (plasma centre) 
Plasma current, D-shaped plasma 
Volts-seconds available 
Toroidal field peak power 
Poloidal field peak power 
Additional heating power (into torus) 
Weight of vacuum vessel 
Weight of toroidal field coils 
Weight of iron core 

Value 

1.25m 
2.10m 
2.96m 
2.37 
1.68 
60s 

3.45T 
7.0MA 
54Vs 

380MW 
300MW 
-50MW 

108t 
364t 

2800t 

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 acting as the single turn 
secondary. Additional heating of the plasma is provided 
by the propagation and absorbtion of high power radio 
frequency waves in the plasma and by the injection of 
beams of energetic neutral atoms into the torus. 

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 plasma 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 hydro­
gen and deuterium plasmas, but in the later stages of the 
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operation, it is planned to operate with deuterium­tritium 
plasmas, so that fusion reactions can occur to produce 
significant α­particle heating in the plasma. 

In order to reach conditions close to those relevant to a 
fusion reactor, a plasma density of ­ lO^nr 3 at a tempera­

ture of 10­20keV would be needed. Even with a current of 
up to 7MA in JET, this would be inadequate to provide the 
temperature required using ohmic heating alone. Conse­

quently, additional heating is required and two main systems 
are being used at JET, 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). 

Project T e a m Structure 
The Project structure adopted, for management purposes, is 
divided into four Departments (see Table II): 

• Machine and Development Department; 
• Experimental and Theory Department; 
• Heating and Operations Department; 
• Administration Department. 

In addition, some scientific and technical duties are 
carried out within the Directorate and in the Coordinating 
Staff Unit. 

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 
areas during 1992. To aid this description, the functions of 
these Departments are described below. 

Machine and Development Department 
The Machine and Development Department is responsible 
for the performance capacity of the machine as well as 
equipment for the active phase, together with enhancements 
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: 
(a) Magnet and Power Supplies Division is responsible for 

the design, construction, installation, operation and 
maintenance of the tokamak electromagnetic system 
and of plasma control. The area of responsibility 
encompasses the toroidal, poloidal anddivertormagnets, 
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Fig.2: Machine and Development Department, Group Structure 
(December 1992) 

mechanical structure, methods for controlling plasma 
position and shape and all power supply equipment 
needed for magnets, plasma control, additional heating 
and auxiliaries; 

(b) First Wall Division, which is responsible for the vital 
area of plasma wall interactions. Its main tasks include 
the provision and maintenance inside the vacuum 
vessel of conditions leading to high quality plasma 
discharges. The Division develops, designs, procures 
and installs the first wall systems and its 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, bakeout and gas 
introduction; 

(c) 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 facili­
ties for handling tritium and waste management. 

The Structure of the Machine and Development Depart­
ment to Group Leader level is shown in Fig.2 and the list of 
staff within the Department is shown in Fig.3. 
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G. Newbert 
A. Nowak 
S. Puppin 
T. Raimondi 
J. Salanave 
Κ. D. Walker 

FIRST WALL DIVISION 
Head: K. J. Dietz 

W. P. Bailey 
S. Bryan 
H. Buttgereit 
G. Celentano 
Mrs. D. Cranmer 
E. Deksnis 
C. Froger 
M. Gadeberg 
Ν. Green 
D. Holland 

F. Hurd 
Mrs. I. Hyde 
G. Israel 
H.Jensen 
P. Kupschus 
E. Martin 
T. Martin 
B. Macklin 
A. Miller 
J. Orchard 

A. Peacock 
R. Pearce 
M. Pick 
L. Rossi 
S. Scott 
T. Szabo 
M. Watson 
T. Winkel 
M. Wykes 

Fig J: Project Team Staff in the Machine and Development Department 
(December 1992) 
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Department Head 
M.Keilhacker 

Experimental I 
P.E.Stott 

Experimental II 
P.R.Thomas 

Theory 
D.F.Düchs 

Neutron Diagnostic Group 
O.N.Jarvis 

Electron Temperature Group 

Plasma Boundary Group 
L.de Kock 

Diagnostic Engineering Group 
P.Millward 

Data Processing and 
Analysis Group 

J.G.Cordey 

Spectroscopy and 
Impurity Physics Group 

R.Giannella 
Charge Exchange 

Spectroscopy Group 
M.von Hellermann 

Particle Dynamics Group 
A.Gondhalekar 

Soft X-Ray Analysis Group 
R.D.Gill 

Analytic Theory Group 
W.Kerner 

Prediction Group 
A.Taroni 

Fig.4: Experimental and Theory Department, Group Structure 
(December 1992) 

Experimental and Theory Department 
The main functions of the Department relate to the measure­
ment and validation of plasma parameters and to the theory 
of tokamak physics. The main tasks are: 

• to conceive and define a set of coherent measurements; 
• to be responsible for the construction of necessary 

diagnostics; 
• to be responsible for the operation of the diagnostics 

and the quality of measurements and the definition of 
the plasma parameters; 

• to follow the theory of tokamak physics; 
• to play a major role in interpretation of data. 

The Department contains two Groups (Diagnostics Engi­
neering Group and Data Processing and Analysis Group) 
and three Divisions: 
(a) Experimental Division J (EDI), which is responsible for 

specification, procurement and operation of about half 
the JET diagnostic systems. EDI undertakes electrical 
measurements, electron temperature measurements, 
surface and limiter physics and neutron diagnostics; 

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

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

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

Heating and Operations Department 
Heating and Operations Department is responsible for heat­
ing the plasma, the organisation of experimental data, and 
the day-to-day operation of the machine. The main func­
tions of the Department are: 

• heating the plasma and analysis of its effects; 



EXPERIMENTAL AND THEORY DEPARTMENT 
Head of Department: M. Keilhacker 

Β. Balet 
M. Barnes 
Κ. Blackler 
J. Christiansen 
J. G. Cordey 
C. J. Hancock 
J. P. Jéral 
P. Millward 

D. O'Brien 
R. Oord 
J. Reid 
Miss K. Slavin 
Mrs. P. Stubberfield 
K. Thomsen 
Mrs. R. Thormaehlen 

A. Tiscornia 
E. van der Goot 
G. Vlases 
D.Ward 
J. Wesson 
C. H. Wilson 
D. Wilson 

EXPERIMENTAL DIVISION I 
Head: P. E. Stott 

S. Ali­Arshad 
Miss. N. Avery 
D. Bartlett 
H. Bindslev 
Β. W. Brown 
D. Campbell 
S. Clement 
E. Clipsham 
J. P. Coad 
A. E. Costley 
J. Ehrenberg 
L. de Kock 

J. Fessey 
C. Gowers 
Mrs. M. Harper 
P. J. Harbour 
M. Hone 
J. Hoekzema 
I. Hurdle 
O. N. Jarvis 
B. Laundy 
M. Loughlin 
F. B. Marcus 
G. Matthews 

G. Neill 
P. Nielsen 
H. Oosterbeek 
R. Prentice 
P. Roberts 
G. Sadler 
B. Schunke 
A. C. C. Sips 
A. Stevens 
D. Summers 
P. van Belle 
J. Vince 

EXPERIMENTAL DIVISION II 
Head: P.R.Thomas 

B. Alper 
Mrs. K. Bell 
G. Braithwaite 
J. L. Bonnerue 
S. Corti 
G. Β. Denne­Hinnov 
Α. Edwards 
Mrs. A. Flowers 
R. Giannella 

R. Gill 
A. Gondhalekar 
N. Gottardi 
L. D. Horton 
H.Jäckel 
G. Janeschitz 
R. König 
G. Magyar 
P. Morgan 

H. Morsi 
C. Nicholson 
R. Reichle 
J. O'Rourke 
J. Ryan 
M. Stamp 
S. A. Staunton­Lambert 
M. von Hellermann 
B. Viaccoz 

THEORY DIVISION 
Head: D. F. Diichs 

W.Core 
L. G. Eriksson 
A. Galway 
W. Kerner 

F. Porcelli 
M. Ottaviani 
R. Simonini 
E. Springmann 

A. Taroni 
F. Tibone 
W. Zwingmann 

FigJ: Project Team Staff in Experimental and Theory Department 
(December 1992) 
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Department Head 
A.Gibson 

Radio Frequency 
J.Jacquinot 

Neutral Beam 
Heating 

E.Thompson 

CODAS 
H.van der Beken 

Physics Group 
D.F.Start 

Antenna Systems Group 
A.Kaye 

RF Power Group 
T.Wade 

Profile Control Group 
C.Gormezano 

Operations Group 
D.Stork 

Engineering Group 
H.AItmann 

Testbed Group 
H.D.Falter 

Cryogenics Group 
W.Obert 

Machine Operations Group 
B.Green 

Physics Operations Group 
A.Tanga 

Data Management Group 
R.Ross 

Control Group 
C.A.Steed 

Computer Group 
H.E.O.Brelen 

Data Acquisition Group 
E.M.Jones 

Electronics and 
Instrumentation Group 

K.Fullard 
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Fig.6: Heating and Operations Department, Group Structure 
(December 1992) 

• centralising the interpretation of experimental results 
and investigating their coherence; 

• organising data acquisition and computers; 
• preparing and co-ordinating operation of the machine 

across the different Departments. 
The Department is composed of three groups (Machine 

Operations Group, Physics Operation Group, and Data 
Management Group) and three Divisions: 
(a) ControlandData Acquisition System Division (CODAS), 

which is responsible for the implementation, upgrading 
and operation of computer-based control and data acqui­
sition systems for JET; 

(b) Neutral Beam Heating Division, which is responsible 
for construction, installation, commissioning and 
operation of the neutral injection system, including 

development towards full power operation. It also 
participates in studies of physics of neutral beam heating; 

(c) Radio Frequency Heating Division, which is responsi­
ble for the design, construction, commissioning and 
operating the RF heating system during the different 
stages of its development to full power. The Division 
also participates in studies of the physics of RF heating. 

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 

Divisions and Departments; 
• making proposals for future experiments. 
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PLASMA HEATING AND OPERATION DEPARTMENT 
Head of Department: A. Gibson 

K. Adams 
M. J. Bolton 
S. Cooper 
T. Dale 
P. Gaze 
B. Green 
R. Greenfield 
J. Hocking 
J. How 
M. Hughes 
M. Johnson 

P. J. Lomas 
Mrs. P. Longworth 
C. Lowry 
M. Macrae 
R. C. Meadows 
C. Rayner 
Β. S. Regan 
Mrs. J. Roberts 
R. T. Ross 
P. Sagar 
G. Saibene 

Miss. D. Samuel 
R. Sartori 
P. Smeulders 
W. Smith 
A. Tanga 
Κ. A. Taylor 
Β. Tubbing 
M. Wallwork 
J. M. Watt 
Β. Workman 

NEUTRAL BEAM HEATING DIVISION 
Head: E. Thompson 

H. Altmann 
A. Bickley 
A. Browne 
C. D. Challis 
D. Cooper 
J. F. Davies 
A. Dines 
H. P. L. de Esch 
D. Ewers 

H. Falter 
Mrs. S. Humphreys 
D. Hurford 
J. Z. Jensen 
T. T. C. Jones 
F. Long 
J. G. Lundqvist 
D. Martin 
P. Massmann 

C. Mayaux 
Mrs. D. Noyes 
W. Obert 
S. Papastergiou 
A. J. Parfitt 
D. Raisbeck 
D. Stork 
L. Svensson 
J. Waterhouse 

RADIO FREQUENCY HEATING DIVISION 
Head: J. Jacquinot 

V. Bhatnagar 
S. C. Booth 
G. Bosia 
M. Brandon 
H. Brinkschulte 
M. Brusati 
M. Bures 
Miss. M. Casson 
G. Cottrell 
P. Crawley 
T. Dobbing 

D. T. Edwards 
A. Franklin 
P. Finberg 
M. Gammelin 
B. Glossop 
C. Gormezano 
R. Hom 
G. Jessop 
A. Kay e 
M. Lennholm 
P. Murray 

J. Plancoulaine 
F. Rimini 
P. Schild 
M. Schmid 
Miss. V. Shaw 
A. Sibley 
D. Start 
C. Steele 
T. Wade 
C. Walker 

CONTROL AND DATA ACQUISITION SYSTEMS DIVISION 
Head: H. van der Beken 

Μ. B. Baronian 
Mrs. A. M. Bellido 
M. J. M. Botman 
H. E. O. Breien 
W. J. Brewerton 
T. Budd 
P. J. Card 

J. J. Davis 
S. Dmitrenko 
S. E. Dorling 
K. Fullärd 
E. M. Jones 
F. J. Junique 
N. G. Kidd 

J. G. Krom 
C.Perry 
C. A. Steed 
C. Terella 
G. Wolfers 
I. D. Young 

Fig. 7: Project Team Staffiti Plasma Heating and Operation Department 
(December i 992) 
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Directorate 
A scientific and a technical group, (Scientific Assistants to 
the Director and Technical Assistant to the Director ( including 
Publications Group)), report directly to the Director: 

• Scientific Assistants to the Director, who assist and 
advise the Director on scientific aspects of JET opera­

tion and future development; 

Technical Assistant to the Director, who assists and 
advises the Director on organizational and technical 
matters related to JET operation and future develop­

ment. He also acts as JET Publications Officer, and is 
Leader of the Publications Group. 

Directorate 
P­H.Rebut 

Coordinating 
Staff Unit 
J­P.Poffé 

Scientific Assistants 
M.L.Watkins 

Technical Assistant and 
Publications Group 

B.E.Keen 

Safety Group 
P.Trevalion 

Health Physics Group 
R.M.Russ 

Quality Group 
P.Meriguet 

Technical Services Group 
C.Woodward (Acting) 

Drawing Office 
H.Duquenoy 
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Fig.8: Directorate and Coordinating Staff Unit, Group Structure 
(December 1992) 

DIRECTORATE AND COORDINATING STAFF UNIT 
Director: Dr. P­Η. Rebut 

DIRECTORATE 

D. Boucher 
Mrs. M. Deitrich 
M. Drew 

D. Gambier 
Miss. C. Hampson 
J. McMahon 

T. O'Hanlon 
Mrs. J. Talbot 
M. L. Watkins 

COORDINATING STAFF UNIT 
Head: J­P. Poffé 

Ms. L. Ashby 
M. Axton 
P. Barker 
J. Banham 
P. Burton 
C. Callaghan 
D. Campling 
G. Dalie­Carbonare 
N. Davies 
H. Duqenoy 

A. Gibson 
A. Girard 
J. A. Green 
M. Guillet 
A. D. Haigh 
H. D.Jones 
R. Litchfield 
Miss. K. Luker 
P. Meriguet 

H. Panissie 
B. Patel 
Mrs. J. Reid 
R. M. Russ 
K. Sandland 
P. Schofield 
M. Scotcher 
P. Trevalion 
C. Woodward 

Fig.9: Project Team Staff in Directorate and Coordinating Staff Unit 
(December 1992) 
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Coordinating Staff Unit 
The Coordinating Staff Unit is responsible for the provision 
of engineering services to the Project and for the implemen­
tation of specific coordinating tasks at the Project level. 

It comprises five Groups: 
• Safety Group; 
• Health Physics Group; 
• Quality Group; 
• Technical Services Group; 
• Drawing Office. 

The structure of the Directorate and Coordinating Staff 
Unit to Group Leader level is shown in Fig.8 and the list of 
staff in these areas is shown in Fig.9. 

Report Summary 
The first section of this Report provides a brief introduc­
tion and background information relevant to the Report. 

The second and third sections set out an overview of 
progress on JET during 1992 and with a survey of scien­
tific and technical achievements during 1992 sets these 
advances in their general context. This summary is spe­
cifically cross-referenced to reports and articles pre­
pared and presented by JET staff during 1992. The full list 
of articles is given in Appendix II, and copies can be 
obtained by application to JET Publications Office. 

The fourth section is devoted to future plans and certain 
developments which might enable enhancements of the 
machine to further improve its overall performance. Some 
attention has been devoted to methods of surmounting 
certain limitations and these are detailed in this section. 

The Appendices contain a list of work topics which 
have been carried out under Task Agreements with various 
Association Laboratories. In addition, a full list is included 
of all Articles, Reports and Conference papers published 
by JET authors in 1992. 
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TECHNICAL ACHIEVEMENTS DURING 1992 

Technical Achievements during 1992 

Introduction 

On 21 st February 1992, JET completed its planned phase of 
Full Power Optimization Studies in the machine's original 
configuration. The machine then entered a major shut­
down, which is expected to be completed by the end of 1993. 
This shutdown was intended to change a toroidal field (TF) 
coil in Octant No:4 and then to install the components of the 
pumped divertor and its associated system modifications. 
These included: 

• lower divertor structure with Mark I CFC target plates 
(inertially cooled); 

• four internal divertor coils and power supplies; 
• pumping chamber and cryopump; 
• poloidal limiters; 
• new ICRF antennae (A2) and modified protections; 
• full lower hybrid current drive (LHCD) system with 

modified launcher (LI), grill and protections; 
• divertor diagnostics; 
• disruption control system using internal saddle coils. 

The shutdown is being undertaken in three major stages: 
- Stage 1 involves the removal of components and the 

preparation of the vacuum vessel for installation of the 
divertor coils; 

- Stage 2 involves the assembly of the four divertor coils 
and casings inside the vacuum vessel; 

- Stage 3 involves the installation of the Mark I inertially-
cooled divertor, cryopump, RF antennae, limiters and 
saddle coils. 

During the first stage of the shutdown, it was intended to 
replace one faulty toroidal field (TF) coil (No:4.2). When 
this had been completed, further checks revealed a smaller 
fault in a neighbouring coil (No:4.3). It was considered 
prudent to remove and replace this coil, in view of its future 
inaccessibility. The consequential increase in the shutdown 

was limited to eight weeks by intensive working and by 
drawing on experience gained in replacing previous coils. 

In late October, work began on Stage 2 of the shutdown 
with the fabrication of the coil cases. The assembly of the 
four divertor coils and casings inside the vacuum vessel was 
in progress at the end of 1992. It is believed to be the first 
time that full manufacture and assembly of coils has been 
undertaken in such a confined space, and the work is being 
done to demanding standards to ensure the highest reliability 
during subsequent operations. 

Intensive design and procurement activities for the 
pumped divertor components to be installed in the third 
phase of the shutdown have continued. The complexity of 
the new configuration has required close attention to the 
sequence in which components are installed and means 
that it is important for all components to be ready for 
installation in accordance with the shutdown schedule. 

At the end of the shutdown, JET will be in a position to 
begin its programme of operations to demonstrate effective 
methods of power exhaust and impurity control in opera­
tional conditions close to those envisaged for ITER, before 
the final phase of full D-T operations. 

The following sections detail the technical achievements 
made during 1992. 

Torus Systems 
At the end of February 1992, the experimental phase con­
cluded as planned and the longest and most complex shut­
down yet undertaken by JET was started (see Fig. 10). This 
shutdown period will be used to install all the new compo­
nents of the pumped divertor and will lead to a totally 
transformed interior of the JET vessel. The shutdown is 



Fig. 10: The interior of the vacuum vessel at the start of the Divertor Shutdown. 

planned for completion by the end of 1993. The most critical 
part of the work is that within the vacuum vessel itself. Here, 
the confined space, the high quality and high accuracy 
requirements, and the safety restrictions when working in a 
beryllium, tritium and a radiation environment, means that 
all the work must be optimized. Each work package must be 
studied, recorded, practised, planned and organised in minute 
detail. The components and jigs must be well designed and 
the tools well tried, effective and easy to use. 

The Divertor Shutdown 
The shutdown has been divided into three stages. First Wall 
Division is charged with the task of preparing and managing 
Stages 1 and 3 and with assisting Magnet and Power 
Supplies Division with Stage 2. The three stages are: 
Stage 1 : Preparation of the vacuum vessel for the coil 

installation; 
Stage 2: Manufacture and assembly of the four divertor 

coils and casings inside the vacuum vessel (Mag­
net and Power Supplies Division); 

Stage 3 : Installation and alignment of all new divertor and 
first wall components and diagnostic systems. 

Stage I 
This Stage included the following activities: 

- Removal of all Beryllium and Carbon tiles; 

- Removal of all in-vessel components; 
- Strip out all welded bosses and supports; 
- Exchange of TF Coil at Octant No: 4 (carried out 

twice); 
- In-vessel decontamination; 
- Installation of all welded bosses, blocks and plates for 

coils support, baffle and lower saddle coil; 
- Installation of lower saddle coil crossover bar, 
- Installation of equipment necessary for the coil build 

including temporary coil supports, load bearing floor 
and arched beams for roof lifting points. 

About 30 tonnes of components were removed from the 
vacuum vessel. 

Vessel Strip-Out 
In the pumped divertor arrangement, only a small number of 
the existing in-vessel components will be re-used. As a 
consequence, the first task was a careful removal of all the 
tiles, the beryllium evaporators, the Lower Hybrid Current 
Drive Launcher, the Radio Frequency antennae, the upper 
and lower belt limiters and dump plates as well as many in-
vessel diagnostic systems (see Fig. 11). Finally, all the welded 
bosses used to attach these components to the vessel wall 
were carefully removed (see Fig. 12). This work was carried 
out in fully pressurised suits, due to the beryllium and tritium 
residues. 



Technical Achievments during 1992. 

Fi g. Π: The Remote Handling Boom being used to remove 
large components from the vacuum vessel. 

TF Coil Exchange 
The changing of a TF coil required a significant amount of 
in­vessel work. This involved cutting and removing sections 
of upper and lower inner restraint rings, cutting and remov­

ing a number of horizontal and vertical ports, and cutting 
joints between adjacent octants. When the coil was changed, 
all components had to be refurbished or renewed and then re­

welded back in position and leak checked. At the end of this 
rewelding, it was discovered that an adjacent TF coil was 
also faulty and it was prudent to change it at this time. The 
whole process was then repeated. 

Vessel Decontamination 
After many years of operation, the JET vacuum vessel wall 
had been covered in layers of carbon, beryllium, and metal 
from accidental melting of components. This layer con­

tained tritium from D­D reactions and, in particular, from the 
recently performed Preliminary Tritium Experiment (PTE). 
The layer had to be removed before any new attachments 
could be welded onto the vessel wall. It was clear from the 
outset that to maintain the proposed timetable, it was neces­

sary to clean the vessel of beryllium and tritium to a level at 
which it was not necessary for in­vessel workers to wear air­

suits. Although no such cleaning exercise had been carried 
out previously (nor was it known to have been done else­

where), the shutdown plans did envisage such a cleaning. 

Fig. 12: Removing redundant bosses welded to the vacuum 
vessel wall. 

Many techniques were studied for effectiveness, their 
safety aspects and their possible effect on future plasma 
operations. Some were tried out in mock­up experiments. 
The method selected consisted of water blasting the vessel 
at high pressure with boron carbide abrasive grit (Fig. 13). 
This method proved highly effective, fast, and had the added 
advantage that any residual material was not expected to be 
detrimental to operations. The cleaning was accomplished 
in three weeks (Fig. 14) and resulted in a vessel in which the 
airborne beryllium levels and tritium levels were so low or 
below the limits of detection that in­vessel work could be 
performed without requiring respiratory protection. 

Installations Prior to Coil Build 
Before the di vertor coils could be built, a number of compo­

nents needed to be installed. These included the di vertor coil 

Fig.]3: Cleaning the vacuum vessel walls. 
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Fig.14: The interior of the vacuum vessel after decontamination. The sections ofring removed are 
where one joint is prepared ready for an octant removal. 

supports, the cryopump baffle supports, the lower sections 

of the saddle coils and their supports, temporary supports for 

the coils during their build, arched beams attached to welded 

bosses on top of the vessel for lifting the coils and load 

bearing floors. 

Many of the bosses and supports had to be positioned to 

a very high accuracy (± 1 mm) and to do this, a previously 

designed and manufactured special master survey ring was 

installed and used (Fig. 15). The variation in profile and 

position of the vacuum vessel also meant that each block had 

to be profile machined to suit. The blocks were carefully 

welded to the wall to ensure alignment. Using highly trained 

and well practised staff, this work was completed very 

satisfactorily. 

Shutdown Summary 
A total of 172 days had been planned for the Stage 1 work 

in the initial plans. These plans, detailed about one year 

before work began, were based on optimistic but realistic 

estimates of the length of time required for each work 

package put together in such a way as to optimise progress. 

The plans took into account, in addition to the actual 

installation work required for each job, the relationship of 

one job compared to all others (i.e. interfaces), the number 

of people involved in each job and the location of the work 

within the vessel, the safety related aspects of the procedures 

and the work load on individual staff members. 

Stage 1 of the shutdown ended on 26 October 1992. 

About 30 tonnes of components had been removed from the 

vessel. Over 13,000 man­hours of effort was spent inside the 

vessel of which over 5000 man­hours were in air­suits. 

Except for the seven weeks additional time taken to change 

the second TF coil, Stage 1 was completed according to 

schedule. 

Stage 3 
Stage 3 is scheduled to start in May 1993. The detailed day­

to­day plans are now being finalised. This stage includes the 

following activities in sequence: 

­ Fit coil clamps and links; 

­ Fit coil diagnostics and gas introduction system; 

­ Set coil position; 

­ Mark out and weld fixing bosses on inner and outer 

wall for antennae and limiters. Fit saddle coil 

feedthroughs; 

­ Fit upper dump plates and upper saddle coils; 

­ Install the cryopump and baffles; 

­ Rails for divertor modules; 

­ Install lower cooling pipework; 

­ Install lower saddle coils; 
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Fig. 15: All divertor coil supports are fully welded in a position defined 
by the two survey and positioning rings shown. 

- Install RF antennae and poloidal limiters; 
- Install inner wall guard limiters; 
- Fit graphite and beryllium tiles in the upper half of the 

vessel; 
- Install LHCD system at Octant No: 3; 
- Install target plate modules, flexible hoses and electri­

cal breaks; 
- Install remaining tiles at the bottom of the vessel and 

diagnostics; 
- Remove all equipment; 
- Fit local protection; 
- Final clean and inspection; 
- Diagnostics check. 

At the completion of Stage 3, about 50 tonnes of new 
components and tiles will have been installed inside the 
vessel. Stage 3 will be carried out almost entirely in Class O 
( i.e. no requirement for respiratory protection), and has been 
estimated to take about eight months (about. 22,000 man-
hours). The refurbishment and resetting of the vessel sup­
ports and dampers is also part of Stage 3. 

New In-Vessel Components 
The in-vessel shutdown work was accompanied by a large 
effort devoted to the design, procurement and preparation of 
many in-vessel components as well as jigs and fixtures. 

The upper dump plates will be re-installed, mainly as 
vessel protection during vertical instabilities. A clean-up 
procedure was developed and tested, allowing components 
which had previously been in the vessel and which were 
covered in beryllium as well as being contaminated with 
tritium to be decontaminated to such an extent that they can 
be re-classified as clean. This procedure involves wet grit 
blasting of the components with boron carbide grit. It proved 
so successful that even the graphite tiles could be cleaned 
leaving them free of beryllium and tritium. 

The saddle coils, designed to prevent MHD instabilities, 
were modified for the divertor configuration and have been 
partially installed in the vessel. Sixteen inner-wall guard 
limiters are being manufactured. The carbon fibre rein­
forced graphite tiles which cover these limiters have been 
designed not only to protect or guard the inner wall but also 
to allow plasma start-up and ramp-down. 

The twelve poloidal limiters on the outer wall, which are 
also in the manufacturing stage, will carry graphite tiles. 
Most of the tiles will be the original belt limiter tiles, re-
machined with a new profile. This limiter system, which is 
primarily intended to protect the adjacent antennae, will also 
be used for plasma start up and ramp-down. The most 
vulnerable areas of the limiters will be equipped with new 
tiles made of fibre reinforced graphite tiles. 

i l i 
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Fig.16: New GDC electrode system under test. 

A detailed analysis has been undertaken on the final 
alignment precision of the target tiles which must be achieved 
and the procedures to achieve it. The analysis takes into 
account all of the manufacturing and expected installation 
tolerances, which influence the position of the tiles as well 
as all the expected plasma configurations and sweeping 
scenarios and ultimately also the design of the tiles them­
selves which depends on the results of the former. Two sets 
of tiles are being manufactured, one set of beryllium tiles and 
one set of fibre reinforced graphite tiles. 

The graphite tiles are manufactured from material which 
is the result of an extensive tender action from companies in 
Europe, the USA and Japan. The companies sent samples 
which were then subjected to extensive high heat flux tests 
in the NB Testbed. The objective was to find the most 
competitive material with a high thermal conductivity, 
strong enough to withstand the thermal and mechanical 
stresses and with a delivery time of about six months. The 
tender was won by a European company, and has led to 
developments in several companies to produce new and 
very interesting materials which could be of significant 
importance to fusion research in the future. 

Eight new gas introduction modules are being built to 
inject gas into the torus, four at the top of the machine and 
four into the divertor region where a distribution network of 
pipes gives 24 gas injection points. The gas introduction 
modules (GIMs) incorporate fast acting piezo- val ves which, 
by design modification and rigorous quality assurance, have 
been made tritium compatible. 

The beryllium evaporators have been modified to fit into 
the divertor configuration and are now undergoing func­
tional tests and conditioning, prior to insertion in the ma­
chine at the end of the shutdown, to be used as part of the 
vessel conditioning programme. 

To clean the first wall of the vacuum chamber during 
operation, JET (and most other tokamaks) has used an RF 
assisted DC discharge. However, the electrodes have been 
large and water cooled, occupying two of the main vertical 
ports. These have only been capable of providing power at 
10A, 400V, requiring several days of cleaning after each 
shutdown. In response to pressure to move to smaller ports, 
KFA-Jülich, Germany have developed a more solid, com­
pact inertially cooled electrode, capable of running at 20A. 
JET has now designed four of these electrodes to be installed 
equispaced on the upper wall, giving a capability of 80A, or 
8 times the previous cleaning capability, without water 
cooling (Fig.16). 

Vessel Supports 
During the last operational period, a study of the signal 
trends from the displacement transducers installed on the 
inertia brakes implied that some of the brakes, having been 
previously locked, were slipping during the pre-load phase 
of vessel heat up. Thus, some of the brakes may not have 
been sufficiently pre-loaded to close the gap between the 
drum and stator and establish an adequate contact force. 
Subsequent analysis indicated that the thermal finger device 
may be operating at the limit of its frictional capability. 

A development programme is being conducted to aug­
ment the frictional capability of the brakes by using a high 
performance friction material between the thermal finger 
and the brake drum with a view to having upgraded brakes 
installed for the next operating period. 

Vacuum System 
The main work on the vacuum system has been concerned 
with clean-up of equipment contaminated during the PTE 
and with tasks related to the Divertor Shutdown. The tempo­
rary Gas Collection System used to cryopump torus exhaust 
gases during the PTE has been decontaminated to a level, 
whereby it could be completely dismantled and removed to 
allow the installation of the cryosupply for the Divertor 
cryopump. The Rotary High Vacuum Valves (RHVV) were 
removed from the torus as part of the shutdown programme 
and the RHW at Octant No: 8, which had experienced high 
tritium exposures during the PTE, was found to exhibit high 
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internal surface contamination (measured specific surface 
activity of up to 8000 Bq/cm2). This RHVV is being 
decontaminated by hand swabbing and high pressure water 
jetting and the results obtained to date indicate that the valve 
will be decontaminable to a level where it can be refurbished 
and reinstalled in the torus, without health physics con­

straints from a radiological standpoint. The Octant No: 4 
RHVV will be decontaminated in the same way, in due 
course. 

During the shutdown, much effort has been expended to 
ensure that the many new vacuum welds being performed 
are leak tight to UHV requirements (< 109 mb£ s' ). This was 
particularly important for certain welds, for example those 
at the small circular ports at the bottom of the vacuum vessel, 
which will become inaccessible following installation of the 
di vertor coils and target plates. To enhance the leak tightness 
validation of these welds, it was deemed prudent to perform 
in­situ leak tests at a temperature above that at which small 
leaks could be blocked by water films (> 120°C). To this end, 
a copper heater block incorporating electric cartridge heat­

ers was designed to encompass the standard small circular 
port weldments. The heater was used inside evacuated 
pumping probes and operating weld temperatures of 150°C 
were typically achieved. Using this device, welds which 
were leak tight at room temperature were found to leak at 
>150°C. 

Control and instrumentation 
Over forty electrical cubicles are used for the vacuum 
control, instrumentation, vessel conditioning and gas intro­

duction. During the last period of machine operations, some 
reliability problems were experienced with these cubicles, 
partly due to the age of equipment. During this shutdown, an 
extensive programme of preventative maintenance has been 
started to help ensure the future high reliability of these 
essential systems. 

The first production versions of the remote radiation hard 
residual gas analyzer (RGA), developed in a collaborative 
programme with industry, has been installed. The quadrupole 
head has been installed on a small vacuum system in the 
Torus Hall to allow extensive testing and the development 
of the CODAS communications protocol. Preparations are 
continuing for the installation of four more of the new RGAs 
before the end of the shutdown. 

The control cubicle for the new divertor gas introduction 
system has been designed and is in the process of being built. 
This cubicle will facilitate the sequencing for the safe control 

of the ten piezo­valve based gas introduction modules, as 
well as providing a control and instrumentation interface to 
CODAS. 

Pellet Injection 
After only a short period of operation following the PTE the 
repetitive pellet launcher, built by Oak Ridge National 
Laboratory (ORNL) was de­commissioned and returned to 
ORNL for refurbishment and further use on D­111D in San 
Diego, USA. This device had been jointly operated by the 
partners of the JET­USDoE (Department of Energy) Pellet 
Agreement under the umbrella of the EC­USDoE Agree­

ment on Collaborative Fusion Research. The tritium assess­

ment made prior to the PTE for the use of the ORNL launcher 
following the PTE was fully vindicated by subsequent 
measurements. The Pellet Agreement was concluded at the 
end of 1992 although both partners have exchanged letters 
of intent for extending the collaboration. 

For the next operational period in 1994, two pellet 
launching devices are now foreseen. The first device is a 
high­speed (4kms') single­shot pneumatic launchers (for­

merly dubbed PROTOTYPE launcher relating to a now 
cancelled advanced pellet launcher), employing two­stage 
gun drivers and delivering pellets through the pellet injector 
box (PIB) vacuum interface to the torus. There will be two 
of these high speed launchers. The second device is a new 
mechanical pellet centrifuge, an expansion of the ASDEX 
Upgrade centrifuge (IPPGarching, Germany) whose advice 
is provided under a contract with JET. These devices will be 
reported further in the Development and Future Plans sec­

tion of the report. 
The first part of the pellet injection work in the Torus Hall 

was concerned with adaptation of the PIB system to the new 
plasma centre, which will move to ~300 mm above mid­

plane due to the incorporation of the divertor into the torus. 
This will allow central deposition of high­speed pellets. This 
is of particular importance for the generation of PEP mode 
plasmas. Both the ΡΓΒ and the two­stage gun supporting 
steelwork in the Torus Hall were raised by 300mm. In 
addition, the pellet injection port on the flange cover of the 
main horizontal port at Octant No: 2 was modified in 
conjunction with bolometer and soft­X­ray diagnostics to 
accommodate the change. The first measures are now virtu­

ally completed. However, the flange and related modifica­

tions are still being worked on. Welding on the flange cover 
has been successfully carried out and has passed the hot leak 
test; the cover will be welded into the main port early in 1993, 
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and the PIB valve and bellows are presently under modifi­
cation. The LHe system for the injector supply is being 
modified for additional LN2 cooling in line with improved 
LHe economy featuring a new LN2 cooled LHe cryoline 
from the LHe cryoplant. The LHe valve box has been 
disassembled to incorporate the necessary changes. The in­
flight pellet photography for the high-speed pellets is being 
improved to alleviate short-comings regarding optical ad­
justment and temperature control (vicinity to the PIB 
cryopump). 

The second part of work concerned preparations for the 
new pellet centrifuge. Apart from providing an access port 
in the main horizontal port flange, the centrifuge will need 
service connections to the West Wing where its gas 
supplies, electrical control, and data acquisition cubicles 
are located: The main cabling has been pulled and termi­
nated in a new junction box in the Torus Hall as well as in 
the local electrical cubicle in the West Wing. Also gas 
supply and larger diameter lines (corrugated, 60mm ID, 
pre-fabricated and pre-tested in one length of about 70m) 
for pumping of deuterium and helium are about to be 
delivered and installed. 

Power Supplies and 
Magnet Systems 

The JET electromagnetic system is made up of toroidal and 
poloidal coils with their mechanical structure. Its purpose is 
to establish, maintain and control the tokamak magnetic 
configuration (Fig. 17). It includes the toroidal coils, which 
establish the toroidal magnetic field, the poloidal coils PI, 
acting as primary windings of the tokamak transformer, and 
coils P2, P3, and P4 to control plasma radial position, 
vertical position and shape. Towards the end of 1992, the 
installation of the divertor coils Dl, D2, D3 and D4 had 
started. These coils will become part of the poloidal system 
and, in conjunction with the existing coils, will permit 
establishment and control of the new divertor magnetic 
configuration. To perform their functions, these coils must 
be energised by suitable DC power supplies, whose voltages 
and currents are controlled in real time by the plasma 
position and current control (PPCC) system. Other DC 
power supplies energise the neutral beam injectors (NB) and 
the ion cyclotron radio frequency (ICRF) system for plasma 
heating, and the lower hybrid current drive (LHCD) system 
for plasma current profile control. 

Fig 17: Cross-section of JET showing toroidal, poloidal 
and divertor coils 

The total installed DC power exceeds 1500 MVA, capa­
ble of delivering a peak power above 1000 MW and an 
energy per pulse above 10,000 MJ. More than half of the 
power and of the energy is taken directly from the UK 
National Grid at 400kV and the rest is provided by two 
vertical shaft flywheel generators. Consequently a major 
feature of JET is the 400kV-36kV distribution system. 
Auxiliary power is supplied by the 20 MVA, 1 lkV/3.6kV/ 
415V distribution system. 

JET development, an essential part of the scientific 
programme towards enhanced plasma performance, calls 
for continuous modification and upgrading of the electro­
magnetic system, of the plasma control and of the additional 
heating power supplies. The main objective of 1992 was the 
major upgrading of the electromagnetic system to greatly 
extend the operating range of JET in the magnetic limiter 
configuration. This includes, in addition to the new four 
divertor coils, four DC power supplies to energise the coils, 
the fast radial field amplifiers (FRFA) for the vertical 
stabilisation of divertor plasmas, and a completely new 
PPCC system. 

Magnet System 
The magnetic system remained unchanged up to the end of 
operation in February 1992. 
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Toroidal Field (TF) Coils 
A fault was discovered in Coil No:4.2 in 1990 but, as the fault 
was of relati vely high resistance, operation continued through 
1990 and 1991 using the maximum toroidal field in a limited 
number of plasma discharges. Coil No: 4.2 was replaced by 
a spare in the shutdown. The change was completed by June. 

When the machine was re-assembled after the replace­
ment of Coil No: 4.2, the impedance of all the 32 TF coils 
was re-checked over a wide range of frequencies (from 20Hz 
to 50kHz). At this stage, a further small fault in Coil No: 4.3 
became apparent. 

This fault was far less severe than the faults discovered in 
Coils No:3.1 and No:4.2. Therefore, it was likely to have no 
operational consequences during the next few years, if ever. 
However, in view of the difficulty of changing a TF coil once 
the divertor coils were installed, it was decided that it would 
be prudent to replace Coil No:4.3, while the opportunity still 
existed. The change was completed by August 1992. After 
Coil No: 4.3 was replaced, the impedance measurement was 
repeated and no further detectable faults were found. 

Fault Detection Problems 
The fault in Coil No:4.3 was masked by the fault in Coil 
No:4.2 and the fault in Coil No:4.2 was previously masked 
by the fault in Coil No:3.1 (a coil that was replaced in early 
1990). This was due to a combination of unfortunate 
factors: 
a) Each fault was approximately an order of magnitude less 

severe than the previous one; 
b) The faults were in nearby coils (four coils between Coil 

No:3.1 and Coil No:4.2, and none between Coil No:4.2 
to Coil No:4.3) and the measured impedance was af­
fected by magnetic coupling with other closed conduct­
ing loops, in particular nearby coils with short-circuits. 
Thus, it was difficult to distinguish between a fault and 
the effect of an adjacent coil. 

Diagnosis of Faulty Coils 
Coil No:4.2 was known to have had an internal coolant leak 
and the approximate location of the fault was also known. 
Therefore it was assumed that water from this leak caused 
faults in a similar way to Coil No:3.1. The change to freon 
coolant came too late to prevent the initiation of the fault and 
did not prevent the fault developing. 

The fault in Coil No:4.3, being less severe, was harder to 
localise and a coolant leak has not yet been detected. Thus 
the diagnosis of Coils No:4.2 and No:4.3 is at an early stage. 

The fact that Coils No:4.2 and No:4.3 were adjacent is not 
believed to be significant but the fact that they were the 22nd 
and 23rd in the production series may be relevant. A full 
investigation of all these factors is planned. 

Status of the Installed TF Coils 
As the faults have become successively less severe, detec­
tion methods had to become more sensitive. However, there 
are no detection methods capable of detecting the evolution 
of a fault for an intertum resistance decaying from 104-10Ώ 
down to values comparable with the resistance of one copper 
turn (~80μΩ). This can be expressed in terms of fault 
resistance and measurement frequency. Higher frequencies 
are needed to measure higher fault resistances. Table. LU lists 
fault resistances and measurement frequencies for the three 
faulty coils. 

Table. Ill 

Coil 
Number 

3.1 
4.2 
4.3 

Fault 
resistance 

20μΩ to 80μΩ 
250μΩ to 3000μΩ 

0.5Ωtο1Ω 

Measurement 
frequency to 

detect fault (Hz) 
DC* 
50Hz 
3kHz 

*ie, detectable by resistance measurements 

The frequency that can be used is limited by resonances 
to about 15kHz. This allows 5 to 10Ω faults to be detected. 

Measurements made after the replacement of the last coil 
show no abnormalities in the full set of 32 TF coils. There­

fore, if there are any interturn faults, their resistance is higher 
than 5Ω. At this level, they would have no effect on 
operation; indeed, like Coil No:4.3, they should not be 
detectable during operation. The only question is whether 
these faults could develop to dangerous or inconvenient 
levels. As the faults are believed to have been initiated by 
conduction through water and as it is now two years since the 
coil coolant was changed to an insulating fluid, this seems 
unlikely. 

Visual inspection showed that delamination of the epoxy 
glass ground insulation which surrounds each coil seems to 
be a more widespread problem than was thought previously. 
For instance, the removal of Octant No:4 revealed that not 
only were Coils No:4.2 and No:4.3 delaminated over a wide 
area but so were Coils No:4.4 and No:5.1. (Note that the 
ground insulation itself is in good condition but is detached 
internally from the copper conductors). 
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Even coil production Coil No: 1, which has replaced the 
faulty Coil 4.3, showed delamination of the ground insula­
tion, in spite of the fact this coil had never been used. This 
suggests that delamination might be present on several coils 
that could not be inspected and also that it seems to be 
independent of the presence of electrical faults or coolant 
leaks. The presence of delamination in combination with a 
water leak could nevertheless have made the initiation of 
electrical faults easier in the past. 

The use of freon as a coolant should now prevent insula­
tion failures if new leaks develop. The delamination of the 
ground insulation is not a cause for concern in itself, since it 
does not have any mechanical purpose, other than transmit­
ting compressive loads, and, from the electrical point of 
view, the insulation is not impaired. 

Divertor Coils 
The copper conductor bars are pre-formed into half or third 
turns at the manufacturer's factory and then brazed together 
to form a coil in the vacuum vessel. The coil will then be 
assembled in its Inconel case and impregnated with epoxy 
resin. 

Work at the Factory 
Equipment design and procurement 
The following equipment was designed and manufactured 
or procured for use at the Factory (F) and/or at JET (J): 
a) two inspection benches for formed conductors (which 

were also used for conductor end machining) (F); 
b) machine tool to produce a chamfer on conductors (F); 
c) coil assembly tables for pre-assembly tests at the factory 

and final assembly at JET of Coil Dl, D2/D3 and D4, in 
aluminium alloy detachable parts for easy insertion into 
the JET vacuum vessel (F, J); 

d) brazingequipment(powersupply,clampingtool,stretch­
ing tool) (F, J); 

e) lifting equipment (F, J). 
The brazing equipment was designed, procured and used 

for qualifying the brazing process as well as for brazing part 
of the coil terminals at the factory. The power supply (50kW, 
10-30kHz) feeds a water cooled induction coil through a 
15m long cable. The brazing jig aligns the two conductor's 
ends and keeps them compressed throughout the brazing 
cycle. It is hydraulically operated using demineralised wa­
ter, since oil is not permitted in-vessel. The stretching tool is 
also hydraulic and is used to stretch the joint after brazing 
(80MPa), thus recovering some of the material properties 

Fig 18: Motorised lifting beam used during the manufacturing 
process of the divertor coils inside the JET vacuum vessel 

after annealing. Both tools can accommodate straight and 
curved conductors. 

The lifting beams (three per coil) were designed and built 
for use in the vacuum vessel and were tested in lifting trials 
at the factory and at JET (Fig. 18). The lifting beams are 
mounted above or below the coil and suspended from 
special "arched beams" in the vessel. A single motorised 
lead screw drives two nuts coupled to a set of pulleys, which 
wind in or out the amount of rope necessary for lifting or 
lowering. This system will be used at JET for lifting coils 
during ground insulation application, for electrical/hydrau­
lic terminals brazing/welding, for fine positioning of coils 
during insertion into the cases and for lowering the coils into 
their final position. 

Preproduction tests 
Copper brazing: the copper brazing process wasqualified 

by making test brazes on short bars. Each sample was 
subjected to dimensional and visual inspection (inter­
nally with an endoscope) and hardness, dye penetrant, 
helium leak, hydraulic pressure and X-ray tests. Selected 
samples were subjected to static tensile, fatigue, macro 
examination and guided bend tests. All samples passed 
the tests. Interpretation of radiographs was difficult but 
was aided by calibration joints with sample defects. Two 
separate regions of the joint (with different maximum 
acceptable defect size) were established. A joint re-
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brazing process was also qualified for use in case a joint 
failed tests during production, using the same tests as the 
first braze. 

Copper/Stainless steel brazing: Joints between the copper 
conductor and the stainless steel cooling pipes were 
made by brazing. These joints were brazed in air using 
induction heating and brazing alloy rings to fill the joint 
gap. After extensive trials a satisfactory brazing tech­
nique was established and all the prescribed pre-produc­
tion tests were passed successfully. 

Stainless steel welding: Welding of the water cooling pipes 
is by a conventional TIG process. However access for 
some of the welds is difficult. The manual welding 
process was therefore simulated using a model of the 
coil, in the most complex situation. This model was also 
used to qualify the welder. 

Electrical insulation: Both the interturn and the ground 
insulation passed mechanical tests (interlaminar tensile, 
shear and fatigue shear) and electrical tests (breakdown). 

Impregnation: Impregnation tests to show that the epoxy 
resin (in the conditions to be used at JET) flows freely 
through the tight glass/Kapton coupled tape insulation 
system proved successful. A preliminary test was done 
using a straight model coil. A second model representing 
1/8 of Coil No: D2, including the case, was also pro­
duced using the same impregnation equipment and 
process as that for JET. The model was cut after impreg­
nation and examined (visually and macrographically). 
Irradiation tests of the divertor coils electrical insulation 
system showed that a significant amount of gas develops 
as a consequence of the radiation damage to the epoxy 
resin. This gas can be pumped out of the cases provided 
that a minimum gap is left between epoxy and case. This 
is possible if release agent is applied to inner side of the 
case, as this prevents the cured resin sticking to the case. 

Trials and staff training inside the vessel model: All major 
operations were rehearsed at the factory using a full size 
model of the JET vacuum vessel. This included assem­
bly of the coil tables and conductor handling exercises, 
lifting trials and brazing in different situations. Most coil 
installation related problems were anticipated and solved 
while the workers selected for work at JET were trained. 

Manufacture 
Conductor bars were procured and formed using a combina­
tion of tools: bending machine to form the conductors to the 
required radius, joggling machine to form the vertical tran-

Fig.19: Pre-assembly of the Divertor Coils No:D2 and No:D3 
on the assembly tables in the factory 

sitions and cross-bow for the radial transitions; Special 
pieces (terminals, water connections, joggles) were manu­
factured from special copper sections by a sequence of 
machining, forming and re-machining. 

All 220 formed pieces (of which 50% are standard 
conductors and 50% are specially shaped pieces) were 
checked using special inspection devices. The conductors 
were then pre-assembled into coils (Fig. 19) on the same 
tables which are being used inside the JET vessel, to check 
dimensions and fit. 

After degreasing, the conductors were treated with primer 
and insulated with dry glass and Kapton, except at the ends. 
Other work included machining of glass reinforced epoxy 
blocks for filling gaps between turns and between assembled 
coil and its case and manufacture of cooling pipes. 

Work at JET 
The coil contractor started work at JET in October and in-
vessel in November. At the end of 1992, brazing of Coils D1 
and D4 was half completed (Fig..20). Installation of impreg­
nation equipment had started. 

Fig.20: Coil No:Dl and Coil No:D4 copper bar conductor 
being brazed inside the JET vacuum vessel 



3B^ilt^AcpiyEMEifre.iUBrøG,,i^2„; 

Assembly sequence 
The outline assembly sequence was as follows: 
a) Assembly of three coil cases (for Coils No:D 1, No:D2 

and No:D4) from pre-formed quarters, top parts (lid) 
stored close to the vessel ceiling and bottom parts 
(gutter) stored below the vessel temporary floor; 

b) Assembly of Coils No:D 1 and No:D4 in parallel, electri­
cal insulation application, insertion into cases and lid 
welding, tests and resin vacuum impregnation; 

c) Assembly of Coils No:D2 and No:D3 in casing and 
parallel and electrical insulation application; 

d) Assembly of case for Coil No:D3; 
e) Insertion of Coils No:D2 and No:D3 in the casing and 

resin vacuum impregnation. 

Preparation 
Before start of coil work, the coil assembly tables were 
introduced into the vacuum vessel and assembled. Special 
arched beams shaped to follow the contour of the vessel 
ceiling with machined fixing point for lifting equipment 
were also installed in the vessel and proof tested. 

temperature and vacuum gauges. The impregnation process 
included the following steps: 
a) Coil heating (using a 2000A, 30V DC power supply) and 

vacuum pumping to drive moisture out of electrical 
insulation, 

b) Leak testing of coil case, 
c) Leak testing of impregnation pipework and connections, 
d) Vacuum impregnation, 
e) Curing. 

The vacuum impregnation was carried out with the coils 
near their final position. When the filling process is com­
plete, a pressure of about 300mbar was applied to the resin. 
Special clamps limited case deformation to 1mm generally 
and less in areas where the dimensional interface with other 
divertor components was critical. Thermal insulation was 
applied around the coils during the impregnation and the 
curing cycle to reduce thermal losses and minimise electric 
heating power requirements. To avoid resin spillages inside 
the vacuum vessel the resin in the pipes must be fully cured 
before pipework disassembly. Special supports are provided 
to allow coil thermal expansion during heating cycle. 

Copper conductor insertion 
Each copper conductor bar, weighing 70-90kg, is intro­
duced into the vessel by hand and turned over for final 
positioning onto the assembly table using ropes and pulleys. 

Copper conductor brazing 
The brazing process was controlled by two parameters: joint 
temperature, using a thermocouple in proximity of the joint, 
and time. The heating time was kept short to minimise the 
extent of the copper annealed zone. The power supply, 
situated outside the vessel, was controlled by the brazer 
(inside the vessel) through a control panel with a start and 
stop button. The shape of the induction coil for copper joints 
brazing was optimised and fitted with steel laminations to 
obtain uniform heating of the copper cross-section. A spe­
cial induction coil was used for brazing chamfered cross-
sections. Before brazing, the conductor ends were carefully 
cleaned and silver coated. The silphos brazing shim (a 
copper/phosphorus/silver alloy) was also cleaned using an 
ultrasonic bath. After brazing and stretching, the copper 
joint was inspected visually, helium leak tested and X-rayed. 

Resin impregnation 
The resin impregnation equipment consists of resin mixer, 
pipework, resin expansion tank, vacuum pumping system, 

Status 
The assembly work in the vessel started in November with 
Coils No:Dl and No:D4. Some difficulties were encoun­
tered in brazing the copper bars in the vessel, which was 
disappointing since the results of the préfabrication tests in 
factory were excellent. The main reason for the relatively 
high failure rate (~20% as compared to 3% in the préfabri­
cation tests) was found to be due mainly to the brazing jig 
that did not exert the right pressure on the silphos (brazing 
material) sheet in the joint. At the end of the year, brazing of 
Coils No:Dl and No:D4 was half completed. 

Divertor Busbars 
Busbars from the four divertor coils pass through the Torus 
Hall pit, across the Basement ceiling to the J1 North Wing 
and power supply area. Busbars in the Torus Hall and 
Basement are of water-cooled copper, because of the re­
stricted space available. The basic design of the water-
cooled busbars (copper cross-section, insulation and sup­
port system) is the same as for the poloidal busbars already 
installed in the basement. 

A contract for manufacture and installation of the water 
cooled busbar system (including insulated bars, support 
structure and enclosure) was placed at the beginning of 
1992. Manufacture of the insulated busbars was almost 
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completed during 1992 and the support structure will be 
manufactured in early 1993. Installation will be in mid­

1993. 

New Coil Protection System 
Principle 
A new protection and fault detection system based on a 
circuit simulation run in real time is being installed. As the 
poloidal and divertor coils are magnetically coupled, the 
system must include all the coils. The TF coils are not 
electrically coupled and can be treated in the same way but 
separately. In either case, the computed currents are com­

pared with the measured currents. A large difference would 
indicate a possible fault and would terminate the pulse. 

The motivation for new coil protection systems comes 
mainly from the divertor coils but also from the fact that 
existing systems do not detect open circuit faults. Existing 
fault detection systems include: 
a) voltage comparison between TF coils and PI coils to 

detect short circuits (relies on having many identical 
coils or pairs of coils); 

b) ampere­turn measurement on TF and outer PF coils to 
detect shorted turns (space needed for Rogowski coil 
measuring ampere­turns). 

Neither of these detection methods are feasible for the 
divertor coils, because all four are different and there is no 
space to install ampere­turn detectors. 

In addition to the circuit simulation the protection system 
will also: 
a) make real time computations of forces and stresses in the 

coils; 
b) check current and voltage levels and coil heating effects. 

If acceptable values for any of these parameters are 
exceeded, the pulse will be terminated. 
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Figli: Block diagram of the new coil protection system 

The circuit equations are of the form V = RI + L(dl/dt) 
which can be changed to dlldt = (V ­ RI)/L for integration. 
For numerical integration a time step of 10ms is proposed, 
as the shortest circuit time constant is about 140ms. 

Several difficulties can be overcome, namely: 
a) the plasma is a non­linear element but its current and 

fluxes can be measured directly rather than calculated; 
b) the non­linearity of the magnetic circuit can be over­

come by a direct measurement of the flux in the iron; 
c) the vacuum vessel has a short time constant and will be 

ignored. 
The protection system can provide protection against 

mechanical or thermal overstressing of the coils. If the 
calculated stresses exceed a safe value the pulse will be 
stopped. 

Transducers 
The new protection system requires voltage and current 
measurements for each circuit and will be provided with an 
independent set of transducers. Some existing redundant 
transducers will be used and new ones will be procured. 

Implementation 
Circuits 
The circuit solver can work in two ways. Either: 
a) take measured currents and compute the voltages, or, 
b) take measured voltages and compute the currents. 

The second option has been chosen since it is basically an 
integration process, which automatically reduces noise. In 
eithercase, all currents and voltages have to be measured and 
fed to the processor, either for computation or comparison. 

The poloidal system now has eight and eventually will 
have 12 coupled circuits. There will be 23 coils, sub­coils or 
electromagnetic elements. 

Processor 
A fully digital implementation of the algorithms is proposed 
using a digital signal processor similar to that proposed for 
the PPCC system. A block diagram of the protection system 
is shown inFig.21. 

Most of the coil protection system hardware has been 
defined and the procurement of transducers is underway. A 
programme has been written for convenient off­line calcu­

lation or check of model parameters with JET data. 
Simulations of the circuit behaviour were carried out and 
compared with JET pulse data for a preliminary verification 
of the circuit validation routine. 
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Fig. 22: PDF A power supplies building 

Magnet Power Supplies 
The toroidal field power supplies consist of a flywheel 
generator diode rectifier, (rated 67kA DC, 9kV no-load 
voltage, 2600MJ delivered energy) and of two transformer 
- thyristor rectifiers, supplied directly from the 36kV distri­
bution, (each rated 67kA, DC 2kV open circuit). These three 
power supplies are connected in series (67kA DC, 13kV 
open circuit). 

The poloidal field power supplies consist of a fly wheel-
generator-diode rectifier (identical to the toroidal field sup­
plies), a DC switching network and a transformer-thyristor 
PVFA 5-6; rated 2.8kV DC no-load voltage, 35kA DC. This 
establishes and sustains current, up to 7MA, in the plasma 
ring. In addition, the poloidal field power supplies include 
the amplifiers to control the position of the plasma ring: 
PRFA 1-2 + PRFA 3-4 rated ±5.2kV DC (no-load), *3kA 
DC, for the control of the vertical position, PVFA 3-4 and 
PVFB,rated 12kVat lkA,4.7kVat6kA,2.3kVat25kAfor 
the control of the radial position and PVFA 1, rated 1.4kV 
DC (no-load), 40kA DC for the control of the plasma shape. 
A new power supply system is now needed to supply the four 
divertor coils. 

Poloidal Divertor Field Amplifiers (PDFA) 
The four divertor power supplies, PDFA1 -4 are independent 
and each consists of two transformers within the same tank, 
each feeding a rectifier module consisting of six full thyristor 
bridges connected in parallel. Each single thyristor bridge is 
connected directly to the transformer output by means of 
individual three-phase AC cables to improve the current 
sharing. Each rectifier module has a DC choke to limit the 

Fig.23: Installation of the thyristor rectifiers for the PDFA 

asymmetrical components of the DC current in the case of a 
DC short circuit. The two modules are normally parallel 
connected but can be re-configured in series by means of 
bolted busbar links. 

The ratings of PDFA1 and PDFA4 are 500V, 40kA for 
20s while PDFA2 and PDFA3 are 650V/550V, 40kA for 
20s, every 10 minutes. The dual voltage rating of PDFA2 
and PDFA3 is achieved by means of a tapping winding and 
a two step manual tap changer. The power supplies have 
been designed to withstand the anticipated peak short circuit 
current of 172kA. The insulation level is 20kV rms 50Hz, 1 
minute for the transformer, AC cables and DC busbar and 
lOkV rms 50Hz, 1 minute for the rectifier modules. The 
PDFA power supplies are housed in a new building (Build­
ing J31 ) consisting of a shelter (insulated and heated) for the 
rectifiers, controls and of an enclosure (non-heated) for the 
DC busbars, DC chokes and earthing switches. The new 
building, situated close to the Generator Building J3, was 
designed to match architecturally with the surrounding 
buildings (Fig.22). The contract for the design, manufacture, 
installation and testing of the four power supplies together 
with the Building J31 was placed in July 1992. 

During 1992, the design was completed, the building and 
services were erected and commissioned, the transformers 
and three rectifiers (Fig.23) were installed as well as the AC 
cables. The rectifier unit of PDFA4 was completed in 
factory in preparation for the factory type tests to take place 
in January 1993. The commissioning on site of the other 
units will start in March 1993. 
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Air Cooled DC Busbars for 
Divertor Power Supplies 
The divertor power supplies are connected to the water 
cooled busbars of the divertor coils in Building J1 by means 
of four pairs of air­cooled aluminium busbars. The routing 
of this new busbar system crosses several buildings on a 
route length of about 110m; the Generator Building J3 
(where the dummy load will be located), the static unit 
building J4 and the Additional Heating Building J1H to­

gether with two busbar bridges. In view of the many restric­

tions along route, a compact design was chosen with a 
busbar extrusion of rectangular box section together with 
insulated clamps to withstand the peak fault current of 
172kA. The detailed design of the route together with the 
required steelwork support was made priorto issuing the call 
for tender. The call for tender was issued in March 1992 to 
nine companies. 

After technical evaluation, the contract was placed in July 
1992. By the end of 1992, the design calculation and detailed 
drawings were completed, the thermal type test on a sample 
of busbar and flexible was completed and the mechanical 
and electrical type testing of the insulated clamps and post 
insulators was also satisfactorily completed. The busbar 
extrusions were received and the clamps plus post insulators 
were released for manufacture. Manufacture of the busbar 
will start in January 1993 after satisfactory completion of the 
weld qualifications. 

Fast Radial Field Amplifiers 
The existing Poloidal Radial Field Amplifier (PRFA) 
would not have the level of power nor the speed to control 
plasma vertical position in the new divertor configuration. 
The new system is a set of four power supplies, each 
capable of 2.5kV, 2.5kA, rise time 0.5ms. The concept is 
based on an Η­bridge in which each arm consists of two 
Gate Turn Off (GTO) thyristors connected in parallel 
(Fig.24). The civil work for the PRFA started in January 
and was completed in May. Factory tests on the first sub­

unit started in February, power tests on dummy load, 
including the tests foreseen in the contract, started in June 
and were concluded successfully by August. Tests have 
been carried out on the so­called Stage 3 configuration. 
Two invertors were connected in parallel, supplied by the 
same convertor; since the current in each invertor is 
halved, its switching frequency can be increased, with the 
same junction temperature. The tests have shown that the 
switching frequency can be increased by 25%. Installation 
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Fig.24: Schematic of the GTO invertor for the FRFA 

at the JET site started in May; two shelters were delivered 
in August, and the following three arrived on site at the end 
of September, since then the installation work has contin­

ued and has been completed by the end of December. 
Commissioning on site started in September, and at the 
end of the year has reached the stage by which the signal 
commissioning has been completed. 

Disruption Feedback Amplifier System 
(DFAS) 
The purpose of the amplifier is to supply the eight saddle 
coils due to be installed inside the vacuum vessel during 
the shutdown, to allow control of m=l, n=2, MHD insta­

bilities. The basic component is the Insulated Gate Bipolar 
Transistor (IGBT). The system consists of four amplifiers, 
each capable of 1.5kV, output frequency 0­10kHz and a 
current of 3kA (0­lkHz) and 3kA/f(kHz) (l­10kHz). By 
the end of 1991, the integrated tests, performed on site on 
Amplifier 3, were successfully completed (Stage 2), this 
amplifier was built at first and was equipped with the 
1000V IGBT and with the modified prototype cards. 

The final version of the printed circuit boards (PCB) was 
only available in April, therefore also the second and the 
third amplifiers were tested with the prototype cards that 
were progressively swapped with the final PCBs. By the end 
of June, all four amplifiers passed the completion tests as 
foreseen in the contract, individually on the dummy load. 
Moreover, all four amplifiers were tested simultaneously to 
verify as far as possible, their immunity to mutually induced 
noise. 

During the long period of commissioning on site (from 
September 1991 to June 1992), it became progressively 
clear that two components, the shunts and the filter resistors 
did not meet specifications. After several technical discus­

sions, it was agreed that the shunts would be replaced and the 
insulation level of the filter resistor would be reduced by a 
factor two by reconnecting the filter resistors. 
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Plasma Control 
For pumped divertor operation, a new plasma position and 
current control system (PPCC) is being developed. It is 
based on a multi­DSP system (fast floating point digital 
signal processors) housed in a VME­crate (Versa Module 
Europe). The DSPs chosen are of type TMS320C40, run­

ning at 40MHz. This system replaces the previous CAMAC 
based integer arithmetic microprocessor system and will 
provide the enhanced processing power needed for the 
plasma boundary identification in real time and for all 
control functions. 

Magnetic signal processing 
The previous magnetic signals used for control will be 
supplemented by various new magnetic signals obtained 
from inside the torus. New general purpose acquisition 
modules being developed by CODAS provide integration, 
isolation, A/D conversion, corrections and real­time access 
from shared memory. Every 2ms, all magnetic signals 
required for plasma control will be transmitted digitally to 
the PPCC. In addition, the four divertor coil current signals 
are needed for the derivation of control quantities such as 
plasma current and plasma boundary shape variables. 

Analysis has shown that the plasma current and the 
position of the plasma current centroid can be obtained with 
sufficient precision, with the previously applied method of 
linear magnetic signal combination (representing contour 
integrals), corrected by the contribution of divertor coil 
currents. For the control of the X­point position and of gaps 
between the plasma boundary and internal structures (RF 
antennae, etc.), a real time version of the XLOC boundary 
identification algorithm has been developed and optimised. 
This code uses various magnetic signals from sensors lo­

cated near to the plasma, in addition to the existing pick­up 
coil and saddle loop signals. The execution time on a DSP 
selected for PPCC is <lms, which is sufficient for shape 
feedback control. 

Plasma current and shape control 
Nine poloidal field (PF) circuits are available for plasma 
control, excluding the vertical stabilisation, which are strongly 
coupled magnetically. Therefore, a decoupling control algo­

rithm is being implemented for feedback control of the 
plasma current and of a limited number of geometrical 
plasma boundary quantities, for example plasma/structure 
gaps and X­point position. The algorithm uses a reduced 
parameter model of JET established with the PROTEUS 

equilibrium code. It involves multiplications of preloaded 
system matrices with the errors of variables to be controlled 
(gaps, currents). The knowledge of internal plasma param­

eters (beta, £.) is not needed. At the start of operation, most 
currents will be pre­programmed proportional to the plasma 
current. With experience, the number of gap feedback loops 
can be increased. In any case, the feedback control of shape 
variables can be supported by feed­forward control of PF 
currents based on an estimate of the required currents. 

Various simulations have been performed, which indi­

cate that the system behaviour upon setpoint changes does 
not depend crucially on the correctness of the applied model. 
Therefore, modifications of the control matrix during a pulse 
can be avoided or kept minimal. 

Vertical stabilisation 
The divertor plasma is more difficult to stabilise than the 
previous X­point plasmas. A new fast radial field amplifier 
(FRFA) has been installed to provide the required increased 
performance. The stabilisation principle is similar to that 
applied previously: the stabilisation uses feedback of the 
vertical speed of the plasma current centroid (weighed with 
I ), the average FRFA current is maintained at zero by 
current feedback with a PI controller. 

The new system uses direct analogue signal transmission 
to PPCC, independent of other systems. The derivation of 
the displacement signal is more complex than previously. It 
includes corrections for current changes in the divertor coils, 
transmitted from new sensors at D­coil busbars, and also a 
correction due to plasma current changes at a displaced 
position Ζ , where Ζ is transmitted from the shape control 
part of PPCC. These signal handling and controller func­

tions will now be performed by a DSP, providing a higher 
degree of flexibility than the previous analogue system. 

The system has been simulated taking into account the 
particular characteristics of the FRFA and using a simplified 
model of the plasma and the JET apparatus. In particular, the 
response on small and large amplitude perturbations was 
examined. Results and further analysis will be used to 
prepare the commissioning without and with plasma. A 
block diagram of the new PPCC system is shown in Fig.25. 

General Electromagnetic Analysis 
2D­Code 
The interactive 2D equilibrium evolution code has been 
enhanced to include halo currents using adjustable current 
profile parameters. This serves to improve the estimate of 
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Fig.25: Block diagram of the new PPCC system 

forces on internal structures expected during disruptions and 
vertical displacements of the divertor plasma. A case matched 
to a JET disruption and an example of a displaced divertor 
model plasma have been performed. The code was also used 
in support of a magnetic analysis of ITER. 

Forces at Divertor Elements 
The assessment of forces expected during disruptions and 
vertical instabilities of the divertor plasma have been contin­

ued. These checks included a re­assessment of forces at the 
cryopump, an estimate of forces at interior ducts for diagnos­

tics and to the assessment of currents and forces which may 
result from isolation faults at the internal disruption control 
coils. This latter examination was instigated by the report of 
an isolation breakdown observed in ASDEX­U. Subse­

quently, some coil supports were strengthened. 

Additional Heating Power Supplies 
During 1991, the additional heating power supplies reached 
their final configuration. Upgrading and modifications aimed 
at increased reliability have been undertaken during 1992. 

Radio Frequency (ICRF) Power Supplies 
At the beginning of the shutdown, the RF power supplies 
were re­arranged in line with the re­grouping of RF genera­

tors. After this work was completed, a general re­commis­

sioning of the power supplies was necessary. This work had 
to be done as a priority, as even during the shutdown, RF 
power supply for the testbed was used on a regular basis. 

nominal power. Some minor design changes were carried 
out to the power supplies after these tests. During the last 
operating period, the Lower Hybrid Power Supplies used in 
operation were most reliable. Major maintenance was car­

ried out on the thyristor modules and other components of 
the power supplies. Near the end of the year, the calibration 
of the power supplies was checked and found to be within the 
original specifications of 1 %. 

Neutral Beam Power Supplies 
During the last operating period, the reliability of the Neutral 
Beam Power Supplies was over 90%. However, to improve 
the reliability even further several modifications were im­

plemented during this shutdown. 
During the last operating period, the largest number of 

faults was due to the power supply switching off at the 
beginning of a pulse without indication of the reason. A 
measuring campaign was set up at the start of the shut­

down to try to find this fault. It was tracked down to an 
asynchronous transmission fault internally inside the pro­

tection system. A design change was implemented on all 
the modules; in addition, the same modification was 
instituted on the PINI testbed to gain experience under 
normal operating conditions. 

In the past, it has been observed that faults were becoming 
more frequent as the ambient temperature increased. Tests 
showed that even at 20°C, the temperature inside a protec­

tion system could be as high as 40°C. So to improve the 
reliability, cooling units were installed on the protection 
systems. 

On the outdoor thyristor rectifiers, all units have been 
cleaned and overhauled. Since arcing caused by condensa­

tion was one of the problems during the last operating period, 
anti condensation heaters have been installed on all units. 

Neutral Beam Testbed Power Supplies 
Major re­wiring has been carried out to the testbed protec­

tion system. This made this system similar identical to the 
power supplies of Octant No:4 and Octant No:8 systems. 
Proposed modifications and improvements can therefore be 
tested on the power supplies in the testbed before they are 
implemented on the Octant No:4 and Octant No:8 power 
supplies. 

Lower Hybrid (LHCD) Power Supplies 
All the Lower Hybrid power supplies have now been 
operated with the klystrons as load, although not all at the full 

Power Distribution 
Most of the activities during 1992 have been directed and 
focussed on the preparation of the electrical facilities neces­
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sary for shutdown work in-vessel and ex-vessel, and on the 
execution of the general shutdown work and electrical 
services related to the new installations. 

Extension of36kV and 415V Distribution 
During the year, two new contracts were placed. The first 
one was to extend the 36kV busbar system with two addi­
tional circuit breakers needed to power the PDFA system. 
Design work and HV cubicle fabrication were completed 
during 1992 while overall erection on site will be completed 
by mid-1993. The second contract was to extend the 415V 
system with a new TA9 substation and further systems for 
Diagnostic Roof Laboratory, J2 Building, FRFA, PDFA and 
cooling pumps. 

Reactive Power Compensation 
A major fault developed at the end of 1992 on two damping 
resistors of the reactive power compensation system during 
operation; the fault was only detected during a maintenance 
period in January. 

An investigation was started to find the causes of the 
fault and to make the necessary modifications. Analysis 
was carried out with computer models, and the design of 
the damping resistor has been improved using outdoor 
insulators with larger creepage distance. A better design 
has also been adopted for the neutral resistors of the three 
400kV/36KA transformers. Moreover, arresters will be 
added in parallel to the neutral resistors to prevent danger­
ous over-voltages to the 36kV transformer starpoint. 

Stage 2 (two units of 50MVAR each) was released in 
December 1991, its construction was delayed because of 
the fault reported above. In May, it was decided to reduce 
Stage 2 from two to one 50MVAR Unit (Stage 2a). 
Construction of the equipment started in June, some 
components have already been delivered and the others 
are ready for shipment. 

Service, Construction and Installation Work 
The following tasks were undertaken during 1992: 

• design, manufacture and installation of the special 
safety electrical services to be utilised for the divertor 
coil construction; 

• rearrangement of the J2 415V power distribution 
which included the removal of a rotating 180kVA 
UPS and the installation of a 300kVA static UPS to 
serve the relocated IBM computer and the new JET 
UNIX computer; 

• removal of 18km of redundant cables from machine to 
create room for the new divertor diagnostic cabling; 

• pellet injection centrifuge instrumentation link which 
included design of new cable route and pulling, termi­
nating and testing of about 140 multicore cables; 

• design for routing in basement of Pellet Injection gas 
pipe and cryoline for divertor coils; procurement and 
installation of steelwork for both systems; 

• electrical services for FRFA system including design, 
fabrication and installation of two 36k V disconnector 
cubicles, 36kV and 415V cables and terminations; 

• removal of about 1000 machine jumper cables to be 
re-installed at the end of shutdown; 

• design and supervision for the electrical services in 
PDFA building; 

• air cooled PDFA busbar routing design including 
building modifications and busbar steel supports; 

• design for gas introduction pipe link from Building 
J25 to JET machine and for a variety of modifications 
and/or enhancements to ensure reliability of Building 
J25 services; 

• electrical services for PDFA system at 36kV and 
415V. 

The overall performance has required 60,000 skilled 
man-hours of effort supported by 12,000 hours of design 
work and 10,000 hours of technical assistance. 

Electricity Supply 
Electricity supply is provided by means of three separate 
contracts. 

Southern Electric 
This contract is for the supply at 1 lkVofall auxiliary power 
required by JET. This is supplemented by a small contract 
with AEA Culham, to supply JET's rented building. 

Following negotiations with Southern Electric, a reduc­
tion from 10MVA to 5MVA in the reserved available 
capacity was agreed, and it was also agreed that the reduced 
charges could be applied retrospectively. Southern Electric 
pointed out however, that increasing this available capacity 
back to 10MVA could not be guaranteed even if a consider­
able period of notice was given. This matter is still under 
consideration. 

National Grid 
This contract is for the use of the 400kV grid to supply all 
JET's major pulsed loads. 
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Table. IV 
Electricity expenditure for 1992 

Invoices 

Culham supply 
Southern Electric 
National Power 
(pulsed line) 

National Grid 
Connection 

National Grid 
Consultancy 

Units (kWh) 

2,362,360 
24,351,570 

3,947,200 

-

-
(1 ECU-0.76£) 

ECU/Unit 

0,0556 
0,0562 

0,2504 

-

-
TOTAL 

Cost (ECU) 

131,421 
1,369,408 

988,725 

121,974 

-
2,611,528 

National Power 
This contract is for the supply of electric power to JET from 
National Power power stations through the 400kV grid. 
After prolonged negotiations, an acceptable contractual 
definition was agreed and JET is now awaiting the final 
version of the contract for signature. 

The actual expenditure for electricity are shown in 
Table.IV. The cost trend is typical of a year mostly dedicated 
to shutdown activities. 

Maintenance Operation and 
Other Studies 
Following two months operation in 1992, each power sup­
ply underwent an extended overhaul including some up­
grading and a number of small but significant modifications. 

Maintenance and Overhaul 
As many of the magnet power supplies had been operating 
for nearly ten years, several key parts of the equipment were 
selected to carry out an extensive examination in addition to 
the scheduled maintenance. 

Flywheel Generator 
The stator and rotor of the toroidal flywheel generator were 
chosen for close examination (Fig.26) of the larger energy 
delivered during operation. 

The detailed inspection took three months to complete 
and did not reveal any weakness in the design orconstruction 
of this pulse generator. This applies to both stator and rotor. 
In addition, the scheduled maintenance was carried out on 
both generators; the low friction pads between the rotor rim 
and rotor spider was removed, examined and replaced. All 
bearing pads were removed for inspection, the thrust bearing 
pads being examined ultrasonically. 

Oil coolers 

Fig 26: Stator and rotor of the toroidal flywheel generator 

Pulsed Transformer 
Two pulsed transformers with the largest pulse duty were 
examined; one uses the foil winding type and the other the 
layer winding type for the LV winding. 

The transformer of PVFA1 was dismantled and in­
spected. The whole transformer was found to be in good 
condition. It was further concluded that examination of the 
other transformers of the same construction was not neces­
sary. The excitation transformer of the toroidal generator 
was dismantled and inspected. The transformer was found in 
very good condition and no loss of coil clamp pressure was 
found (layer winding). 

Site Earthing Mat 
An important task was to check the integrity of the earth mat 
on the JET site. Some three hundred connections were 
checked. Only one connection was found to be completely 
open, which was next to the excavation for the transformer 
pens for the new divertor power supplies. 

Bi-Directional Transfonver 
During the three weeks outage on the 400kV line, requested 
by National Grid, which took place in July/August, the 
30kVA Bi-directional Transformer has been successfully 
brought into operation for the first time. This transformer 
supplies a load at 36kV, when fed at 1 lkV and vice-versa. 
The transformer has enabled the resuming of the essential 
36kV supply for the NB Testbed, from the 1 lkV line. 

Power Supply Upgrading 
In view of the unique opportunity given by this long shut­
down to install the pump divertor, many projects for upgrad­
ing or enhancing the magnet power supplies were selected, 
namely; upgrade of the amplifiers PVFA 3-4, PVFA 5-6 to 
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40kA (PVFA1 -2 was already upgraded), new measurement 
and protection cubicle for the ohmic heating circuit, modi­
fication of the toroidal field circuit for imbalance current, 
upgrade of the auxiliary distribution for the ohmic heating 
circuit, etc. Design for most of these activities has taken 
place in 1992 and implementation has already started. 

Neutral Beam Heating 
System 

In common with the experimental programme, neutral beam 
(NB) operation was limited to the first two months of 1992, 
followed by the start of the major shutdown to install the 
pumped divertor. Analysis of injector operation over the 
duration of the 1991-92 experimental campaign revealed 
that the high availability and reliability were maintained and 
in some cases improved upon. The use of high power beams 
of 3He, 4He and H, in addition to D made significant 
contributions to the overall experimental programme. The 
planned improvements and modifications of the injection 
systems for execution during the shutdown are underway 
and proceeding satisfactorily. 

The NB Testbed has continued with its active programme 
of testing high heat flux elements and materials for the Mark 
I divertor (inertially cooled). Various graphites and carbon 
fibre composites (CFCs) have been tested to enable the most 
appropriate material to be selected. The planned major 
upgrade of the cryoplant is continuing and contracts for an 
additional helium liquifier and enhanced liquid nitrogen 
system have been placed. More detailed activities appear in 
the following paragraphs. 

Operations Activities 
Summary of Operation in ƒ 992 
The range of plasma currents over which injection has been 
performed was extended in 1992, with routine injection 
being achieved at the 15-16MW level into 7MA plasmas and 
also into 1.5MA plasmas. 7MA operation at was a severe test 
of the stray-field compensation system and its ability to 
cancel the substantial stray poloidal field which exists at 
these high plasma currents. Correct and trouble-free align­
ment of the neutral beams was maintained successfully 
throughout this programme. The injection experiments at 
low plasma currents and toroidal fields ( 1.5MA, 0.9T) were 
instrumental in achieving a toroidal plasma beta (βτ) which 
exceeded the Troyon limit by ~ 20%. 

The short operation period enabled further characterisa­

tion of the performance of the two so­called "high current" 
PINIs which were installed on the beamline for the prelimi­

nary tritium experiment (PTE) in 1991. One of the PINIs 
achieved its design current of close to 60A, while the other 
PINI delivered a current ­15% below the design figure. The 
reason for this is not clear, but it is suspected that the 
tolerance required for the reduced grid­spacing had not been 
maintained. This will be evaluated when the system is 
dismounted during the shutdown. 

System Reliability and Availability 
During the brief operation period, the injectors were oper­

ated in D, 3He and 4He. Operation in the heavier helium 
isotope was restricted to short pulses and powers of less than 
7MW for experimental purposes, in order to study the 
transport of thermalised He**. The power injected in D and 
3He was not restricted and attained 16 and 13.5MW levels, 
respectively. The high levels of reliability (defined as the 
energy injected during the pulse as a fraction of the energy 
requested prior to the pulse) attained in 1991 were also 
maintained at over 90% in 1992. 

In addition, the availability of the injectors (which quan­

tifies the percentage of time that a given injector is available 
for use during tokamak operations) has also been maintained 
at a high level. Since each injector contains eight beams, it 
is possible to have partial availability (eg. only 6 out of 8 
PINIs available). Consequently, the availability of the sys­

tem (SA) is defined as 
SA = [(TS ­ (TD + FDxFS))/TS]xl00% 

where TS = total duration of operational shift, TD = total 
time for which 100% of the injector is not available, FS is the 
fraction of the injector not available for a time FD. 

Figure.27 shows results of an analysis of availability 
for each injector from 1987 to the present. After the first 
year of operation, availability has been ­80­90%. The 
reductions in availability of the Octant No: 8 injector at 
various times reflects its use to bring into operation 
various new configurations ­ notably 140kV and He 
injection. It is significant that the subsequent correspond­

ing changes to the Octant No: 4 injector were incorporated 
with little or no loss in availability due to the experience 
gained on the first systems. 

Shutdown Activities 
During the shutdown, the major upgrades/improvements 
to control and instrumentation subsystems will concen­
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Fig.27: Analysis of injector availability 
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Fig.28: Absorbed power density as a function of normalised 
plasma radius for 1MW of ¡40W beams 

trate on providing simpler and/or more fail­safe operation 
for future operation with tritium injection. Experience 
gained during the PTE has proved to be highly valuable in 
highlighting some of these requirements, which include: 

• upgrade of the fast shutter control system; 
• modifications to the gas introduction system to 

enable improved accounting of the total amount of 
gas introduced into the injectors; 

• the installation of absolute manometers for pressure 
measurements (which require the development of 
remote readout electronics for the D­T phase). 

A "HAZOP" study of the beamlines has been initiated 
to analyse failure probabilities during the final D­T phase 
of operation. These probabilities, weighted with any asso­

ciated potential tritium release, will be used to determine 
whether or not further modifications to part of the injector 
control system, beamline components or modes of opera­

tion will require re­assessment and/or modification. 
Finally, remotely controlled steering of all 16 PINIs 

will be available for the next experimental campaign in 
order to re­aim the beams. This is required to give opti­

mum power deposition in the upwardly shifted plasma 
equilibria which will be characteristic of the new phase of 
JET. Figure.28 shows the results of computations of the 
power deposition profile with and without re­steering for 
a high performance NB heated plasma. Figure.29 shows 
the more significant corresponding values of integrated 
power deposition profile. The beamline thermocouple 

instrumentation data collection and analysis system is 
being enhanced to handle the additional instrumentation 
required to diagnose and ensure safe operation of the re­

aimed beams in the new configuration. 

Studies ofNB Configurations for the Next 
Phase of Operation 
Following an extensive study of injection scenarios using 
the various combinations of PINI configurations available, 
it has been decided to equip one injector with eight PINIs in 

0.8 

| 0.6 

Φ 
s 
o 
Q. 

"g 0.4 
.Q 
δ 
to 

< 

11992 SNX Pulse No: 26788 
unsteered beams 

' Pumped divertor 6MA 
unsteered beams 

> Displaced pumped divertor 
4.5MA steered beams 

1.0 

Fig.29: Absorbed power as a function of normalised plasma 
radius for 1MW of ¡40kV beams 

33 



TECHNICAL ACHIEVEMENTS DURING 

Table V 

Expected power to JET from each Injector for differing 
beam species available. 

Beam 
Species 

(each Box) 

Τ 

D 

D 

D 

Η 

Η 

3He 

4He 

Injection 
Voltage 

(kV) 

150 

80 

140 

80 

115 

70 

155 

85 

120 

85 

11 

13 

7 

13 

3 

7 

7.5 

10 

6 

12 

Power 
to JET 
(MW) 

) 24 

) 20 

) 10 

) 17.5 

) 18 

Note: Differing values of injection voltages for various 
species result from maximum values of current from Η V 
and magnet power supplies 

the 140/160kV configuration and the other with eight 80kV 
"high current" PINIs first developed to give increased D° 
power for the PTE. Not only should this configuration result 
in 20­24MW for D­T operation (should it be decided to carry 
out a PTE II), it should also provide very significant power 
levels in H, D, 3He and 4He. 

The predicted maximum values of injected power which 
will be available are summarised in Table. V. In all cases, 
the expected power is in excess ofthat available during the 
previous campaign and in addition to studies of high 
fusion performance plasmas, it will allow studies of H­

mode physics and further confinement studies as a func­

tion of atomic mass to be carried out in the absence of 
neutron generation. 

Engineering Activities 
The main engineering activities during 1992 have been in 
the following areas. 

Modifications and Upgrades to the Injectors 
The third (spare) Central Support Column (CSC), which 
carries the majority of the beamline components (deflection 
magnet, ion dumps and beamline calorimeter) has been 
brought up to its full specification with the installation of 

improved Full Energy Ion Dumps, electrical feedthroughs 
and water drainage system. This CSC will replace that in the 
Octant No: 8 injector which was used for the PTE and will 
now become the spare CSC. 

Modifications are being carried out to enable the re­

aiming of the beams for the new phase of JET. These include 
ΡΓΝΙ steering mechanisms and bellows, re­alignment of 
neutralisere and the provision of additional thermocouple 
instrumentation of the calorimeter. 

Both of the Mark II Duct Liners have been prepared for 
installation during 1993 and the Mark I versions have been 
removed using full Be and T2 contamination compatible 
procedures, although subsequent measurements indicated 
that the T2 contamination level was negligible. 

As part of the preparations for full D­T operation, the 
Neutral Injector Box (NIB) Scrapers are being modified to 
be cooled by the NIB water cooling loop as opposed to the 
poloidal coil loop used to date. This, in conjunction with 
improvements to the NIB cooling water system, will provide 
enhanced safety in the event of component failure. 

Components for the Pumped Divertor (PD) 
Although contractual difficulties were experienced in the 
manufacture of the pumped divertor cryopump, these have 
now been resolved satisfactorily. Considerable progress has 
been achieved with respect to the major technological 
developments and production is now well in hand to enable 
installation as planned. The manufacture of water cooled 
baffles is proceeding satisfactorily and modules are being 
delivered to the firm responsible for assembly into larger 
units prior to installation in the torus. 

Satisfactory progress has been made with the manufac­

ture of hypervapotron elements for the water­cooled diver­

tor target plates. Further manufacture has been halted pend­

ing a review of the total divertor programme at JET. 
Further delays have been encountered with the manufac­

turing contract for the LHCD cryopump. These have now 
been resolved and delivery is scheduled for early 1993. 

Development of Brazing Beryllium to 
Hypervapotrons 
Water­cooled hypervapotrons clad with Be to form the 
plasma facing surface are a possible candidate for divertor 
target plates capable of steady state operation. It has been 
demonstrated using mechanical shear testing of relatively 
small samples, that induction brazing results in a stronger 
and more reliable joint (compared to that obtained using 
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vacuum­oven brazing) of Be to the CuCrZr alloy used to 
manufacture hypervapotrons. This has been confirmed by 
high heat flux tests in the NB Testbed. 

The limiting value of heat flux as evidenced by failure 
of the brazed joint and subsequent melting of the Be has 
been measured for three values of thickness of the Be tiles. 
The limiting values of power density obtained were 14.5, 
17.0 and 15.0MWnr2 for 1.5, 2.0 and 3.0mm thick tiles, 
respectively. 

Metallurgical studies show the presence of a brittle Cu­

Be intermetallic layer within the joint. Attempts to prevent 
intermetallic formation using a layer of silver on the Be have 
been unsuccessful so far, due to the difficulty of obtaining a 
sufficiently adherent silver layer. Nevertheless, the bond 
strengths obtained to date are sufficiently interesting, pro­

vided that sufficient reliability can be demonstrated, to make 
the present technique a viable candidate for use as divertor 
target plates. 

Neutral Beam Testbed 
High Heat Flux Tests 
A considerable fraction of the 1992 programme was 
devoted to high heat flux studies of carbon fibre compos­

ites (CFCs). An extensive series of tests was carried out 
using 13 samples of CFC material from seven manufactur­

ers to determine experimentally the most cost­effective 
material for the Mark I divertor, which will use the thermal 
capacity of the CFC to absorb the incident power during a 
pulse. The surface temperature of the samples was meas­

ured as a function of time for incident heat fluxes in the 
range 5­20MWm2 for pulse lengths up to 5s. Subsequent 
analysis of the data enabled the most suitable material to 
be selected, in terms of the combination of thermal con­

ductivity, specific heat and density. All samples withstood 
the tests without mechanical damage, including the addi­

tional tests of the most interesting samples at power 
density of up to 80MWm2 for <0.5s. 

In addition to studies of CFC for pulsed power loads, 
tests have also been carried out, in co­operation with NET, 
to assess the use of these materials for steady­state opera­

tion in, for example, a water cooled divertor. Samples of 
CFC blocks brazed onto copper and also TZM cooling 
water pipes have been tested to power densities of up to 30 
MWm2 for pulse lengths of 2s and 18MWnv2 for 9s. The 
tests of the first three samples provided by NET showed 
considerable variation in surface temperature along a 
given element. Presumably, this was due to variation in 

heat transfer due to imperfections in the braze, although 
variations in thermal conductivity of the CFC could not be 
excluded. Further tests of this technology will be carried 
out in future. 

Finally, tests of high heat flux elements undertaken for 
ENEA, Italy, as part of a proposal for a "drive­in" target 
neutron source have been completed successfully. In addi­

tion to the high heat flux aspects of this contract, neutron 
diagnostics were used to measure the transient behaviour 
and equilibrium concentration of implanted deuterons in a 
titanium surface layer bonded to the front surface of the 
panels. 

Implantation by Beams and Isotopie 
Exchange 
Studies of the exchange of hydrogen isotopes implanted in 
surfaces were initiated in 1991 to provide information for the 
ΡΤΈ. The experimental results gave essential information 
regarding the procedures necessary to convert the injector 
operation from deuterium to tritium and the equally impor­

tant subject of the removal of implanted tritium from injector 
components. Further experiments have been carried out to 
develop models of the exchange process and gain an under­

standing of the underlying physics for application to future 
tritium experiments, which will use much larger quantities 
of tritium. 

The original work [2] showed that the implantation could 
be described by the so­called local mixing model. However, 
this model should only be applicable for copper close to 
ambient temperatures, whereas in these experiments the 
surface temperature of the copper reached ~650K. It would 
then have been expected that diffusion would lead to a 
relatively rapid release of the implanted material. 

An experiment was carried out using neutron measure­

ments from D­D reactions between incident beam atoms and 
implanted particles, to monitor the density of implanted 
species: 
(a) The testbed beam calorimeter was saturated with im­

planted deuterium by bombardment with a beam of pure 
deuterium (saturation of the neutron yield being used to 
indicate that the implanted atom density reached its 
equilibrium value); 

(b) The pure deuterium beam was changed to VL^ with 2% D2 

added to enable the depletion of the pre­implanted D2 by 
the R, beam to be monitored via the neutron yield; 

(c) The beam was changed back to 100% D2 and the panel 
re­implanted with D2. 
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Fig.30: Measured neutron yield as a function of the fluence of 
the implanting beam of deuterium. The solid cur\>e is the result 

of computer modelling 
Figure.30 shows the measured neutron yield as a function 

of beam fluence. Differing values of beam pulse length were 
employed for different parts of the experiment to examine 
the saturated yield as a function of target temperature, which 
are also shown. 

The experimental results indicated that the density of 
implanted D2 can be in excess of 1028 atoms m3and the 
saturation density was be inversely proportional to the 
surface temperature. This implies that it is the pressure of the 
implanted deuterium in the surface which determines the 
limiting value of saturated density. The solid curve in Fig .30 
shows the results of a computation using the local mixing 
model combined with the calculated deposition profile of 
the implanted species within the copper target. This model 
also includes the experimentally observed 1/T dependence 
of the saturated density, where Τ denotes the temperature of 
the surface being implanted. The only fitted parameter in the 
code is the saturated density of hydrogen in copper at room 
temperature. Based upon published values, this corresponds 
to 1.7x 1028 atoms m \ which is 20% of the atomic density of 
copper. 

Application of this model to the removal of tritium from 
the injectors shows that although the major part of the 
implanted tritium is relatively easily removed from the 
average penetration depth, the tritium implanted close to the 
end of the penetration depth is more difficult to remove. This 
is illustrated in Fig.31, which shows the computed depth 
profile of pre­implanted tritium as a function of the fluence 
of a deuterium beam used to remove the tritium. The 

0.5 
Target depth (μπι) 

Fig.31 : Computed spatial distribution of pre­implanted tritium 
during subsequent implantation of deuterium. 

parameters used in this simulation correspond to the values 
used during the injector clean­up experiment following the 
PTE. The residual peak of implanted tritium, 0.8mm below 
the surface, could presumably ultimately broaden by diffu­

sion. Alternatively, it could be removed by the implantation 
of a more deeply penetrating beam of deuterium (or He). 

The apparent lack of importance of diffusion can be 
attributed to bubble formation as a result of the high implan­

tation flux resulting in deformation/damage to the lattice of 
the target material. This is consistent with the observation 
that hydrogen isotopes and helium exhibit similar behaviour 
in terms of implantation and the exchange of one species by 
another. If bubble formation is indeed the dominant process 
for implantation at sufficiently high fluxes, it would be 
expected that most materials will exhibit similar behaviour 
in this respect. 

Although these experiments were originally foreseen to 
be specific to injector components, they may well be appli­

cable to energetic plasma­wall interactions in general. 

Cryogenics 
The Cryogenics Group is responsible for JET cryoplant and 
the supply of cryogens to the JET site. However, the Group 
also plays a significant role in supplying cryogenic engineer­

ing expertise to all the Project. The very high level of 
reliability of the cryoplant was maintained to the end of the 
operational period. Where possible, limited operation has 
been maintained during the shutdown to supply liquid 
helium and liquid nitrogen to the various Testbeds. 
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Table. VI 
Performance Data of Upgraded Cryosupply System 

HELIUM 

Helium liquefaction capacity 
or Helium refrigeration capacity 

He compressor flow 

He purification 

Liquid Helium storage 

Pure Helium storage capacity 
Impure Helium storage 
low pressure 
high pressure 

Helium recovery compressors 

Liquid Helium distribution, 
outlets for closed loop 

NITROGEN 

Liquid Nitrogen storage 

Nitrogen evaporation capacity 

450^/hr at 4.5K 
l,400Wat4.5K 

220g/s 

lOg/s 

15,00W 

l,800m3 

500m3 
6,000m3 

18g/s 

10 off 

110,000¿ 

l,500m3/h(STP) 

Liquid Nitrogen distribution outlets 20 off 

Maintenance Activities 
The first major maintenance programme of the cryoplant 
after 10 years of operation has been carried out. This 
included a complete overhaul of the main helium compres­

sor and the two recovery compressors, re­setting and cali­

bration of safety valves, instrumentation, etc. In addition, the 
instrumentation of the two NB cryopumps is being upgraded 
to allow the possibility of baking the pumps (if required) 
after future operation with tritium. 

Upgrade to Cryoplant 
The planned major upgrade to the cryoplant to give ­50% 
increase in refrigeration capacity at 4.2K, to match the 
increased use of cryogens within the Project, is proceeding 
satisfactorily. The main characteristics of the upgraded plant 
are given in Table.VI. Although this indicates the large 
capacity of the system, what is not evident is the flexibility 
and wide range of operating conditions required to handle 
the very differing cryogenic loads. An additional major 
feature of this plant is the very high degree of computer 
controlled automatic operation designed into the system 
from the outset, which minimises the requirements for 
manpower to operate the plant. 

Contracts have been placed for the procurement of the 
additional liquid helium liquefier/refrigerator ( 180ftir'), the 
enhanced liquid nitrogen system and also cryo­transferlines. 
The necessary enhancement of the existing control systems 
to accommodate these new systems is underway. 

A large liquid nitrogen evaporator with a discharge 
capacity of lOOOm'hr' has been ordered to provide a fire 
suppression system for the Torus Hall during the D­T phase 
of JET operation. 

References 
( 1 ) E Thompson, D Stork, HPL de Esch and the JET Team. 

JET Report JET­P(92)68 (to be published in Physics of 
Fluids B: Plasma Physics). 
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Ρ Massmann and L Svensson. JET Report JET­P(92)72, 
(to be published in Proc 17lh Symposium on Fusion 
Technology (Rome 1992)). 

ICRF Heating and Lower 
Hybrid Current Drive 
Systems 

JET is equipped with two distinctly different high power 
radio frequency systems: 

• The Ion Cyclotron Resonant Frequency system is 
used for high power centralised heating of the JET 
plasma and also for Fast Wave Current Drive studies. 
The wide operating frequency range available (23­

57MHz) allows variation in the choice of minority ion 
species used and the localised position of the depos­

ited power or driven current. The position is depend­

ent only on the magnetic field and is insensitive to 
parameters such as density and temperature. Table. VII 
summarizes the main characteristics of the RF system. 
The maximum design power is 24MW in the plasma 
(3MW per antenna). However, up to 3.5MW on one 
antenna and 22.7MW total coupled power has been 
achieved. In preliminary experiments, significant ef­

fects on sawtooth behaviour have been achieved by 
Fast Wave Ion Current Drive near the q=l surface. 
New ICRF antenna heating are being installed in JET 
during the shutdown, designed to take advantage of 
the new shape of the divertor plasmas and to achieve 
enhanced coupling. The antenna locations in the torus 
have also been revised to give four arrays of two 
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Table VII 
Nominal Characteristics of the ICRF Plant 

Frequency Range 

8 Generators 

4 Antenna arrays 

16 Transmission lines 
(Generator to antenna) 

Feedback loops for 

8 HVDC Power Supplies : 
Output (2 tubes) 
Driver (2 tubes) 

• 23 to 57MHz (determined by the full 
field ion cyclotron resonances of 
D and H), excluding 39­41 MHz. 

• 4MW output per generator module 
(20s) (2 tetrodes) 

• Beryllium bars (15° inclination) screen 
• Four adjacent loops operated with 

variable phasing. 

• Each line 84m long 
rated at 50kV peak (diam. 230mm, 30Ω) 

• Plasma position for constant coupling 
resistance. 

• RF power level or antennae RF current 
• Phase between antenna conductors. 
• Frequency (Af~200kHz) for matching 
• Motorised tuning stub for matching 
• Tetrode screen dissipation and anode 

efficiency (acting on anode voltage). 

• 345A : 16­26kV controlled by tetrode 
screen and current. 

• 60A : 9­13kV (remotely preset) 

adjacent antenna. Each array has four RF radiating 
conductors which will provide an enhanced radiated 
RF spectrum. Variation in the relative phase of the RF 
currents in the conductors allows this spectrum to be 
varied for both heating and current drive experiments. 
The Lower Hybrid Current Drive system (at 3.7GHz) 
can drive a significant fraction of the current flowing 
in the plasma. This is achieved by launching a lower 
hybrid wave predominantly in one toroidal direction. 
This wave accelerates the high energy electrons in the 
plasma in the same direction as the wave, thus driving 
a current. Up to 2.3MW of LHCD was coupled to the 
plasma, and full current drive was demonstrated in a 
2MA low density plasma. Towards the end of the 
campaign, 1.5MW of LHCD power was applied dur­

ing the ramp­up of a 7MA plasma pulse. This altered 
the current profile, reducing the internal inductance of 
the plasma. As a result, the transformer flux swing 
required to establish the 7MA current was reduced by 
2V­S, enabling the plasma pulse flat­top to be ex­

tended. To follow the plasma boundary, the LHCD 

launcher was moved back as the plasma current devel­

oped using the launcher's real time position control 
system. The prototype LHCD launcher (LO) has 
fulfilled its role in providing engineering, operational 
and physics experience of LHCD on JET. The LI 
launcher is now being prepared for installation. This 
will be capable of launching three times the power of 
the prototype ( 1OMW), with the potential of achieving 
full current drive of 4MA plasmas. Fig.32 shows one 
ICRF antenna array and the LI LHCD launcher grill 
for the pumped divertor configuration in JET. 

Technical Achievements with ICRF 
System 
To couple RF power to the smaller, vertically assymetric 
single­null (bottom X­point) plasmas of the divertor phase, 
the ICRF"A 1 " antennae are being replaced with a new "A2" 
design, which is radially deeper and, to obtain the desired 
radiated spectrum, are toroidally wider. In addition, to avoid 
interaction between side protections of these antenna and the 
edge of the tangential neutral beams, the antennae are being 
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Fig.32: One of the four ICRF heating arrays alongside the 
LHCD Launcher in the divertor configuration of JET 

relocated in the torus and grouped into four pairs (see 

Fig.33). This also allows improved radiated spectra to be 

obtained from the four conductors formed by the "array" of 

two adjacent antennae, to give enhanced FWCD perform­

ance. RF coupling between adjacent conductors, which has 

implications for generator plant control has been reduced by 

a partially slotted septum. It cannot be eliminated entirely by 

a full septum as image currents in the septum would impose 

additional unwanted lobes in the radiated spectrum. 

Transmission Line Reconfiguration and 
Control System Upgrade 
The transmission line system design at JET has remained 

substantially unmodified since its initial installation. About 

half of the existing ICRF transmission line system is now 

being re-routed to connect to the new antenna positions. The 

generator cooling systems and 33kV supplies have been 

regrouped into new pairs that correspond to the new antenna 

configuration. In addition, a new tritium containment sec­

ondary gas barrier is being included near to the antenna end 

of the transmission lines (Fig.34). 

- - 3 

Original A1 position 

New A2 position 

Fig.33: Original ICRF Al antenna and the new A2 antenna 
positions in JET. 
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Fig.34: Cross­section of a ICRF transmission line showing the 
ceramic support of the inner conductor fitted with a gas seal. 
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Fig.35: The links between four amplifier feeds and antenna array. 

At the start of the shutdown, the A1ICRF antennae and 
transmission lines were removed from the torus. In-vessel 
inspection showed that the antenna were in good condition 
with no evidence of significant arcing or melting on the 
screen. The screen was covered on most of the surface with 
a dark orange/brown layer. Initial analysis suggests this was 
a mixture of beryllium and beryllium oxide. This covering 
is indicative of a net deposition on the outer wall. 

The new antennae configuration requires an upgrade of 
the amplitude, phase and matching control of each genera­
tor. The revised specification of these controls is shown 
in Table.VIII. Mutual coupling between each pair of 
adjacent antennae forming an array means that the ampli­
tude, phase and matching controls of adjacent generators 
(four outputs) must also be linked (see Fig.35). As was the 
case with the two amplifiers feeding the two conductors of 
each Al antenna, independent power restriction or trip­
ping of one amplifier affects the match of the other, 
resulting in a trip or power restriction of the latter. This is 
an unstable situation. Combining or linking the controls 
of each pair of amplifiers provided a satisfactory solution, 
and this facility is being extended to groups of four 
amplifiers. 

Individual amplitude and relative phase control of the RF 
currents in the antenna straps is also extended to groups of 
four amplifiers for FWCD. New control algorithms are 
required to maintain matching whilst allowing variable 
relative phase and therefore effectively a different coupling 
resistance on each of the four antenna straps. In addition, the 
upgraded electronics will include the control of the circulat­
ing power transfer device called a conjugate box, which 
optimises the generator power availability. Improved arc 
protection for the antennae is also being included in this 
control upgrade. 

One of the problems found in previous operation is that 
of discriminating between 
a) damaging arcs or disharges in the antenna and vacuum 

feedthrough (which can only be extinguished by sup­
pressing the RF power momentarily); and 

b) high reflected or reverse power due to eigenmodes, 
plasma variations, and cross coupling from other anten­
nae, which do not require supression of forward power. 

If the RF wave damping in the plasma is low, or when the 
antenna-plasma distance is large, creating a "duct" around 
the plasma, cross-talk exists in the form of energy transmit­
ted from one antenna to another, and appears as incoherent 
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Table. VIII 
Upgraded ICRF Plant Control Performance Specification 

Frequency 
Operating frequency range (f0) 

in 8 bands of 4MHz 
(39­41 MHz are not used) 

Inband frequency deviation (Af) 
Frequency regulation better than 
(Accuracy and Stability for both f0 and Af) 

Frequency loop time response to a 
square pulse (Af = 500kHz) 

Overshoot 
Protection 
Limiter intervention time 
U/V arc detection time typically 
Trip intervention time 
Trip re­application time 
Ramp­up time to full power on 
re­application (clock synchronised) 

Reflection coefficient detector disabled 
below amplifier output power of 

Generator Performance Parameters 
Amplitude Regulation 
Dynamic range 
Minimum power for regulation 
Regulation accuracy (at any power level) 
Closed loop response to square pulse 

(to 5% of reference) 
Amplitude overshoot 
Maximum Modulation Frequency 
(square wave excitation) 

Phase Regulation 
Phase loop dynamic range 
(any phase offset) 

Phase regulation accuracy and stability 
Phase linearity 
Phase loop time response to a 180° step 
(to ±5°) 

Overshoot 
Phase modulation 
Dynamic range (any phase offsets­

Modulation of Operation 
i) Maximum output power 

± 15° variation in set phase for plasma matching. 
± 15° variation in power between amplifiers 

ii) Phase control 
Normal 5% tolerance on set amplitude and phase. 

23­57MHZ 

200kHz 
1kHz 

lms 
15% 

<lms 
2ms 
20ps 

20ms 

80ms 

20kW 

2.5MW­5kW 
5kW 
±5% 

400μ5 
<5% 

100Hz 

360° 
±5° 
±5° 

lOO­ps 
<15% 

360° 

reflected power back to the generator. Even if the sources are 
sychronised, this reflected power remains incoherent due to 
random amplitude and phase modulation by the plasma. 

Until 1992, envelope detection was used. The total re­

flected energy often exceeded the reflected power trip level, 
when all the generators are run at equal power, and the cross­

talk is high. This cross­talk was also sufficient to interfere 

Fig36: New electronics for the ICRF generator for power 
and control stages 

with the "hold" circuits of the frequency and phase feedback 
loops. 

The new protection circuits in the upgrade control system 
which operate the trips will include pseudo­synchronous 
detectors and narrow band filtering (see Table. IX). The 
generator reflected power signal will first be converted to an 
intermediate frequency of approximately 1.3MHz, which 
will allow filtering to eliminate energy from generators on 
adjacent frequencies. Narrow band (20kHz) pseudo­syn­

chronous detection (requiring the presence of the carrier), 
will provide further filtering of close­to­carrier noise and 
cross­talk from the plasma. The circuitry takes advantage of 
ten years advance in technology, to replace outdated elec­

tronics (Fig.36), and also of successful experience with a 
similar system used on the JET Lower Hybrid Current Drive 
power plant. In addition, the arc detection system will be 
tested automatically in at low power immediately before 
each heating pulse as a precaution against electronic failure. 

Fast Wave Current Drive Facility 
The required antenna directivity for FWCD is achieved by 
relative phasing of the four conductor currents of each A2 
antenna at other than 0 or π between adjacent straps, nomi­

nally at π/2, to give the optimum asymmetric radiated 
spectrum. Mutual coupling between the antenna conductors 
with this phasing causes assymetry of power inputs to the 
antenna, due to additional circulating power between the 
conductors. This would reduce the maximum available 
coupled power by a factor two in the worst case, if no 
compensation was used. 
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Table. IX 
ICRF Control and Protection System 

Category 
(1) Terminate the pulse 

Tetrode arc crowbar protection 
Maximum trip count exceeded. 
Tube dissipation high, limiter not working 

(2) Power trip (hold settings and recover) 
Arc in end stage circuitry 
Too high reflectoin coefficient 

(3) Limit the output power 
[PSU trips shown in brackets] 
Anode dissipation 
Screen grid current 
Control grid current 
Anode current [both tubes] 
Maximum RF voltage on antenna and 
transmission line (set on operation) 

RF forward voltage 
RF reflected voltage 

(4) Requested values 
(operating as control loops) 
Power, or antenna currents 
Relative Phase 
Nominal Frequency 
Coupling resistance via plasma position control 

(5) Automatic 
Matching: Uses stubs plus frequency or 
trombones. 

Anode voltage to minimise anode dissipation 
(linked to screen current limiter above) 

Value 

Overcurrent 
(p = 0.5) 
1.5MW 

UV light 
ρ = 0.5 

1.3MW 
4A [20A] 
5.5A [6A] 
160A [345A] 

30­40kV 
~2MW 
130kW 

±0.25dB 
±5° 
10kHz±lkHz 
0.1 Ω steps 

Minimum ρ at 
stub 
Ig2 = 2.5A 

Response Time 

lOus 
255 times 
5ms 
recovery 1%/ms 
2ms off/20ms on 
2|js off/20ms on 

1—>5ms 
0.5ms [>20ms] 
0.5ms [10­20ms] 
l­5ms 

0.5ms 
l­5ms 
l­5ms 

f : 0.1ms stub 
stub: 0.1­1 s 
200ms 
18­26W 

However, the inter­conductor mutual coupling is es­

sentially a reactive term, and can be cancelled by a high 
power lossless compensation network containing an equal 
reactance elsewhere in the antenna feed system. This 
"conjugate box" network is so­called since its transfer 
characteristic is the complex conjugate of that of the 
antenna. Additional power added to one end of the A2 
array and subtracted at the other, can be re­circulated via 
a lossless network connected between the four transmis­

sion lines. A compromise which works over most of the 
frequency and phase range is a single compensator be­

tween lines 1 and 4. 
The design of this "conjugate box" required a simulation 

of the A2 antenna and its behaviour for FWCD in combina­

tion with such a network. Work has been carried out by JET 
and Oak Ridge National Laboratory, USA, using plasma, 
antenna and network modelling codes to predict the launched 
RF power directivity and wave absorption by the plasma. 
This includes FWCD efficiency and profile calculations. 
These combined codes also predict the generator loading 

and thus the matching control dependence on the phased 
antenna strap currents. 

A practical design of conjugate box is fabricated from a 
quarter­wave 3dB (symmetrical) power combiner with two 
ports terminated by variable reactive elements. The com­

pensation is frequency dependent and a compromise in the 
operating range is achieved by selection of various connect­

ing lengths, shown in Fig.37. For the JET plant, four 
conjugate box systems are being installed, connecting lines 
1 and 4 of each of the four­conductor antenna arrays. The in­

line switches allow the conjugate system to be disconnected 
during normal (high coupling) plasma heating. 

The original ICRF matching control system was con­

strained by the amplitude control system which required a 
symmetrical match, (only possible at 0 or π phase with the 
Al antenna), by imposing equal power outputs from the 
amplifiers, i.e. no circulating power. To obtain a match and 
maintain equal but phased antenna currents for FWCD 
experiments with A2 design, the amplitude regulation con­

trol signal is derived from the main transmission line for­
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Fig.37: Schematic diagram of the ICRF conjugate box 
power compensator. 

ward (V, ) and reflected (V ) waves, where the vector 
(Vf ­V ) is proportional to the antenna current, both in 
amplitude and phase. The individual generators match inde­

pendently. By regulating to equal currents, the required 
power imbalance is achieved automatically at the correct 
match, even though the coupling resistances are unequal. 

Design of the A2 Antenna 
With the installation of the pumped divertor in JET, the 
plasma volume is substantially reduced and, in particular 
the distance from the plasma to the wall is increased by 
about 300mm or 450mm for the 'fat' and 'thin' plasma 
configurations, respectively. A new set of eight A2 anten­

nae is being manufactured for use in this configuration. 
Fig.38 shows the first manufactured antenna assembled 
without the screen, for inspection at the contractors works. 
The central conductor, corrugated housing and screen 
support posts on the septum are clearly visible. These 
antennae are as large as can be installed through the port, 
and are a factor 1.5 larger in width and a factor 2 in depth 
compared to the A1 antennae. The toroidal positions of the 
antennae in the torus are being re­arranged to give two 
diagonally opposite groups each of four adjacent antennae 
to improve the directivity of the launched wave. The 
opportunity has also been taken to remove the conical 
ceramic which limits the voltage of the Al antennae, and 
the design is such as to enhance the coupling capability, 

Fig.38: A2 antenna at the manufacturers 

and also the directivity of the spectrum for fast wave 
current drive experiments. 

The duty cycle required of these antennae has been 
reduced to 1:60, reflecting limits elsewhere in JET, although 
the 20s pulse duration is retained. The remote handling 
requirement has also been reduced to a minimum. Only 
capping of the windows to maintain torus integrity in the 
event of a window failure is required to be undertaken 
remotely. The peak RF design voltage for thermal analysis 
is reduced to 42kV, reflecting previous experience and the 
improved coupling of the A2 antenna. 

The mechanical design of the antenna has been driven by 
the requirement to limit the forces appearing at the torus wall 
to less than 50kN. The antennae project far from the wall and 
are exposed to changing flux during disruptions. Control of 
the resulting eddy currents has led to a design where it is 
fabricated from sheet metal 0.5­3mm thick, supported at 
many points (21 per antenna housing) from the wall. In 
addition, it has proven necessary to include 0.15Ω ceramic­

based resistors in the screen attachments to limit disruption 
eddy currents through these elements. The resultant forces 
during a worst case disruption clear predominantly to a 
torque of typically 50Nm about a vertical axis, with a 
maximum of 5kN appearing on any one support to the torus. 
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Table. X 
Ceramic Resistors: Disruption Simulation and RF Test Results 

Type of Test 

RF Test Bed 
Subjects a pair of resistors to 20s 
pulses at 25 ­ 55MHz. Resistors 
operate at 300 ­ 600 C at lxlO"6 mbar 

Disruption Simulation Test Bed 
Subjects individual resistors 
mounted in A2­style jigs to current 
pulses of up to 1500A peak, 10­ 20ms 
variable duration and shape. 

Performance Achieved 
To Date 

80A rms for 20s pulses 
at48MHz with 10:1 duty cycle. 
Temp rise during pulse 300C. 

680A peak during quasi­sine 
wave pulses of 13ms duration 

(210J deposited energy) 

Required 
Performance 

60A rms. 
20s pulses 
60:1 duty 

340A 
83J 

The antenna screen elements are solid beryllium bars and 

are mounted in pairs, each attached to the housing via one of 

the ceramic resistors. This resistor comprises a beryllia 

ceramic block with a thin coating of nickel (~ 5mm) and is 

shown in Fig.39. The resistance at 300°C is 0.15Ω (± 5%). 

Sample resistors have been tested extensively both with 

applied RF power and using a capacitor bank to simulate 

disruption induced eddy currents. The initial failure mode 

was arcing which originated at current concentrations at the 

edge of the metal coating and led to highly local evaporation 

of the metal. This enhanced the local current concentration 

and led to propagation of a break in the metallising across the 

resistor. Careful design to avoid current concentrations has 

improved the performance so that thermal stress cracking 

and the thermal diffusivity of the ceramic now limit per­

formance. In particular, the use of beryllia ceramic gave a 

20% increase in the current limit over the originally chosen 

alumina. The performance required and measured during 

tests is shown in Table. X and Fig.40. 

Full power RF tests on a full scale flat model of the 

antenna indicates that the peak current in the resistors occurs 

at the cross­over strap, which runs parallel to the screen 

elements. The margin in resistor current given by these 

results is about a factor of 4. High power model tests, 

indicate higher resistor currents and reduced margin. Reso­

lution of this discrepancy is one of the prime objectives of 

high power tests on the prototype antenna in early 1993. 

A full scale model of the upper VTL­side quadrant of the 

A2 antenna has been extensively tested at high power in the 

RF testbed. This model incorporates many features of the 

full antenna, including the cylindrical ceramic, the resistors, 

nickel plating, and construction typical of the real antenna. 
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Table. XI 
Short Assembly RF Test Results 

Test Parameter 

Test Frequencies 
RF Pulse length 
RF Peak Line Voltage for reliable operation1 

Maximum Line Voltage Achieved 
Peak Line Current for reliable operation1 

Maximum duty cycle2 

Peak voltage with Open Circuit Strap3 

Measured or Achieved Value 

55,42 and 24MHz (approx) 
20s 
50kV at all test frequencies 
60k V at 42MHz with 100ms pulses 
1 kA at all test frequencies 
20:1 
49kV at 28MHz 

Typically achievable with no arcing after 4 - 8 hours of multipactor and short pulse conditioning. 
Limited by temperature rise in the Pressurised Transmission Line 
With gap to screen elements increase to 18mm; 40kV with standard 12mm gap. 

The beryllium screen elements of the A2 antenna are re­
placed by nickel plated aluminium elements. An additional 
feature of this 'short assembly' is that it can be configured 
with the strap terminating in either short-or open-circuit (of 
smooth profile to prevent arcing). The strap in the latter case 
is only supported by the cylindrical support ceramic and the 
strap-to-screen gap is increased from 12 to 18mm to elimi­
nate arcing in the absence of a magnetic field. The results 
achieved are summarised in Table. XI. 

The test programme confirmed the viability of important 
aspects of the A2 design: 

• There is no requirement for independent pumping of 
the vacuum transmission line (except for the interspace 
of the double ceramic window): the pumping from the 
torus, estimated to be lOO ŝ"' at the window, is suffi­
cient to handle the out-gassing during RF pulses. 
However some form of bakeout and continuous heat­
ing along the VTL is desirable. An interlock is neces­
sary to prevent operation too early in the ramp up 
phase following the initial gas fill of the torus; 

• The light weight, fabricated structure of the antenna 
still offers sufficient thermal heat capacity in the 
critical areas to limit temperature excursions to ac­
ceptable levels during RF pulses; 

• With radiative cooling alone, full power operation at 
up to 20:1 duty cycle is possible whilst operating in 
an ambient environment of 200°C (with no plasma 
load). Fig.41 shows a thermal picture of the assem­
bly during such tests. The screen bar pattern is 
clearly visible as the cooler area. The limit is exces­
sive heating of the VTL inner conductor and of the 
antenna conductor strap. For comparison, the maxi­
mum JET duty cycle is 60:1; 

• Vertical displacement of screen elements up to ±5mm 
in operation due to distortion of the antenna housing or 
screen mounting posts has no impact on the antenna 
performance. However, the currents in the ceramic 
screen resistors is increased and this must be allowed 
for in their design. 

Technical Achievements with the LHCD 
System 
The characteristics of the JET LHCD system are given in 
Table. XII and a diagram of the main components in the 
Torus Hall are shown in Fig.42. The frequency of the lower 
hybrid system has been fixed at 3.7GHz. This choice takes 
advantage of technical developments made in Tore Supra, 
France, while being sufficiently high to avoid wave coupling 
to fast ions and to allow wave penetration to the plasma core 

Fig.41: Thermal photograph of high power test on 
new ICRF A2 antenna 
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Fig.42: Elevation of the lower hybrid launcher. 

Table. XII 
Nominal Characteristics of the LHCD Plant 

Generator Prototype 
(full system in brackets) 

Frequency 
Number of klystrons 
Power (generator) 
10s pulse 
20s pulse 
Duty cycle 
Efficiency 
Phase control 
Maximum VSWR 
Length of transmission line 
Estimated insertion losses 

Launcher 

Number of waveguides 
Waveguide material 

Coating 

Maximum temperature 
Total weight 
Stroke 
Response 

3.7GHz 
8, (24) 

4.8MW 
4MW,(12MW) 
1/30 
42% 
10° accuracy 
1.8 
40m 
1dB 

128,(384) 
stainless steel 
and ZiCu 
(stainless steel) 
copper + carbon 
(copper) 
350°C (450) 
12 tonnes (15), 
210mm 
5mm/150ms 

up to ne ~ 3 χ 10" m~3. The power generated by each klystron 
is split via successive hybrid junctions and multijunctions 
into 16 waveguides at the grill mouth. There are 24 klystrons, 
each capable of delivering 600kW. The generation of a well-

defined wave spectrum with a high directivity is essential for 
current drive application, and particular emphasis has been 
placed in controlling the wave phase at the grill mouth in 
each waveguide. An accuracy of ± 10° has been obtained by 
tight control of the mechanical dimensions of the 
multijunction and by feedback control of the phase at the 
output of each klystron. 

The prototype LHCD system, which operated for a total 
of 12 months (over a 2 year period) up to March 1992, 
consisted of 8 klystrons operating at 3.7GHz, feeding 16 
multi-junction assemblies in a grill launcher, which was 
mounted on a main port of the torus. The total available 
generator power was 4.8MW. 

Eight of the multi-junctions were designed specifically 
for JET and are known as LOP (Launcher Zero, Physics). 
The others were provided by CEN Cadarache, France, using 
the same design as Tore Supra and are known as LOC 
(Launcher Zero, Cadarache). LOP was made of copper 
plated stainless steel, whereas LOC was made of zirconium 
copper. Both sets of multi-junctions were coated with a 
carbon anti-multipactor layer. Close to the grill mouth, these 
were also coated with a beryllium layer from the JET torus 
evaporators situated next to the launcher. 
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Fig.43: Klystron D4 Pulse History (LOP) 

The achieved generator power on LOP was 2 MW 
compared with an installed capability of 2.4MW, with 
1.75MW coupled to the plasma. LOC managed 1.5MW 
generator power with 1.2MW coupled to the plasma, prior 
to the major air leaks elsewhere in the torus, but only 
achieved 600kW generator power after the air leaks. Plasma 
pulses of one minute duration were obtained with 1 MW of 
LHCD power applied for 50s. 

Operation 
Operation within the machine started in June 1990 for an 
initial campaign of five months, followed by a seven­month 
machine shutdown to change a toroidal field coil. Operation 
resumed in June 1991 and ended in February 1992 with the 
shutdown to install the pumped divertor. A total of 1700 
pulses were achieved with JET plasmas during the two 
campaigns. Between campaigns, the multi­junctions were 
inspected and found to be in generally good condition except 
for some flaking of the carbon anti­multipactor layer. These 
flakes were removed from the front of the grill mouth but 
access to the inner parts of the multi­junction was not 
possible. Most LHCD pulses were performed in a so­called 
parasitic mode of operation (i.e. with whatever plasma 
conditions were being used at the time). Only a total of about 
six days in the two campaigns was devoted to experiments 
tailored for LHCD. The LHCD system operated on about 
50% of all available plasma pulses. 

Figures.43 and 44 show the average power produced by 
two klystrons during the two campaigns: one klystron fed 

Fig.44: Klystron B4 Pulse History (LOC) 

LOP and the other fed LOC. During the first campaign, 
power levels were mostly below 200kW per klystron. The 
multi­junctions did not loose conditioning during the seven­

month shutdown between campaigns. Throughout the twelve 
months of both campaigns, power levels continued to in­

crease slowly as the multi­junctions conditioned. During the 
second campaign, two uncontrolled air leaks occurred else­

where on the torus while it was at its operating temperature 
of 350°C. These had a serious effect on LOC, which was 
unable to recover its output power level. LOP on the other 
hand recovered with only minor reconditioning and went on 
the reach the maximum klystron power on some multi­

junctions as the end of the campaign. 
Upon inspection of the multi­junctions at the end of the 

campaign, some minor melting of the stainless steel was 
noted on LOP at the mid­plane of each multijunction at the 
grill mouth. This was similar to previous observations on 
Petula and was associated with breakdown during condi­

tioning but may also arise from occasional arcs seen at the 
grill mouth during plasma operation. 

Coupling to the Plasma 
To couple power to the plasma, the electron density in front 
of the grill must be such that the wave launched by the grill 
can propagate into the plasma. The parallel refractive index, 
for which the grill was designed, was 1.4 < n;/ < 2.3. 
Optimum coupling is achieved when the electron density is 
1 χ 10,8nr3. Under these conditions, the power reflected back 
towards the generator is about 1 %. With lower densities, the 
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Fig.45: Hydraulic circuits of the LHCD position control system. 

reflected power rises and with higher densities arcs tend to 
occur. In the extreme case of a vacuum in front of the grill, 
up to 60% of the power is reflected. Thus for satisfactory 
operation the grill must be in the scrape­off layer of the 
plasma boundary. Since the plasma boundary can move, for 
example at an Η­Mode transition, the grill mouth also needs 
to move. To accomplish this the entire launcher can be 
driven horizontally by a hydraulic system (see Fig.45). 

The active position control operates in a closed loop to 
achieve a static accuracy in position of 0.3mm. This system 
has a closed­loop resonant frequency of about 4.5Hz, a 
maximum velocity of lOOmms'1 and a maximum accelera­

tion of 5ms2 (see Fig.46). The response time to small (5mm) 
steps is typically 200ms (see Fig.47). The launcher can 
either be required to follow a predetermined waveform or it 
can be positioned under feedback control to maintain con­

stant launcher reflection coefficient. An example of the 
latter is shown in Fig.48. The controlled signal was the total 
LOP reflected power divided by the total forward power to 
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Fig.46: Typical closed loop frequency response 
near stability limit. 
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give an average reflection coefficient for the LOP multi­

junctions. The requested reflection coefficient was 10%. 
The launcher was allowed to move within limits of ± 10mm 
about a predetermined waveform to maintain this reflection 
coefficient. This feedback position system was also used 
during the current rise of high performance discharge at 
7MA in order to compensate for significant changes of the 
plasma shape during this transient phase. 

A further feedback loop on the plasma horizontal position 
is being implemented to maintain the average reflectivity 
constant. The new system will have the advantage of a faster 
time response (30ms) than the hydraulic actuators, but may 
be incompatible with other requirements on plasma position 
(for example, to maintain ICRF coupling). 
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A variety of plasma configurations have been used with 
the launcher: 
a) The launcher behind the adjacent ICRF antenna with 

limiter plasmas touching eitherjust the lower belt limiter 
or both the upper and lower belt limiters; 

b) The launcher in front of the adjacent ICRF antenna with 
limiter plasmas; 

c) The launcher in front of the adjacent ICRF antenna with 
double­null X­point plasmas. 

The density at the grill mouth has been calculated from 
the distance to the last closed flux surface and the density 
gradient. The density decay length can be related to the 
connection length of the magnetic field line in front of the 
launcher (distance from the grill to the nearest object 
touching the plasma along the field line). The reflection 
coefficient is plotted versus this density in Fig.49. These 
experimental points can be compared with the theoretical 
model of the grill used in the SWAN code, also plotted in 
Fig.49. The agreement between theory and experiment is 
good, thus confirming that the electron density in front of 
the grill is the important factor for good coupling. 

The best coupling was obtained with double­null X­

point plasmas where the connection length was long 
(~30m) and the edge density profile shallow. A low 
reflection coefficient (<5%) could also be obtained with a 
limiter plasma of reduced elongation that was not touch­

ing the belt limiters but only the ICRF antenna and/or the 
launcher. 
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Fig.50: Variation of klystron output power at three different 
magnet currents and ± IA modulation of the magnet current. 

Shutdown Programme for the Generator 
During the shutdown, a programme to enhance and tune the 
generator has been underway. A major part has been devoted 
to tuning the klystrons to achieve the maximum power on 
test loads. A technique for tuning the klystron magnets has 
been developed. As shown in Fig.50, this involves modulat­

ing the magnet current with a sinusoidal current (~ 1 A) about 
the nominal setting and monitoring the effect of this modu­

lation on the output power with a fixed RF drive input. If the 
magnet current is below the optimum, the RF power is in 
phase with the magnet current. Above the maximum, the RF 
power has the opposite phase to the magnet current and at the 
maximum the RF power varies at twice the frequency of the 
magnet current. 

Other major parts of the programme are: 
a) Calibration of the low power microwave system and 

investigation of long term drift; 
b) Improvements in the noise immunity of the waveguide 

arc detectors and klystron thermocouples; 
c) Implementation of the modifications that were made on 

the prototype system in the light of operational experi­

ence on the other four modules; 
d) Installation of an SF6 recovery system to enable the SF6 

in the waveguides to be recovered and reused. 

Current Drive Experiments 
Full current drive of the plasma current has obvious advan­

tages for a reactor as it would allow steady state operation. 
LHCD has a higher demonstrated current drive efficiency 
than either ICRF or neutral beam systems. Therefore, its 
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Fig.51: Comparison of7MA discharges with (Pulse Νο:279Ι0) 
and without (Pulse No: 2789J) LHCD showing effect on 

internal inductance and loop voltage. 

potential for current drive has been assessed in a number of 
experiments on JET. 

Full current drive has also been demonstrated with the 
prototype system under the following conditions:­

a) 0.4MA constant plasma current with LHCD for 3s; 
b) 1.5MA constant plasma current foros with ICRFheating 

and LHCD combined; 
c) 2MA for 2s after a ramp down of the plasma current with 

ICRF heating and LHCD; 
d) IMA constant current for 5s with LHCD and 50% 

bootstrap current from ICRF heating in a H­Mode 
plasma at high density (3.6 χ 10" nr3). 

In cases (b) and (c), the plasma internal inductance was 
not constant. Therefore, these are non­equilibrium situa­

tions as the change in plasma internal inductance gives an 
additional component to the reduction in loop voltage. 

Flux Saving on 7MA Pulses 
During the 7MA campaign, about 1.5MW of LHCD was 
applied during the ramp­up of the current. This altered the 
current profile and hence the plasma internal inductance. As 
shown in Fig.51, the change in internal inductance persisted 
even after the LHCD pulse had ended, only regaining its 
normal value during the flat­top. The effect of these changes 
was a reduction of 2V­s in the transformer flux swing 
required to establish the 7MA current. This reduced the 
transformer primary current and hence the losses in the 
copper primary windings of the transformer: 8MJ of LHCD 
power resulted in an 80MJ reduction in the transformer 
losses. The V­s saved were used to extend the flat­top of the 
plasma pulse by 2s. 

50 
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F ig 52: A view of the eight vacuum windows connecting the 
LHCD waveguides to the rear of the launcher, in its testbed. 

The cryopump is clearly visible on top 

The LI Launcher 
The prototype system has fulfilled its role in providing 
engineering, operational and physics experience of LHCD 
on JET. The LI launcher is now being prepared for installa­
tion. This will be capable of launching 10MW into the 
plasma. Based on the results with the prototype system, this 
should allow full current drive of a 4MA plasma. 

The LI launcher was originally designed for the plasma 
profile of the belt limiter configuration. Following a deci­
sion in 1990 to install the launcher after installation of the 
pumped divertor, the shape of the grill mouth was modified 
to match this plasma. During 1992, the procurement of the 
modified components was completed and the launcher fully 
assembled - the completed launcher is shown in the section 
on Current Drive and Profile Control. This launcher incor­
porates 48 multijunction units each havingeight waveguides 
at the grill to give a total of 384 waveguides. The power from 
24 klystrons is coupled to the grill via 48 vacuum windows, 
(shown in Fig.52) which shows the launcher assembled on 
the testbed. The windows may be replaced using remote-
handling tools. Acryopump of 85,000£s'is being prepared 
for installation on top of this launcher. The total mass of the 
LI launcher will be ~ 15 tonnes. 

The main challenge for the operation of LI will be the 
reduction of the excessively long conditioning time. To 
assist, the carbon layer has not been applied as this tended to 
outgas and to flake off causing arcs. The baking of the multi-
junctions has also been improved with the possibility of 
operating the multi-junctions at high power in vacuum to 
provide RF heating of all parts of the waveguide system. 

Remote Handling and 
Waste Management 

During 1992, the Remote Handling and Waste Management 
Group's manpower were heavily committed to shutdown 
activities and to clean-up associated with the preliminary 
tritium experiment (PTE). Main progress in these areas is 
detailed below. 

Remote Handling 
Maintenance and repair of the tokamak and auxiliary sys­
tems in the Torus Hall during the D-T phase of JET will only 
be possible remotely, (ie controlled from outside the biologi­
cal shield). Development of the remote handling equipment 
and procedures for maintenance tasks is carried out by the 
Remote Handling Groups in Fusion Technology Division. 
The manpower of these groups is also heavily involved in 
shutdown activities where remote handling equipment is 
being deployed, albeit hitherto in hands-on or semi-auto­
matic mode. 

Whilst the use of remote handling equipment during JET 
shutdowns provides an excellent testing ground for the 
effectiveness and reliability of equipment, it also means that 
as a consequence of the associated manpower effort, only 
limited effort has been available for development of full 
remote handling procedures. Therefore, it is now envisaged 
that the remote handling for the D-T phase will concentrate 
on a few essential ex-vessel and in-vessel operations, includ­
ing gaining remote entry into the vacuum vessel using the 
telescopic articulated remote mast (TARM) and the articu­
lated boom with special end effectors or the MASCOT IV 
manipulators. The latter would allow, to a certain extent, to 
carry out non-planned activities inside and outside the 
vacuum vessel. 

Particular developments are described in the following 
paragraphs. 

Articulated Boom 
During March 1992, the Articulated Boom was used to 
remove 82 large components from within the torus. Many of 
these components could only be removed after cutting them 
free and over 132 cuts were made inside the torus. After the 
campaign of work to remove equipment from the vessel in 
the first part of the shutdown, the Boom underwent exten­
sive upgrading and modification. It has been totally rewired 
with insulated cables of low halogen and low smoke mate-
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All joints without a tacho-generator are now controlled with 
emf feedback. Static and impact load testing where carried 
out following calculations by JRCISPRA, Italy, and moni­
tored by a data acquisition system specially designed for this 
purpose. 

Radiation testing of a new miniature camera was under­
taken during 1992, at AEA Harwell Laboratory. This cam­
era will now form the basis for a small camera package to 
replace the existing cameras mounted on the Boom. The new 
camera package will be physically smaller, provide a colour 
picture and be less sensitive to noise than the existing units. 

Fig.53: MASCOT IV at (a) start of mock-up; and (b) poised to 
begin unbolting operation. 

rial. Designed for enhanced flexibility, the rewiring accom­
modates all requirements related to the new boom addition 
with two joints which bring the total number of joints from 
five to six. 

A new local controller is being prepared for this configu­
ration. The joint control hardware has been specified and 
complex software is being prepared. Its detailed design is 
completed, except for the teach/repeat function. Commands 
and protocol have been defined. To achieve the required 
speed, the computer hardware (based on Multibus 2) had to 
be upgraded and the operative system changed from RMX2 
to RMX3. A control handbox has been prepared for testing 
and debugging with the collaboration of JRC ISPRA, Italy, 
under a Task Agreement, together with an appraisal on 
testing methodology. The software of the kinematics has 
been completed and tested using a graphical model. 

Following the installation of new actuators and reinforc­
ing plates the boom has been recommissioned for higher 
speed reducing the insertion time in the vessel to nine 
minutes from the "pick-up" point, after first adjustment of 
parameters including velocity feed forward compensation. 

Telescopic Articulated Remote Mast (TARM) 
The commissioning work has continued with the progres­
sive elimination of residual SW faults. A new Kabelschlepp 
cable chain was installed along the crane girder and optical 
fibres were inserted and terminated, optimising the relevant 
signal levels. In addition to the ongoing commissioning and 
preparation for A2 antennae installation in 1993, TARM 
was used as a transporter for MASCOT in remote handling 
trials. 

Figure 53 shows MASCOT applying an impact wrench 
to port holes during trials on a mock-up of the main vacuum 
vessel flange. 

In-Vessel Inspection System (IVIS) 
The four IVIS light guides were dismantled from the ma­
chine during the shutdown. The modifications to accommo­
date the new IVIS viewing tubes are in progress. An inter­
national tender action to procure the viewing tubes was 
completed and the order was placed. Fig.54 shows the tube, 
with the prism in vacuum, manoeuvred through a "wob­
bling" bellows. Tests on a prototype in vacuum at elevated 
temperature have been successfully completed. 

A new camera probe was designed, with a special rotary 
connector. Neutron radiation tests are in progress on the 
most critical components. These important results are being 
appraised. 

MASCOT 
Improvements to the MASCOT manipulator have been 
achieved especially in the Man Machine Interface (MMI), 
computer aided teleoperation (CAT) and grippers to in­
crease speed and reliability. The MMI has been made more 
friendly and manual driven, and the documentation has been 
clarified. The CAT has been improved to bring sampling 
time for constraint and weight compensation to below 1 Oms. 
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Fig.54: The In-Vessel Inspection System showing 
a viewing tube with the prism in vacuum manoeuvred 

through a "wobbling" bellows. 

The control of brushless motors has been studied and 
successfully tested by the Ecole Polytechnique Federale of 
Lausanne, Switzerland, under an Article 14 contract. This 
has produced guidelines on improvements to load capacity 
of MASCOT type manipulators up to 40kg capacity. 

After assessment and radiation tests, a new CCD camera 
is being integrated into the "cyclops" arm. MASCOT has 
been used on the TARM to perform remote handling trials 
on the mock-up of the vessel port. This operation has been 
done in fully remote conditions, and included removal of 
services, unbolting, replacing the seal, inspecting the seat 
and smoothing out scratches. Vacuum leak tightness was 
demonstrated to 10"'°mbar£ s~'. 

Navigation and approach to the port was aided by a 
graphical computer model. Special tools were prepared 
based on existing tooling and making the necessary modifi­
cations to improve gripping for safety and reliability. An 
integrated team was formed and trained, using personnel 
seconded to JET by the EC Teleman Project and KFK, 
Karlsruhe, Germany. CAT algorthms and graphics aids 
were used when needed in these important trials. 

FLH. Mock-ups 
To ensure the feasibility of remotely opening and closing the 
Octant No:5 pumping chamber door, a full size mock-up of 
the door and its immediate environment was built and the 
task fully tested during 1992. The remote handling tasks 
comprise disconnection of door services, removal of the 
door heater jacket, removal of all 48 door bolts, opening of 
the door, removal and replacement of the Cefilac door seal 
and the reversal of the whole process to close the door. Upon 
completion of these activities the volume immediately be­
hind the door was vacuum pumped and the leak tightness of 
the seal verified. The success of the trial showed that it is 
feasible to remotely open the door and leave it in situ whilst 
the door seal is replaced. Many other data were obtained 
from the trials including improvements to be made to the 
JET components and improvements and additions to the 
remote handling equipment. 

Special Tools 
Work on special tools was dominated by the operations on 
the torus and the design and development of new tools for 
use during the installation on pumped divertor components 
during Stage III of the shutdown. Many new tools are 
required for handling, welding and possibly cutting of the 
divertor module cooling pipes. In addition, new cutting and 
welding tools are being designed for those small circular 
ports whose access will be severely limited after installation 
of the divertor coils. 

R.H. Integrated Control System 
The new Hand Control Terminal (HCT) has been delivered 
and acceptance tested at JET. The HCT comprises an Intel 
386 microcomputer driving a 16cm Hitachi colour LCD flat 
screen. The unit is integral with touch screen, LCD display 
programmable buttons, emergency stop button and a three-
axis analogue joystick. Application programs for control of 
any piece of remote handling equipment (with the exception 
of MASCOT ) can be written and down-loaded into the unit. 
The first application programme to be implemented is for 
operation of the TARM and this software is presently being 
acceptance tested. 

The HCT is a hand-held unit of approximately A4 page 
size and will provide for both hands-on and fully remote 
operation of remote handling equipment. In this way, the 
extensive operation of equipment hands-on will yield opera­
tors and Man-Machine Interface equipment which is proven 
and familiar for the fully remote phase. 

53 
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The TARM Interface cubicle, which connects together 
all of the service units required by the TARM and thence to 
the remote handling control room, was ordered during 1992, 
and delivery is expected in April 1993. 

Special End-Effectors 
Various new articulated boom end-effectors for handling 
large components to be installed during the pumped divertor 
shutdown and those requiring remote handling during the 
active phase have been designed and are being manufac­
tured. Components requiring new end-effectors comprise, 
divertor modules, poloidal limiters, inner-wall guard limit­
ers, A2 antennae and the LHCD cadre and cadre extensions. 

A handling device for remote replacement of the new 
LIDAR diagnostic at Octant No:5 has been designed and is 
now being manufactured. This is a remote handling Class 1 
task as the system has to be removed in order to provide 
access for the Articulated Boom through the pumping 
chamber and main horizontal port. 

ration with an enlarged operations box and improved facili­
ties for the transfer of components in ISO-freight containers. 
The access and change facilities were also improved to allow 
for quicker entry and exit. Up to six operatives were able to 
work concurrently in pressurised suits with a modified 
breathing air supply system. The ventilation plant for the 
torus and the TAC was extensively modified to take account 
of the potential tritium levels following the preliminary 
tritium experiment (PTE). However, tritium levels within 
the vessel were very low (below the limit of detection on 
hand-held monitors) and pressurised suits were primarily 
required to protect against the beryllium hazard. 

The TAC provided trouble-free support to the in-vessel 
programme throughout the shutdown and, in the initial three 
month period, there were ~ 1400 suited entries, representing 
over 5000 man-hours spent in suits inside the vacuum 
vessel. Following the removal of first wall components and 
decontamination of the vessel, it was possible to change the 
classification of the vessel and dispense with the use of suits. 

Waste Management 
Five controlled area facilities which are all equipped to 
handle components and materials which may be activated 
and contaminated with tritium and beryllium have been 
operated in support of the extended shutdown for the instal­
lation of the pumped divertor. Wastes generated in these 
areas are disposed of either as beryllium or low level 
radioactive waste. These facilities are all ventilated through 
plant operated in accordance with an Authorisation from the 
Department of the Environment. Other activities include the 
provision of all services and equipment for pressurised suit 
work and respiratory protection, and the operation of a 
workshop for the fabrication of tents and isolators for 
contained maintenance work. 

In parallel with this work, quality assurance (QA) and 
waste management procedures (WMP) for waste disposal 
have been developed further. Low level radioactive waste 
has been disposed of throughout the year via AEA Harwell 
Laboratory, to the UK Repository at Drigg, UK. Methods of 
waste minimisation, waste volume reduction and sampling 
and analysis techniques have been implemented to reduce 
waste disposal costs. 

The main activities have been as follows. 

Torus Access Cabin 
The Torus Access Cabin (TAC) was installed on the JET 
machine at the start of the shutdown in an extended configu-

Beryllium Handling Facilities 
During the shutdown, the two facilities in the Assembly Hall 
were integrated into one area with a new materials airlock. 
A new tritium compatible ventilation system was commis­
sioned, which also serves other areas in the Assembly Hall, 
including that used for the octant toroidal field coil change. 

Fig.55: Grit blasting cubicle in Beryllium Handling Facility 
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Fig.56: Tent at Octant No:8for removal of Rotary Valve. 

Main activities in the beryllium handling facility have 
been the decontamination of tiles and components, for 
which a new wet grit blasting cubicle was installed (Fig.55). 
Development of improved techniques for removal of beryl­
lium activity and tritium from components which will be re­
used has been ongoing throughout the period. 

Suit Maintenance and Isolator Fabrication Area 
The suit cleaning and maintenance facility was an area of 
intense activity during the first three months of the shut­
down. Over 1500 suits were cleaned and inspected in the 
period, requiring over 3500 man-hours inside the controlled 
area. Suit repairs are also carried out in this area. 

The PVC workshop produced around 200 tents and 
isolators in the period, requiring over 2300m of PVC sheet. 
These vary in size from small hand isolators and camera 
bags, up to the large tents used in the octant refurbishment 
area and those used for the removal of the rotary valves from 

Fig.58: In-drum Compactor. 

Octants No:4 and No:8 (Fig.56). The work in these tents was 
carried out in pressurised suits. 

Waste Handling Facility 
The new Waste Handling Facility (WHF) (Building J30 -
Fig.57) was commissioned in January for the start of the 
shutdown. Principal operations conducted in the area in­
clude: sorting and sampling of materials, in-drum compaction 
of compressible wastes (Fig.58) and preparation for disposal 
and packaging of component wastes. Initial work concen­
trated on secondary wastes which consist mainly of dispos­
able clothing and housekeeping waste. By mid-November, 
around 110 drums of compacted waste had been prepared 
for disposal and shipped to AEA Harwell Laboratory for 
disposal at Drigg, UK. Progress was also made on the 
disposal of wastes accumulated during earlier shutdowns. 
Towards the end of 1992, work started on the disposal 
preparation of primary component waste materials. Some of 
this was packed in 2001 drums, which meet the IP2 specifi­
cation for transport, but other items will be disposed of in 
half height ISO-freight containers 

FigS7: Waste Handling Facility. 

Waste Disposal 
The two main types of specialised waste disposed of during 
the period were beryllium contaminated solid waste which 
is disposed of to landfill on a licensed site, and low level solid 
radioactive waste, disposed of via Harwell to the Drigg 
repository. Comprehensive waste management procedures 
and a QA system complying with BNFL requirement (the 
operators of the Drigg Waste Site) have been developed to 
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handle this material. The volumes for the radioactive waste 
are minimised by compaction into 200^ drums with the 
volume reduction factor of 6:1. 

Control and Data 
Acquisition System 
(CODAS) 

The JET Control and Data Acquisition System, CODAS, is 
based on a network of minicomputers. It is the only way to 
operate JET and it allows centralised control, monitoring 
and data acquisition. The various components of JET have 
been logically grouped into subsystems like Vacuum, Toroi­
dal Field, Lower Hybrid additional heating, etc. Each sub­
system is controlled and monitored by one dedicated com­
puter interfaced to the machine and its diagnostics, through 
CAMAC instrumentation and EUROCARD-based signal 
conditioning. Embedded front-end intelligence is imple­
mented through CAMAC-based microprocessors for real­
time applications. The actions of the various computers are 
coordinated by supervisory software running in the Machine 
Console computer. This supervisory function includes the 
countdown sequence for each plasma discharge. During 
1992, the main effort has been devoted to moving CODAS 
to a UNIX environment. The following sections describe 
the main activities and report on the current status. 

Computer Network Topology and 
Implementation 
The planned computer network described in the 1992 
Progress Report has not changed significantly but has 
been refined. The topology shown in Fig.59 is based on 
multiple ETHERNET segments connected through 
bridges. Each segment groups a logical set of subsystem 
computers and their local server into a cluster. The 
concept of local servers and of clusters isolated by bridges 
allows the traffic to be localised on each segment and 
permits small machines to be used as local servers. To 
avoid a common performance limiting factor, each com­
puter has a small internal disk (424MB) used exclusively 
for swapping. This not only improves the swapping per­
formance but decreases the segment traffic significantly. 
The possibility of grouping the subsystems by affinity 
gives an additional method of reducing the inter-cluster 
traffic appearing on CODASnet. 

In addition to the CODASnet linking the clusters, 
Fig.59 shows a JPFnet which has been designed to provide 
an uncluttered path for the large data collection load. 
From an operational viewpoint, it is important to be able 
to monitor conveniently the few (but serious) system error 
messages, which traditionally go to the "system console". 
An additional small network, CONSOLEnet, has been 
devised to cater for this and all error logs can be observed 
from a single terminal driven by a simple process. It is 

CONCENTRATOR 

ram 
Fig.59: CODAS Computer Network 
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worth noting the further traffic localisation obtained by 
the implementation of the connections to the X-terminals 
used for operation from the control rooms. These are 
grouped according to the subsystem computers that they 
most frequently access. Each group is connected to an 
ETHERNET segment linking them to a service computer 
included in the relevant cluster. 

The cluster concept and the small size of the new 
components (computers, disk drives, fan-out units, bridges, 
etc) allowed a modular structure to be implemented. Each 
cluster is housed in a compact set of three cubicles, in 
which the local segment consists of one, or more, fan-out 
units. The inter-cubicle part of CODASnet, JPFnet and 
CONSOLEnet uses thick ETHERNET. Only Network 
Information Services and Home reside on CODASnet 
backbone and are isolated from the on-line part of 
CODASnet by an additional bridge. 

Performance monitoring, problem identification and fault 
diagnosis tools are required for an efficient operation of the 
network. A review is presently underway and implementa­
tion is expected by the mid-1993. 

Computer, Disks, X-terminal and 
Network Components Procurements 
Following full tender action and approval in February, 
contracts were placed for the procurement of the following 
equipment: 

• Sparc II computers to act as: Subsystem computers; 
Servers; X-terminal support. Further tests have shown 
that one Sparc II could support ten X-terminals instead 
of the six reported in the initial tests in 1991; 

• 1.3G Byte disk units ; 
• X-terminals - NCD 17Cr; 
• SINTROM bridges; 
• Fan-out units BICC 1131; 

Transceiver Ringlan 120 
Terminal concentrators, Datability 200 and 300. 

All equipment has been subject to strict and formal 
acceptance tests before installation. The integration of units 
from multiple vendors did not prove to be too arduous a task 
and led to significant cost benefits. 

Computer and Control Rooms 
Taking into account the reduced physical size of the equip­
ment, a detailed study proved the feasibility of re-organising 
the Computer and Control Room arrangements and of 
allocating 250m2 to house the IBM 3090 on the JET site. The 

CODAS Computer Room has been reduced to 220m2 leav­
ing some space for further equipment expansion. The new 
Control Room will use a simple desk arrangement on which 
X-terminals and other peripherals will be installed. 

The open nature of the new system and of the network 
offers new and welcome operational facilities but, at the 
same time, brings the potential risks of unwanted interfer­
ence. The security aspects of JET operation have been 
assessed and a scheme agreed to control access and actions 
of CODAS computer users. This control will be applied on 
a personal basis and will take into account the agreed role of 
each person and the location from where they execute 
actions. As an example, an engineer identified by his pass­
word, may be allowed to close a circuit breaker only if he is 
a recognised Power Supply Engineer and if the action is 
initiated from the JET Control Room. The detailed design of 
the scheme is underway and the implementation should be 
completed in 1993. 

The previous Control Rooms included a series of 26" 
overhead displays showing standard computer generated 
information and pictures from observation cameras. These 
were not easily visible from distances of more than 5m and 
their technology was not compatible with the new system. A 
new scheme has been devised using smaller screens distrib­
uted in strategic locations in the control room. A cost 
effective solution has been identified, which uses Personal 
Computers emulating X-terminals and driving SVGA (Su­
per Video Graphic Array) screens. The TV signals are 
captured in frame grabber cards installed in the PCs which 
can display the pictures in windows. A full prototype will be 
reviewed with users in the first quarter of 1993. 

Installation and Logistic 
At the end of operation, CODAS had only a few on-line 
services to maintain. The most important was the Safety and 
Access subsystem, which will be in use throughout the 
shutdown. The others were mainly the test-bed facilities. To 
provide stand-by and occasional test facilities, eight old 
computers were reconfigured and relocated. All the other 
old Norsk Data computers were removed. In a similar way, 
a few CAMAC based consoles were relocated and the 
remainder dismantled. Obsolete cabling was removed, new 
trunking installed, cubicles installed and the new equipment 
placed in its final location in the Computer Room. The 
tender action for the control room furniture was issued 
towards the end of 1992 and the installation should be 
completed before mid-1993. 
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CAMAC interface 
As reported in 1991, it was decided to retain the large 
investment in front end CAMAC instrumentation and to 
drive CAMAC serial loops from JET-designed VME (Versa 
Module Eurocard) boards. As part of the computer selec­
tion, various methods of interfacing computers to the VME 
boards were considered and the technical and financial 
consequences were analysed. The options considered were: 

• VME slot(s) available in the computer; 
• SCSI interface to VME; 
• Parallel computer port connecting to the VME board; 
• Computer bus to VME adapter. 

The chosen solution is the computer bus to VME adapter. 
VME crates with partitioned VME bus are installed in each 
cluster. Each crate has three partitions, each partition is 
connected to one subsystem computer and provides space 
for up to four VME serial highway drivers. The installation 
of this equipment is now complete and all serial highways 
are operational. 

Software Porting 
Following the successful integration of the software for the 
Pellet Testbed subsystem, considerable effort has been 
concentrated on the move to UNIX. This culminated in the 
integration of all CODAS subsystems and the successful 
execution of a software countdown rehearsal in October, in 
line with the initial planning. This represents a significant 
milestone in the move of CODAS to a UNIX environment. 

At present two subsystems running under UNIX are on­
line. One supports the Pellet Testbed and the other the 
Neutral Beam Testbed. The completion of the transfer of all 
the software required for the operation of JET is expected 
before mid-1993. At this time, the Safety and Access Con­
trol Subsystem should be moved to UNIX, leading to the de­
commissioning of the last of the Norsk Data computers. The 
total effort invested in the move of CODAS has reached 42 
man-years and is expected to rise to 46 man-years when the 
move is completed. 

To ease software migration, a set of tools to simplify the 
porting of FORTRAN code has been developed. The tools 
automatically perform a number of changes and flag others 
to be carried out by the programmer. These tools have been 
used extensively in the porting of the diagnostic software. 

Link to the IBM 
The relocation of the IBM to the JET site offered new 
possibilities for higher performance links at lower costs. A 

tender action was issued for a UNIX/IBM gateway to 
provide a file transfer rate of about 2MB. The evaluation of 
this link will be completed early in 1993 and the system will 
be installed and fully commissioned well before operation 
resumes. 

New Developments 
The divertor configuration of JET leads to a substantial 
increase in instrumentation and diagnostic requirement. 
The consequences of these requests were a strong demand 
for powerful front end processing and a significant increase 
in data volume and channels. After analysis, two lines of 
action were decided upon as outlined below. 

New Electronic Standard 
As the CAMAC standard no longer provides the range of 
required modules at competitive prices, it was decided to 
extend the CODAS standard to include VME and to deploy 
VME instrumentation where appropriate. There is no 
intention of systematically replacing CAMAC by VME. 
Studies have identified the requirement for a set of VME 
modules which are now under design or procurement. The 
use of microprocessors and field-programmable integrated 
circuits means that fewer hardware designs are needed than 
in CAMAC, as different functions can be achieved by 
firmware changes only. Where processing power is re­
quired, two types of processors have been selected, both 
housed in VME modules. One processor will be of the 
680x0 family running VxWorks. The other will be DSP 
(Digital Signal Processor) chips, the TMS320C40, installed 
in VME carrier boards. The final selection will be made in 
early 1993. Where VME crates are deployed, these will be 
connected to their host subsystem computers by independ­
ent ETHERNET segments. Software development for the 
support of this new standard has just started and some low 
level libraries have been made available under VxWorks. 

New Data Collection Scheme 
The increase in data volume will require the use of data 
compression and data reduction where appropriate. This, in 
itself, is one of the sources of demand for powerful front end 
processing. The current estimated data volume is about 
80MByte per pulse, when all diagnostics are operating. This 
should be compared with the 30MByte per pulse at the end 
of the last operation period. In addition, about 150MB per 
pulse will have to be collected and transferred, as time 
permits, to the IBM. These data have been named Late Pulse 
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Table. XIII 
Quantitative Information on CODAS Installation 

Item End 1991 

CODAS Interface Cubicle 
CAMAC Crates 
CAMAC Modules 
Eurocard Modules (Signal 
Conditioning and Power Supplies) 
CAMAC Serial Loop (Fibre Optic) 
On-line Computers 
Off line and Commissioning 
Computers 
SizeofJPF 
Number of diagnostics on-line 
with CODAS 
Number of diagnostics under 
commissioning with CODAS 

165 
255 

3,195 

8,180 
25 
24 

13 
33 

42 

2 

End 1992 

156 
215 

2,675 

6,079 
23 
40 

7 
33 

38 

2 

Table. XIV 
Review of CODAS Electronics Stock Holding 

(installed, pre-procurement, loaned and spares) 

Files (LPF). These need not reach the IBM before the next 
JET pulse, as they will be used for detailed off-line analysis 
of fast phenomena. The new data collection software has 
been designed to allow ETHERNET connection to non-
CODAS systems, which would have to support a simple 
message protocol but would have to achieve a minimum 
performance depending on the data volume to be collected. 
This new scheme will be developed and tested during the 
first half of 1993. 

Evolution of Existing Systems 
Tables XIII and XIV provide quantitative data on CODAS 
installation, while Figs.60 and 61 provide information on the 

1. 
2. 
3. 

4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 

15. 
16. 
17. 
18. 
19. 
20. 

CAMAC system modules 
CAMAC digital I/O modules 
Timing system 
(CAMAC & Eurocard) 
CAMAC analogue I/O modules 
CAMAC display modules 
CAMAC auxiliary controllers 
CAMAC powered crates 
U-port adaptor 
CISS modules 
CCTV 
Cubicle frames 
Console devices (not CAMAC) 
Power supply modules 
Intercom, Public Address, 
Computer terminal network 
Pool instruments 
Analogue I/O in Eurocard 
Digital I/O in Eurocard 
Eurocard sub-racks 
JETNet active devices 
VME modules and subracks 

End 91 
908 
910 

1,430 
1,352 
406 
151 
280 
215 
977 
690 
354 
648 

2,097 

731 
1,003 
2,863 
4,975 
1,024 
187 
5 

21,206 
Increase 

End 92 
911 
902 

1,430 
1,351 
375 
151 
280 
215 

1,040 
685 
354 
595 

2,097 

805 
1,006 
2,922 
4.977 
1,017 
271 
108 

21,492 
1.3% 

evolution of JET data acquisition over the years. The re­
duced quantity of electronic modules deployed arises from 
the removal of the C AM AC-based consoles. During 1992, 
six new cubicles were designed, constructed and installed. 
264 fully documented improvements were made and 268 
maintenance interventions recorded. 

1984 1986 1988 1990 1992 1984 1986 1988 1990 1992 

Fig.60: Evolution ofJPF size and collection time over the 
period 1983-1992 

Fig.61 : Evolution ofJPF size and volume 
over the period 1983-1992 
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The interface to the Disruption Feedback Amplifier has 
been designed, installed and commissioned and will be 
integrated in the Poloidal Field subsystem. After design 
and installation, the interface to the Fast Radial Field 
Amplifier to be used for the vertical stabilisation is being 
commissioned under UNIX. A significant extension of 
the Access Control System is underway. This system 
controls and records personnel access to various areas of 
JET. The extension led to a redesign of the interface to 
CODAS. The installation will take place in the first half 
of 1993. 

The Central Interlock and Safety System (CISS) was 
expanded by an additional controller, PX, installed as a slave 
of the PF controller. This new controller was required for the 
inclusion of the divertor, disruption feedback and fast radial 
field amplifiers into the poloidal field system. This con­
firmed the suitability of the original design of CISS. The 
significant extension of the JET cryo-system requires a 
review and a new design of the Direct Plant Interlock System 
(DPIS), which uses the CISS technology. Detailed design, 
implementation and commissioning will be completed in 
the first half of 1993. 

JETNet, the site-wide data network using ETHERNET 
hardware and Vines software has been extended slightly, 
especially in the Engineering buildings. There are now 97 
segments and 923 outlets. It is now possible to use 
portable terminals to access CODAS systems and docu­
mentation from any point on-site where CODAS has 
services. Terminals connected in this way provide the 
fault-finding and commissioning facilities formerly pro­
vided by mobile consoles. 

The number of JETNet users grew throughout the year 
as further server computers were connected. At the end of 
1992, six servers were available, enough to meet the needs 
of the whole site. Currently, 356 users are authorised to 
use JETNet. It provides interconnection between IBM 
mainframe, UNIX, PCs and Apple Macintosh users fore-
mail, as well as shared utilities, programs, data and disk 
space. 

Data Management 

The Data Management Group is responsible for the manage­
ment of JET data and for organisation and control of routine 
data processing. It is responsible for the provision of a 
mainframe Computing Service for scientific and engineer­

ing computing and for PC, Apple Macintosh and network 
support, including the provision of appropriate software and 
hardware systems. The computing service is based on an 
IBM 3090/300J three-way processor mainframe with two 
vector facilities. There are lOOGBytes of disc storage and a 
further lOOOGBytes of automated cartridge tape storage. 

The JET computing Service has been operating since 
June 1987 and the central computer was upgraded in Febru­
ary 1990 from an IBM 3090/200E to an IBM 3090/300J with 
three processors, two vector facilities and 256 MBytes of 
memory (128MB central and 128MB expanded), almost 
doubling the processing capacity. The upgrade permitted a 
significant growth of the mainframe computing workload, 
most critically in the areas of data processing, CAD work 
from the Drawing Office, interactive (TSO) work and 
mechanical and electrical design studies. These improve­
ments have significantly enhanced the Project's Design and 
Data Processing capabilities. 

To provide additional storage capacity and ensure com­
patibility with the latest IBM software and offer higher 
reliability, the original IBM Mass Storage System (MSS) 
was replaced in February 1992, by a Memorex-Telex auto­
mated cartridge tape library (ATL) with a capacity of about 
1 OOOGBytes (four times that of the old IBM MSS). The ATL 
not only provides storage for backup and dump tapes, that 
were previously handled using manually operated cartridge 
tape drives. This, together with the introduction of auto­
mated operations via the product AutoMate/MVS, has elimi­
nated the requirement for operator cover, leading to signifi­
cant staff savings. 

The other recent major change has been the relocation of 
the complete IBM Computer Centre from the UKAEA 
Harwell Laboratory to the JET site. A new computer room 
was established in Building J2, with the building work 
starting at the beginning of the JET shutdown in March 
1992. The work involved repositioning of internal walls, 
extensive refurbishing, and the provision of the required 
electrical systems, air conditioning and chilled water sup­
plies. The computer room was prepared very efficiently and 
the move of the equipment took place over the weekend of 
17th July 1992, with a minimal interruption, service being 
restored to users before midday on the Monday (Fig.62). 

The relocation of the computer has led to improvements 
in the following areas: 

• improved communications, performance and reliabil­
ity, with the removal of the need for remote links to 
access the system; 
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Fig.62: Installation of the IBM mainframe computer in the 
Building J2 computer room. 

• the potential for greater integration with the CODAS, 
UNIX systems. Prototype developments for data 
transfer link between the UNIX (Sun) systems and 
the IBM show very significant improvement in 
speed; 

• significant cost savings in the areas of communica­
tions hardware and of staff. 

Overall this should lead to even greater involvement of 
the mainframe data analysis in connection with control room 
activities. 

The increasing sophistication of JET measurements and 
analysis techniques have lead to a growth in the JPF size 
which, during the last operations period reached almost 
35MBytes per shot. Various optimizations were made in 
order to keep the data collection and transmission time 
within eight minutes from the end of the pulse. The first set 
of plots from the analysis were returned to the control room 
within a further two minutes, and the intershot analysis was 
normally completed in eight minutes from receipt of JPF. In 
the pumped divertor phase the JPF size may well exceed 
80MBytes, and further delayed data will be collected. De­
velopments are in progress to transmit, store and analyse the 
increased amounts of data. 

At present, all the JPFs (in excess of 250GBytes) are 
stored in compressed form on the Memorex-Telex ATL and 
a further 90GBytes of analysed data from the intershot and 
other analysis work is also stored on the IBM system, within 
the PPF on-line data base. 

The Central Physics File (CPF), stored and used under 
the SAS environment, forms a complete higher level data 

selection and storage system. A subset of all data is 
extracted at time points of interest, determined by the 
Timeslice program and the interactive time slice editor, 
TED, and stored in the SAS databases. The data are the 
basis for extended statistical analysis, and the source for 
other extracts such as the TRANSPORT and EDGE bank. 
This system is fully automated, and much used in the 
Project. 

The other major area of the group's work is the support 
of over 450 Personal Computers (PCs), about 80 Apple 
Macintosh systems, and (together with the CODAS) sup­
port for the site wide network. The PCs are used for a wide 
variety of tasks including word processing, data analysis, 
data acquisition, program development, terminal emula­
tion, CAD, project planning and circuit design and analy­
sis. The facilities have been significantly extended with 
the introduction of the sitewide network JETNet. This 
brings new services such as electronic mail, shared file 
access with central backup service, access to shared print­
ers and to the UNIX and IBM computer systems. 

Diagnostic Systems 

The status of JET's existing diagnostic systems at the end of 
1992 is summarized in Table XV and their general layout in 
the machine is shown in Fig.63. The staged introduction of 
the diagnostic systems onto JET has proceeded from the start 
of JET operation in June 1983. The present status is that 37 
systems are in existence. A further 22 systems are in prepa­
ration or in the design stage for operation in the new phase 
of JET or in the active D-T phase. Table XVI sets out the list 
of additional diagnostics under construction. Operational 
experience on the existing diagnostics has been good and 
most of the systems have operated automatically with mini­
mal manual supervision. The resulting measurements have 
been of high quality in terms of accuracy and reliability, and 
have provided essential information on plasma behaviour in 
JET. Further details on specific diagnostics systems are 
given below. 

Magnetics 
The magnetic diagnostic system for the new phase will have 
two sets of flux and field measurements near the divertor 
area and a number of extra pick-up coils located near the 
projected positions of the outboard and inboard plasma 
surfaces. A back-up set is also provided for these measure-
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Table XV 
Status of JET Diagnostics Systems, December 1992 

Existing Diagnostics 

System 

KB1 

KC1 

KE3 

KF1 

KG1 

KG3 

KG4 

KH1 

KH2 

KK1 

KK2 

KK3 

K U " 

KL3 

KM1 

KM3 

KM7 

KN1 

KN2 

KN3· 

KN4 

KR2 

KS1 

KS2· 

KS3 

KS4 

KS5 

KS6· 

KS7· 

KT2· 

KT3 

KT4· 

KX1 

KY3· 

KY4 

KZ3· 

Κγ1 

Diagnostic 

Bolometer array 

Magnetic diagnostics 

Lidar Thomson scattering 

High energy neutral particle analyser 

Multichannel far infrared interferometer 

Microwave reflectometer 

Polarimeter 

Hard X­ray monitors 

X­ray pulse height spectrometer 

Electron cyclotron emission spatial scan 

Electron cyclotron emission fast system 

Electron cyclotron emission heterodyne 

Limiter viewing 

Surface temperature 

2.4MeV neutron spectrometer 

2.4MeV time­of­flight neutron spectrometer 

Time­resolved neutron yield monitor 

Time­resolved neutron yield monitor 

Neutron activation 

Neutron yield profile measuring system 

Delayed neutron activation 

Active phase neutral particle analyser 

Active phase spectroscopy 

Spatial scan X­ray crystal spectroscopy 

Η­alpha and visible light monitors 

Charge exchange recombination spectroscopy 
(using heating beam) 

Active Balmer o spectroscopy 

Bragg rotor X­ray spectrometer 

Poloidal rotation 

VUV broadband spectroscopy 

Active phase CX spectroscopy 

Grazing incidence+visible spectroscopy 

High resolution X­ray crystal spectroscopy 

Plasma boundary probes 

Fixed Langmuir probes (X­point belt limiter) 

Laser injected trace elements 

Gamma rays 

Purpose 

Time and space resolved total radiated power 

Plasma current, loop volts, plasma position, 
shape of flux surface, diamagnetic loop, fast MHD 

Te and ne profiles 

Ion energy distribution up to 3.5MeV 

Jn.ds on six vertical chords and two horizontal chords 

ne profiles and fluctuations 

Jn,Bpds on six vertical chords 

Runaway electrons and disruptions 

Monitor of Te, impurities, LH fast electrons 

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

Te(r,t) on microsecond time scale 

Te(r,t) with high spatial resolution 

Monitor hot spots on limiter, walls, RF antennae, 
divertor target tiles 

Surface temperature of target tiles 

Neutron spectra in D­D discharges, ion temperatures and 
energy distributions 

Triton burnup studies 

Time resolved neutron flux 

Absolute fluxes of neutrons 

Space and time resolved profile of neutron flux 

Absolute fluxes of neutrons 

Ion distribution function, T¡(r) 

Impurity behaviour in active conditions 

Space and time resolved impurity profiles 

Ionisation rate, Z^ , impurity fluxes from wall and limiter 

Fully ionized light impurity concentration, T,(r), 
rotation velocities 

TD, ND and Z ^ r ) 

Monitor of low and medium Ζ impurity radiation 

Multichannel spectroscopic measurement of poloidal rotation 

Impurity survey 

Full ionized light impurity concentration, T¡(r), 
rotation velocities 

Impurity survey 

Central ion temperature, rotation and Ni concentration 

Vertical probe drives for reciprocating Langmuir and 
surface collector probes 

Edge parameters 

Particle transport, T,, impurity behaviour 

Association 

IPP Garching 

JET 

JET and Stuttgart 
University 

Purchased from loffe 
St Petersburg 

CEA Fontenay­aux­Roses 

JET and FOM Rijnhuizen 

JET and CEA 
Fontenay­aux­Roses 

JET 

JET 

NPL, UKAEA 
Culham and JET 

FOM Rijnhuizen 

JET 

JET 

JET 

UKAEA Harwell 

NFR Studsvik 

JET and UKAEA Harwell 

UKAEA Harwell 

UKAEA Harwell 

UKAEA Harwell 

Mol 

ENEA Frascati 

IPP Garching 

IPP Garching 

JET 

JET 

JET 

UKAEA Culham 

UKAEA Culham 

UKAEA Culham 

JET 

UKAEA Culham 

ENEA Frascati 

JET. UKAEA Culham and 
IPP Garching 

JET 

JET 

Fast ion distribution JET 
I 

Status 

Modified 

Upgraded 

Upgraded 

Upgraded 

Modified 

Modified 

Upgraded 

Modified 

Upgraded 

Upgraded 

Upgraded 

Modified 

Modified 

Upgraded 

Upgraded 

Modified 

Modified 

Upgraded 

Modified 

Upgraded 

Modified 

Upgraded 

Modified 

Modified 

Upgraded 

Modified 

Not compatible with tritium JG93.131/1 
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Neutron Activation 
System \ 

Charge Exchange 
Recombination 
Spectroscopy 

X R a y Crystal 
Spatial Scan 

Plasma Boundary Probe 

Neutron Yield Profile 
Measuring System 

2mm Microwave 
Interferometer 

Bolometer Array 

Surface Probe 
Fast Transfer System 

Far Infrared Interferometer 
and Polarimeter 

Microwave Reflectometer 

Neutron Yield Profile 
Measuring System 

Neutral Particle 
Analyser 

Time Resolved 
Neutron Yield Monitor 

High Resolution X­Ray Λ 
Crystal Spectrometer " 

Fig.63: General layout of diagnostics in the JET machine. 

merits. The complete set, old and new, will be used for 
equilibrium reconstruction. Test runs on simulated data 
indicate that an accuracy of <5mm should be achievable in 
the identification of the boundary (see Fig.64). 

Most new coils are of a single layer ceramic construc­

tion as used before. They will operate with bandwidth up 
to 500kHz. The new ceramic poloidal coils of the set for 
equilibrium reconstruction will also be used for MHD 
studies, while the set is further extended at one poloidal 
position in the toroidal direction. This complete set will 
allow the study of modes with high m and η numbers. 

The data acquisition for the new equilibrium set will be 
based on VME technology at a rate of up to 10kHz. The 
MHD signals will be digitised at high rates up to 1MHz, 
locally stored and selected by means of intelligent trig­

gers. Several new voltage loops will be introduced. Two 
voltage loops will be attached to the restraint rings at the 
inboard side of the vessel. These will provide a back­up for 
external voltage loops and also will provide an absolute 
reference for flux loops inside vessel. There will also be 
two voltage loops in the lower di vertor coil container with 
a similar purpose. 

Two poloidal voltage loops have now been attached to 
the inside of the vessel. Estimates indicate that these can 
be used as diamagnetic loops since the vessel has become 
sufficiently rigid and this signal will not need to be 
compensated for the expansion of the toroidal field coil. 

Target Langmuir Probes 
New Langmuir Probes have been designed for the new 
divertor geometry. The probe tip will be located in the gaps 
between the target elements and supported in an isolated 
holder (Fig.65). The tip is shaped to give the optimum 
collecting area and the correct orientation to the average 
field line direction expected. The material will be very fine 
grain carbon fibre composite. The tip can easily be installed, 
exchanged and adjusted in height. There will be two coarsely 

Calculation using original set ol KC1 coils and 
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— ■ — Divertor probes and saddles 
(items 1 and 2) 
Full set in Fig. 1, but with 
poloidal limiter probes (item 3) 
moved to outer wall 

As in Fig. 1, but with every 
second coil removed from items 
3. 4 and 7 
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Fig.64: Error in boundary reconstruction (EFIT reconstruction 
afa PROTEUS equilibrium) with various sets of magnetic 

detectors. The selected set reduces the errors to below 5mm. 
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TableXVI 
Status of JET Diagnostics Systems, December 1992 

Diagnostics under Construction 

System 

KB3D 

KB4 

KC1D 

KD1D 

KE4 

KE7 

KE9D 

KG6D 

KG7D 

KG8 

KJ3 

KJ4 

KK4D 

KM2 

KM5 

KT1D 

KT5D 

KT6D 

KT7D 

KY4D 

KY5D 

KY6 

Diagnostic 

Bolometry of divertor region 

In­vessel bolometer array 

Magnetic pickup coils 

Calorimetry of Mark I divertor targets 

Fast ion and alpha­particle diagnostic 

Lidar Thomson scattering 

Lidar Thomson scattering 

Microwave interferometer 

Microwave reflectometer 

Ε­mode reflectometer 

Compact soft X­ray cameras 

Compact soft X­ray camera 

Electron cyclotron absorption 

14MeV neutron spectrometer 

14MeV time­of­flight neutron spectrometer 

VUV spatial scan of divertor 

Toroidal view visible spectroscopy of divertor 
plasma from Octant No: 7 mid­plane 

Poloidal view visible spectroscopy of 
divertor plasma using a periscope 

VUV and XUV spectroscopy of divertor plasma 

Langmuir probes in divertor target tiles 

Fast pressure gauges 

50kV lithium atom beam 

Purpose 

Power balance of divertor plasma 

Time and space resolved radiated power 

Plasma geometry in divertor region 

Power balance of divertor plasma 

Space and time resolved velocity distribution 

Higher spatial resolution, ne and Te in plasma edge 

Te and ne profiles in divertor plasma 

Jnedl along many chords in divertor plasma 

Peak n„ along many chords in divertor plasma 

Measurement of density profiles in edge and SOL 

MHD instabilities, plasma shape 

Toroidal mode number determination 

πβΤβ profile along many chords in divertor plasma 

Neutron spectra in D­T discharges, 
ion temperatures and energy distributions 

Time and space resolved impurity densities 

Tz and Vz, ion temperature and toroidal velocity 
of impurities 

Impurity influx, 2­D emissivity profile of lines 

Impurity influx, ionization dynamics 

ne and Te in the divertor plasma 

Neutral flow in divertor region 

Parameters of the scrape­off­layer plasma 

Association 

JET 

JET 

JET 

JET 

JET 

JET 

JET 

JET 

JET 

JET and 
CFN/ISTLisbon 

JET 

JET 

JET 

UKAEA Harwell 

NFR Gothenberg 

JET 

JET 

JET 

JET 

JET 

JET 

JET 

Status 

Mechanical interface manufacture in progress. 
Final tests of detector element in progress. 
Procurement of electronics and data 
acquisition in hand. 

Manufacture in progress. Final tests of 
detector elements in progress. Procurement 
of electronics and data acquisition in hand. 

Manufacture in progress. 

Thermocouple installation awaiting delivery of 
target tiles. 

Under construction 

Design 

In­vessel design complete, procurement in 
progress. 

In­vessel waveguide design complete, 
procurement in progress. 

in­vessel waveguide design complete, ex­vessel 
microwave design and mockup experiments 
in progress. 

Design 

Under construction 

Under construction 

In­vessel waveguide design complete. 
Ex­vessel microwave design and mockup 
experiments in progress 

In installation 

In installation 

Under construction 

Design in progress. Optics components 
defined and procurement in progress. 

Periscope and in­vessel components installed 
Design of other components and optics in progress 

Spectrometer in manufacture, mechanical 
design in hand, procurement of electronics 
and data acquisition in hand. 

Thermocouple installation awaiting delivery 
of target tiles 

Manufacture in progress 

Source under test. Telescope in manufacture. 

spaced poloidal sets of eleven probes approximately match­

ing the positions of the magnetic measurements in the 
divertor module. 

In addition, an array of 40 triple probes is planned which 
will cover the most probable locations of the two strike 
zones. The triple probes will allow continuous observation 
of the plasma parameters Isat, Te and Vfloat· This will be 
considerable improvement compared to the single probes 
which must be used in the ramped mode. The triple probes 
should prove invaluable for fast measurements (10kHz) 
during ELM activity. 

The unit driving the triple probes will deliver up to 10A 
with the facility of automatic testing of the probe tips and 
circuit modules. In the event of individual probes failing, 
remaining probes in the triple probe set will be switched to 

JG93.131/2 

a single probe mode. The control and data acquisition will 
be by means of a VME based standard unit. 

The long stroke fast scanning probe will be maintained 
for the new experimental phase. Tests during the last week 
of previous operation have proven that the CFC probe 
head is extremely robust. It survived a 2s 10cm deep 
insertion into a mildly heated divertor plasma (tip tem­

perature = 2500°C). The second stationary probe has been 
redesigned so that it can also have a long stroke fast scan 
capability. This probe can carry a variety of heads. In 
particular, it can expose rotating collector probes and 
sophisticated retarding field analysers or a plasma ion 
mass spectrometer. 

The Fast Transfer System and the Surface Analysis 
Station have now been dismantled and removed. 
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Probe tip 

Fold­up 
locking tab 

High density 
graphite 

Snapping' slot 

Gap adjust 
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nitride 

insulators 

Welded to bracket 
after adjustment 

Fig.65 : Divertor probe holder 

Target Observations 
Target observations in visible light and infra­red (IR) are 
considered vital for the next operational period. These will 
be used: 

• qualitatively, to provide guidance for machine op­

erations and for the optimisation of discharge condi­

tions; 
• quantitatively, for evaluating photon fluxes, meas­

uring the temperature distribution on the target and 
studying fast events (ELM's, X­events, disruptions). 

The target will be observed at two toroidal positions 
(Octant No: 5 and No: 8) from the top and tangentially 
from the pumping port in Octant No: 1 (wide angle survey 
camera). 

For the observations in the visible and near UV part of 
the spectrum, two black and white CCD cameras and one 
colour CCD camera (wide angle view) together with 
appropriate interference filters will be used. All cameras 
are being modified to allow either remote or automatic 
control of their sensitivity by switching the internal inte­

gration time. This extends the dynamic range of the 
cameras significantly. In addition, a 5 channel photon flux 
detector based on a thermoelectrically cooled CCD will be 
installed on a vertical port, to measure photon fluxes at 
five different wavelengths as a function of the major 
radius and time. This system features high spatial (OR < 
3mm) and medium time resolution (ôt < 20ms). Two linear 
CCD arrays will be used to study fast events. The time 
resolution of these cameras is about 64us. These give 
radially resolved profiles (dR < 3mm) on the target. 

It is planned to install a high resolution focal plane cooled 
IR detector, aligned with the view of the CCD camera. The 
resolution on the target will be ~3mm, sufficient to observe 
the poloidal power deposition profile in detail. The selection 
of a suitable camera is in progress. The CCD video images 
will be stored on remotely controlled video recorders with an 
off­line analysis facility, the data of the fast CCD cameras 
and the IR detector will be stored in a VME data acquisition 
system. The data of photon flux detector will be stored in the 
stand­alone PC and transferred to the central storage system. 

In­vessel Pressure Gauges 
The pressure gauge head has been completely redesigned to 
make it more robust and easier to manufacture in large 
quantities (see Fig.66). The new gauge head has been tested 
successfully and the heads have been delivered. Five mod­

ules of the drive electronics are being built. As the total 
number of gauges in the vessel is 15, a remote switching 
device is proposed to adapt the mode of operation. Tests 
have shown that it is an advantage to keep the basic connec­

tions to the drive electronics and the filament supply short. 
The control units are therefore split and connected by optical 
fibres. Three poloidal sets of five gauges are mounted under 
the target structure and connected to the surface by means of 
short pipes, which are 90° toroidally apart. 
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Fig.66: Cross­section of Ionization Gauge. 
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Lithium Beam Edge Density Diagnostic 
Detailed design of the diagnostic and its operating system 
have been completed successfully. The precise arrangement 
of some in-vessel protective elements has been changed so 
that they provide secure protection of the exposed end of the 
light collection periscope. Most of the major components 
have either been delivered or are expected shortly. 

The lithium source has been assembled and operated 
using the new control system. Reliable performance has 
been demonstrated over the required 10s period, with ex­
tracted currents >40% higher than design criteria (achieved 
Lj+ current > 2mA at ~60keV), with beam divergence close 
to the anticipated value. The lithium neutralizer is being 
assembled so that testing of the complete injection system 
can begin. 

The spectrometers and detection equipment are being 
assembled and tested as items are delivered. All connecting 
optical fibres and cables are ready for installation. Suitable 
algorithms have been written, which overcome difficulties 
in interpretation and allow this diagnostic to be applied to the 
steep densities expected in JET. 

Erosion/Deposition Measurements 
For the next generation of tokamaks target erosion is one of 
the crucial parameters [1]. To relate erosion with plasma 
parameters, in situ measurements on a shot-by-shot basis are 
necessary. Several methods have been investigated and 
assessed for their suitability for JET: 

Ellipsometry 
Classical ellipsometry has been extended to operate with 2m 
working distances, this being the shortest distance conceiv­
able in JET [2]. Measurements can readily be made on 
polished samples of graphite and beryllium, whilst the rough 
surface of practical samples produces a speckle type pattern 
from which measurements can still be made. Ellipsometry 
can be used to measure deposited film thicknesses up to 
lmm and has a sensitivity of ~lnm for films on polished 
surfaces. Erosion can only be measured as the thinning of a 
pre-deposited layer. 

Co/our fringe analysis 
Thin films when viewed in white light exhibit interference 
colours which depend on the film thickness. The technique 
does not depend on specular reflection and is therefore well 
suited to look at divertor surfaces. In experiments on 
TEXTOR [3], the technique has been tested by observing a 

predeposited film on the limiter. A colour television camera 
has been adapted to observe the colour fringes and software 
has been developed to calculate the film thickness. 

Spedde interferometry 
A two wavelength speckle-interferometer produces a fringe 
pattern reflecting the height contours of the substrate 
which does not need to be polished or in specular reflec­
tion. Tests using the wavelengths 514.5 and 588mm from 
a CW Ar-ion laser have shown that small steps of ~lmm 
can be observed. This test was carried out on a laboratory 
scale of ~0.5m. [4]. Since shot-by-shot erosion in JET is 
not expected to exceed lmm, this method cannot be used 
at JET but has a large potential for next generation ma­
chines. These studies have shown that erosion of 
predeposited film or redeposited film can readily be ob­
served on the JET divertor. However, colour fringe analy­
sis seems to be more suitable than ellipsometry because of 
the access requirement. 

Neutral Helium Beam Target Diagnostics 
Two jets of neutral helium are proposed to be injected from 
between the target elements into the divertor plasma. The 
flow rate of the two jets can be independently controlled. The 
spectral emission from the helium can be measured using the 
periscopes for the Da emission (Octant No:5). For the 
electron temperature, the ratio of the 728nm and 706nm 
lines will be used, whilst for the electron density the ratio of 
728nm and 668nm lines. 

Neutron Diagnostics for the Next Phase 
The neutron diagnostic systems summarized in Table 
XVII are all expected to be operational at the start of the 
next campaign. The philosophy underscoring the deploy­
ment of these diagnostics is that there will be no clear 
separation between the operational phase of JET that uses 
deuterium from that during which deuterium-tritium mix­
tures will be used. Instead, lengthy periods of deuterium 
operation interspersed with low level tritium usage may be 
anticipated, followed (eventually) by the main tritium 
period during which tritium will be conserved as far as 
possible, with a possibility of returning to deuterium 
operation for development of new plasma scenarios. The 
neutron diagnostics for D-D operation must therefore 
remain available, in parallel with those specifically for 
D-T operation, until near the end of the Project. Work is 
now in progress to implement this philosophy. 

"W" 
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Table XVII 
Neutron Diagnostic Systems 

System 
Time resolved neutron yield monitor. 

KN1 (Fission chambers) and KM7 (Silicon diodes). 

Activation system. 
KN2 and KN4. Because of new in­vessel 
components (divertor), reliable response 
calculations are possible only for the upper 
irradiation end inside the vacuum vessel. 

2-D neutron camera (D and D-T plasmas). 
KN3 Upgrade. The upgrade is essential for 
operation with more than 1 MW of fusion 
power. It is intended that this diagnostic be 
in place by the end of 1993. 

Neutron spectrometers (radial and tangential). 
KM3 ­ 2.5 MeV neutrons, available. 
KM2 and KM5 ­ 14 MeV neutrons, 
being installed now. 

Measured quantities 
Measures the instantaneous neutron emission 
strength. Distinction between D­D and D­T 
neutrons is necessary for triton burnup and 
low­level tritium diffusion studies. 

Determines absolute neutron yields and hence 
calibration of time­resolved neutron yield 
monitors for D­D and D­T neutrons. 

Measures radial neutron intensity distributions 
in two directions, the absolute neutron yields, 
and permits tomographic reconstruction of 
neutron emission. Study of triton burnup in 
D­plasmas, to investigate fast particle 
confinement and to determine nd/ng ratios. 

Measurement of neutron energy spectra; 
separation of thermal and beam­plasma 
contributions. Identifies neutron production 
fromlCRF­heated particle interactions with 
impurities. Determines nd/ng ratios in D plasmas 
and nfuej/rig ratio in D­T plasmas. 

Neutron Spectrometers. 
The time­of­flight 2.5MeV neutron spectrometer (KM3) is 
being moved from its position in the Roof Laboratory above 
Octant No:8 to above Octant No:5. Since the plasma axis for 
high performance divertor plasmas will be located near 
2.90m, instead of 3.25m, it has been necessary to modify the 
collimation; considerable delay in reassembling the 
spectrometer has therefore been occasioned. For the same 
reason, a similar delay has resulted in the installation above 
Octant No:8 of the 14MeV spectrometer (KM5), con­

structed by Chalmers University of Technology, Gothenburg, 
Sweden. The tandem­radiator spectrometer (KM2), con­

structed by AEA Technology, UK, is to be installed in the 
Diagnostic Hall, using the beam­line formerly occupied by 
the Surface Probe Fast Transfer System and thereby avoid­

ing the need for constructing a massive but moveable 
radiation shield for deployment within the Torus Hall. 

Figure.67 shows a 14MeV neutron spectrum, obtained 
during the Preliminary Tritium Experiment (PTE). It was 
obtained from an analysis, by Heidelberg University, Ger­

many, of proton recoil tracks in a nuclear emulsion, recorded 
for Pulse Nos:26147 and 26148. The 14MeV peak was 
derived from only 30 analyzable tracks. The strength of the 
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Fig.67: Neutron energy spectrum for D­T discharges Pulses 
No:26l47and No: 26148, derived from measurements of proton 
recoil track lengths in a nuclear emulsion. The l4MeV neutrons 
are distinguished clearly against the weak background of scat­
tered neutrons. The peak just above I MeV is attributed to (n,p) 
threshold reactions with "C in the emulsion. 
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Fig.68:Neutron emissivity profiles along a radial chord at the 
tokamak midplane plotted versus major radius and time for the (a) 
2.5MeVand (b)l4MeVneutronsfrom(l%)D­Tdischarge (Pulse 
No: 26114). Tritium beam injection had terminated by 13.5s and 
the decay of the thermalized tritium density with a 1.0s decay 
constant is seen clearly. 

neutron emission (~7.2xl017 neutrons) is demonstrated by 
the extreme collimation used: apertures of lxlcm2 at the 
vertical of the vacuum vessel and about 4 χ 1 cm2 in front of 
the emulsion ~20m distant. The background flux of neutrons 
is very low in the region 4 to 13MeV. The peak at just above 
lMeV is believed to be due to 13C(n,p)13B reactions in the 
emulsion; it has a reaction Q­value of 12.6MeV. 

The Neutron Profile Monitor 
A major upgrade is being planned for the neutron profile 
monitor to provide: improved radiation shielding (for D­T 
operation), remotely adjustable collimation (a choice of two 
aperture sizes), and provision for three in­line detectors 
within each collimation channel (a Csl/photodiode for fast­

electron bremsstrahlung detection, an NE213 scintillator for 
D­D neutrons and low intensity D­T neutrons, and a small 
fast plastic scintillator for high intensity D­T neutrons). The 

number of channels and their viewing directions will remain 
unchanged. With these modifications, it will be possible to 
follow the programme without need for physical access to 
the profile monitor to exchange detector boxes or collima­

tion in accordance with the programme. It will also be 
possible, for the first time, to study simultaneously fast 
electron currents generated through operation of the LHCD 
system and the effects on the neutron emission profiles. 

The capabilities of the present neutron profile monitor 
were fully exploited during the PTE, when the temporal 
evolution and 2­D spatial profiles of the 2.5 and 14MeV 
neutron emissivity from D­D and D­T fusion reactions were 
measured. These experiments involved D­D fusion produc­

tion of tritons, tritium beam deposition and diffusion, D­T 
fusion and the removal of tritium from wall tiles. Four types 
of plasma conditions were investigated: 
(a) High performance deuterium plasmas with deuterium 

NB injection, which allowed the 14 MeV neutron emis­

sivity due to triton bumup to be observed; 
(b) Discharges with 1% tritium NB injection that showed 

the deposition profiles resulting from T and D beams to 
be about the same; after injected tritium had thermalized, 
it was deduced from 2.5 and 14MeV neutron emissivity 
profiles (Fig.68) that the tritium content decayed with a 
Is time constant and that the tritium to deuterium ratio 
was spatially constant across the plasma, leading to the 
conclusion that deuterium and tritium have similar par­

ticle transport properties; 
(c) Two high performance discharges for which two of the 

sixteen neutral beam injectors operated with 100% tri­
tium, during which the production rate of 14MeV neu­

trons reached 6x 10'7 n.s1. Both the axial 14MeV neutron 
emissivity and the axial ion temperature saturated before 
the maximum global emission was reached; 

(d) Tritium cleanup discharges, for which the residual tri­
tium entering the plasma produced a spatially constant 
ratio of tritium to deuterium, providing further evidence 
for the similarity of their particle transport properties. 

The profile monitor has also been exploited in an unex­

pected way, to obtain tomographic reconstructions of the 
gamma­radiation emission from reactions between ener­

getic ions produced by ICRF heating and plasma impurity 
ions. This was only possible since the neutron detectors are 
sensitive to gamma­radiation and signal processing equip­

ment is provided to distinguish neutron from gamma­ray 
induced events. Normally, the gamma­radiation background 
due to neutron scattering and capture in the wall materials is 
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proportional only to the total neutron emission and is inde­

pendent of such plasma properties as shape and position. 
However, with strong ICRF heating, high impurity levels 
and electronic discrimination levels set to maximize (rather 
than minimize) the gamma­ray signal, it has been possible to 
extract signals proportional to the spatial distribution of 
those ions heated to MeV energies. This has been accom­

plished for an RF resonance scan (Pulse Nos: 23448 to 
23462) in which ~ 1 OM W ICRF power, tuned to 3He minor­

ity ions using monopole phasing, was applied to 3.5MA 
deuterium plasmas while the toroidal field was varied from 
2.6 to 3.4T in successive pulses; the position of the reso­

nance moved from 2.85 to 3.33m. The tomographic image 
in Fig.69 was typical. The gamma­ray emission is attributed 
to 3He ions interacting with 9Be impurity ions; in all cases, 
a pronounced peak was observed, displaced between 7 and 
19cm to the low field side of the resonance layer (the position 
is uncertain to ±5cm). Almost the entire distribution lies to 
the low field side, as appropriate to trapped ion orbits. 

Runaway Electrons 
Examination of carbon limiter tiles for their 7Be contents has 
previously been used as an indication of the intensity of high 
energy runaway electron currents generated following ma­

jor plasma disruptions. The present shutdown afforded an 
opportunity to study a large set of tiles to determine the 
toroidal symmetry of the activation, which provides an 
indication of the accuracy with which the tiles are located 
relative to the magnetic flux surfaces. However, the devel­

oping nature of the programme has given rise to some 
ambiguities. Runaway electrons are generated during major 
plasma disruptions as a highly transient effect but may also 
be created continuously during low density operation, as 
required for LHCD. Such energetic electrons ultimately 
collide with various plasma facing components, i.e. limiters, 
X­point tiles and other protecting surfaces. These surfaces 
are made either of carbon or beryllium. Very energetic 
electrons (>30MeV) can induce spallation reactions leading 
to 7Be formation in either material. 7Be cannot be generated 
through reactions with 14MeV neutrons; it has a 53.3 day 
half­life and emits acharacteristic decay gamma­ray. Unfor­

tunately, another formation mechanism exists; it is gener­

ated from 9Be, present either as a limiter material or as 
impurities in the plasma, by nuclear reactions with (several 
MeV) JHe ions accelerated by ICRF; redistribution could 
then bring the 7Be to the dump plate tiles. However, as high 
power RF heating of minority 'He ions in low density 

z(cm) 0 
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Fig.69: Tomographic reconstruction of gamma­radiation emitted 
from reactions between MeV 'He ions and 9Be impurity ions 
during ICRF heating of a D plasma (Pulse No: 23450). The fast 
ion density distribution is strongly peaked on the machine mid­
plane ~0.07m from the low field side of the resonance layer, 
located at 3.38m. The centre is at 3.01m. 
plasmas has not been a strong feature of the campaign, it is 
estimated that the 7Be found in these tiles is indicative of the 
presence of very high energy runaway electrons. 

A large number of carbon tiles removed from the vacuum 
vessel at the start of the present shutdown have been exam­

ined for their 7Be content. In particular, tiles taken from the 
inner­most ring of X­point dump plates have been found to 
have comparable 7Be content (see Fig.70), although an 

Φ 
m 

Toroidal angle (deg) 

Fig.70: 7Be activity deduced from 478keV decay gamma­rays 
emitted from a toroidal ring of carbon tiles in the upper dump 
plates: the radioactive decay has been corrected to refer to the 
time of the last discharge. A periodic structure is seen, indicating 
the tiles are nearly equidistant from the last closed flux surface. 
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Fig.7I:An example of heterodyne radiometer measurements of 
ECEfrom near the plasma edge. The signals from two radiometer 
channels (lower traces) were recorded using the fast data acqui­
sition system, at a sampling rate of 200kHz, around the time of an 
ELM. They show a compled structure, varying from channel to 
channel, not seen on the Ha signal (upper trace). 

eight­fold periodicity can be discerned, with the highest 
activity at the joins between structural groups of tiles. 
Runaway electrons rapidly explore an entire flux surface 
and will be intercepted and lost at any intruding object. The 
fact that the observed 7Be production lacks a strong toroidal 
dependence implies that the X­point tiles are aligned to an 
accuracy of a few mm. It is estimated that a total of 10" 
7Be ions were held in graphite tiles at the end of the 1992 
period of operation; production of a 7Be nucleus from 12C is 
generally accompanied by emission of a neutron. The total 
number of neutrons associated with disruptions during the 
last two months of operation is 5xl0'\ so the 7Be inventory 
is indeed compatible with production by disruption gener­

ated runaway electrons. 

Alpha­Particle Diagnostics 
The neutron measurements will define the alpha­particle 
birth profile in space and time. In principle, it should be 
possible to diagnose the slowing down alpha­particle 
population through the gamma­ray emission resulting 
from interactions with beryllium impurity ions in the 
plasma. This is a difficult measurement and does not have 
a high probability for success. An extremely high count­

rate, gain stable, carefully calibrated gamma­ray detector 
is required. 

Measurements of the loss of energetic alpha­particles to 
the walls would be most interesting. JET offers a particularly 
difficult environment for this type of diagnostic due to 
350°C wall temperatures. However, it is possible that small 
diamond solid state detectors may offer appropriate sensitiv­­y and environmental compatibility. These detectors would 
be wall mounted in a manner reminiscent of Langmuir 
probes. Sample detectors are being obtained for testing. 

Electron Cyclotron Emission (ECE) 
System 
During operation, ECE measurements were made routinely 
with the standard instrumentation ­ a rapid scan Michelson 
interferometer, a grating polychromator and a multichannel 
heterodyne radiometer. From the measurements, the elec­

tron temperature is obtained with good spatial and temporal 
resolutions. Typical measurements with the heterodyne 
radiometer using fast data acquisition are shown in Fig.71. 

At the beginning of the shutdown, modifications and 
upgrades of some of the ECE instrumentation were initiated. 
The in­vessel ECE antennae are being modified to accom­

modate upward vertical displacement (­0.3 m) of the plasma 
centre which will result from the new plasma configuration. 
The fan array of six antennae which view the whole poloidal 
cross­section has been removed, and will be replaced with 
three antennae viewing around the new mid­plane location 
plus a fourth which will have an oblique line­of­sight 
through the plasma centre. This new arrangement will allow 
several instruments to make simultaneous measurements on 
sightlines through the plasma centre. The windows on the 
vacuum vessel are being changed to double windows so that 
the system will be fully compatible with the D­T phase. 

The heterodyne radiometer is being upgraded in two 
respects. The antenna spot size is being reduced by installing 
a Gaussian beam collection system. A pair of relay mirrors 
inside the vacuum vessel will focus radiation through the 
vacuum window into a pair of back­to­back scalar feed 
horns. The small diameter constriction between the two 
horns will pass only the lowest order mode. The exit feed 
horn will be connected to oversized waveguide which will 
transmit the radiation through the biological shield to the 
radiometer. It is expected that this arrangement will give an 
antenna pattern of low divergence, with a spot size ~0.1 m in 
diameter. In addition, the frequency coverage of the radiom­

eter is being increased by the addition of two further mixers. 
Combined with the existing mixers, this will give complete 
coverage of 73 to 139GHz at ~ 1 GHz intervals. It will then 
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Fig.72: Preliminary results from the neural network analysis of 
ECE data, (a) shows a typical example of the improved agreement 
between ECE and LIDAR Thomson scattering Τ profiles. The 
ECE profile obtained by the conventional analysis (circles) is 
modified by the network to give a profile (triangles) which is much 
closer to the UDAR (squares, with the estimated statistical error 
as dashed lines). In part (b) the difference between the ECE and 
UDAR profiles, characterised as the RMS error across the 
profile. The error values from the network generated profiles are 
in general less than those from the conventional analysis. 

be possible to measure the electron temperature with a 

spatial resolution 5 cm in the outer half of the plasma for all 

toroidal fields between 1.7 and 3.4T. For lower magnetic 

fields, the measurements will be made using the second 

harmonic extraordinary mode while for the higher fields the 

fundamental ordinary mode will be employed. 
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Fig. 73 : Measured phase changes in one channel of the reflectometer 
due to the trapeze mode frequency sweep of the source. The 
channel operates at ¡83GHz and so probes the edge density at 4 3 
χ I0IS m3. The upper trace is obtained with the back wall of the 
vacuum vessel and serves as a calibration measurement while the 
lower trace is obtained with the plasma. At 123s, the gas feed is 
switched on and the density layer moves inwards. 

A novel technique using neural networks for the conver­

sion of ECE spectra to electron temperature profiles is being 

investigated under a contract with AEA Technology, Harwell, 

UK. The aim is to obtain temperature profiles from ECE 

measurements with a reduced level of systematic uncer­

tainty, while maintaining the low random uncertainties and 

good time resolution characteristic of ECE data. This is done 

by training a neural network to make the conversion from 

spectrum to profile, using temperature profiles measured by 

the LIDAR Thomson scattering as examples of the desired 

result. Various network configurations are being trained on 

a dataset consisting of about 2000 pairs of simultaneously 

measured ECE spectra and LIDAR profiles. Preliminary 

results are shown in Fig.72. 

Microwave Reflectometry 
The multichannel reflectometer operated routinely and reli­

ably throughout the experimental campaign and provided 

measurements of the edge electron density profile and 

measurements of density transients and fluctuations. 

A new method has been developed for operating the 

reflectometer and processing the data. The source frequen­

cies are swept in a trapeze mode in which each frequency 

sweep up or down is followed by a fixed frequency period 

(Fig.73). The difference between the upper and lower values 
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Fig.74: Density profiles measured with the multichannel 
reflectometer. The changes in the density profile associated with 
the formation of the X-point at 11.5s and the onset of the H-mode 
at 12.0s are clearly visible. 

of the phase gives the phase difference (Δφ) generated by the 
frequency sweep (Δί). The group delay, (the difference 
between the time delay of the microwaves propagating 
through the plasma path and the reference path, τ = (2π)_1 

Δφ/Δί), is readily determined. An accurate continuous meas­

urement of τ for each probing channel is obtained from 
which the time development of the density profile is ob­

tained by inversion. In the analysis, erroneous fringe jumps 
are detected and corrected and periods when the return 
signal from the plasma is lost are identified. This eliminates 
spurious contributions to the phase measurements. The 
procedure yields density profiles in which the position of the 
probed density layers is known absolutely to ± 3cm. Move­

ment of the density layers can be monitored with mm 
accuracy. The measurement accuracy is so high that it is 
necessary to correct for the change of the position of the 
probed density layer due to the finite sweep of the source, 
and for relativistic modifications of the plasma refractive 
index. In the latter case, measurements of the electron 
temperature are included in the analysis. An example of 
measured density profiles is shown in Fig.74. 

Comparisons have been made of density profiles meas­

ured with the reflectometer with profiles measured with the 
LIDAR Thomson scattering system and with the 
multichannel far infrared interferometer. Usually the pro­

files agree (Fig.75(a)) but under some conditions there is an 
apparent systematic difference with the edge of the interfer­

ometer profile being at smaller values of the major radius 
than the reflectometer and LIDAR profiles (Fig.75(b)). The 
position of the edge of the interferometer profile is determined 
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Fig. 75 : Density profiles measured with the reflectometer compared 
with those measured by LIDAR Thomson scattering and the far 
infrared interferometer. The profiles usually agree within the 
measurement uncertainties as shown in (a), but in some cases 
significant differences exist as in (b). 
by a reconstruction of the magnetic flux contours from 
independent measurements with the magnetics diagnostic 
and is believed to be accurate to ± 1 cm. Investigations are in 
progress to try to determine the cause of this discrepancy. 

JET plasma temperatures are sufficiently high that rela­

tivistic modification to the plasma refractive index may 
have to be taken into account in the reconstruction of the 
density profiles from the reflectometer measurements. The 
refractive indices and the cut­off conditions for electromag­

netic waves in plasmas were investigated for cold, hot and 
relativistic plasma models. Significant relativistic modifi­
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cations were needed in regimes relevant for reflectometry in 
large tokamaks. For the extraordinary mode, these effects 
may shift the location of the reflecting layer by a significant 
fraction of the minor radius and use of the cold model may 
lead to considerable underestimations of the density profile 
(see Fig.76). For the ordinary mode, relativistic effects are 
smaller but can still be significant. The codes for analysing 
data from multichannel reflectometer have been modified to 
take relativistic effects into account. 

Thomson Scattering 
The LIDAR Thomson scattering system operated reliably 
until the end of the experimental campaign giving accurate 
measurements of electron density and temperature profiles 
on most plasma pulses. 

The construction of the new 4Hz ruby laser system was 
completed and the laser was extensively tested at the manu­

facturers and again on installation at JET. The key perform­

ance parameters are: 
Wavelength 694nm 
Pulse duration 300ps 
Pulse energy 1­2J 
Beam divergence 500ujad 
Period of pulse train burst 20s 
Time between bursts 5­1 Omin 
Beam diam 20mm 
Repetition rate 4Hz 

The roof laboratory was extensively modified so that the 
new laser and the existing lasers (the 0.5Hz LIDAR laser 
and the original laser for the single point scattering system) 
can all be accommodated. 

A scheme for combining the beam from the existing 
0.5Hz LIDAR ruby laser and the new 4Hz laser beam along 
the same beam path is being developed (Fig.77). The lasers 
are set up with orthogonal polarizations. A mirror which 
reflects vertical and transmits horizontal polarized ruby 
laser light is used to combine the two beams. A pulsed 
faraday rotator, triggered synchronously with the 0.5Hz 
laser, flips this beam polarization into the vertical plane. The 
di vertor LIDAR laser is also combined along the same beam 
path using another polarization selective mirror. A similar 
mirror in the vicinity of the floor penetration separates the 
standard and divertor input beams and directs them down 
their respective paths to the torus. 

The spectrometer is being modified to improve the low 
temperature limit of the standard LIDAR system. The angle 
of the first filter in the spectrometer is being changed to 
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Fig.76: Model density profile and reconstructed density profiles 
derived using a cold analysis of simulated extraordinary mode 
reflectometry data. The simulated data were produced numeri­
cally from the model density profile, taking relativistic effects into 
account and assuming a parabolic temperature profile with a 
central temperature ofTra = 0,5,10,15keV. The central magnetic 
field was assumed to be 3 AT 

extend the lowest measurable temperature from 200eV 
down to 50eV. 

Fast Ion and Alpha Particle Diagnostic 
The commissioning of the fast­ion and alpha particle system 
was continued during early­1992, but had to be discontinued 
before the end of plasma operation due to technical difficul­

ties and equipment failures. The 60kW, 140GHz gyrotron, 
on loan from the US DoE developed a vacuum leak in the 

Vacuum beam line Combiner Mirror 

Divertor LIDAR laser 
beam (horiz. pol.) ïiihr 

4Hz LIDAR 
Laser 

(vert. pol.) 

=Θ= y' Combiner 

Pulsed faraday 
rotator 

0.5 Hz 
LIDAR 
Laser 

(horiz. pol.) 

Fig.77: Schematic of the system f or combining the beams from the 
two lasers on the main horizontal LIDAR system with the beam 
from the laser on the divertor LIDAR system. 
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window due to long term corrosion and could not be rapidly 
repaired. Difficulties were also experienced with the power 
supplies and drives to the steerable mirrors mounted inside 
the vacuum vessel. Therefore, it was not possible to carry out 
the planned preliminary scattering experiments. Neverthe­
less, many technical systems were tested and commissioned 
and useful experience gained. 

The detection system was fully commissioned and used 
to measure the ECE level in the vertical direction. It is 
expected that this emission will be the dominant source of 
noise in the scattering measurements. The emission level at 
140GHz and with a central toroidal field of 3.3T was in the 
range 50 - 500eV depending on plasma conditions - the 
lower value corresponding to low current ohmically heated 
plasmas, while the higher value corresponded to plasmas 
with 30MW of heating. This corresponded closely to the 
emission (500eV) assumed in initial predictions of signal-
to-noise to be achieved in the scattering measurements and 
so this is encouraging. At lower magnetic fields the plasma 
radiation increased substantially as expected. Also, with 
2MW LHCD, the emission increased substantially, as ex­
pected, due to the presence of suprathermal electrons. The 
equivalent noise temperature of the heterodyne receiver at 
the receiver antenna was 50 - 80e V, depending on frequency 
channel. Specialist staff from the Massachasetts Institute of 
Technology, USA, (under a collaborative agreement with 
the US DoE) and from ENEA, Frascati, Italy, (under an 
Article 14 Agreement) spent periods at JET and contributed 
to these measurements. 

At the beginning of the shutdown, a programme of 
technical improvements to overcome difficulties experi­
enced during commissioning was initiated. Also, substan­
tial modifications are now necessary to make the diagnostic 
compatible with the new divertor geometry. New in-vessel 
steerable mirrors for launching and receiving the radiation 
are being designed and the equipment to drive the mirrors is 
being improved. The received radiation will be transmitted 
to the detection waveguide run using small diameter corru­
gated waveguide specially shaped to go around the divertor 
coil. The vacuum windows will be replaced by double disk 
windows and will be mounted vertically to avoid contami­
nation previously observed. With the new divertor geom­
etry, the in-vessel components can no longer be supported 
externally independent from the vacuum vessel. Instead 
these will be mounted on the vessel wall. Differential 
movement between the launch and receive systems is there­
fore a possibility due to small deformations in the vessel. 

Also, the launch and receive geometry is no longer symmet­
ric. To maintain alignment between the launch and receive 
beams, a real-time feedback system which measures and 
maximises the overlap of the beams is being developed. The 
system operates by measuring the total scattered power in 
orthogonal directions with additional receivers. A labora­
tory facility which utilizes expanded polystyrene beads as a 
simulated plasma scattering medium is being constructed 
and will be used to develop and test this system. 

Technical difficulties were experienced in the manufac­
ture of the high power (400kW), 140GHz, gyrotron and 
have delayed the delivery of this tube. However, a short 
pulse (100ms), high power prototype gyrotron has been 
loaned to JET as part of the collaborative agreement with the 
US DoE and will be used for initial system commissioning. 
The diagnostic will be operated and controlled from the 
Control Room with a central control system. In operation, 
the diagnostic will generate a substantial quantity of data 
and the software to process and analyse the data using the 
central IBM computer is being developed. 

Theoretical work in support of the experimental and 
technical work has continued. Spatial dispersion was in­
cluded in the derivation of the equation of transfer and the 
expression for the scattering cross-section, allowing the 
dielectric properties of the plasma to be described by models 
which take thermal motion into account. On the basis of the 
kinetic description of the plasma, the complete expression 
was derived, in the cold plasma limit, for the source current 
which drives the scattered field. Errors in earlier derivations 
were noted. 

Electron Density and Temperature 
Diagnostics for the Pumped Divertor 
Preparation of the divertor LIDAR Thomson Scattering 
system and the integrated set of microwave diagnostics has 
continued. These systems will measure the electron density 
and temperature of the plasma in the pumped divertor 
region. The design of the LIDAR system is almost complete 
and several of the most important components have been 
manufactured and are currently under test. In particular, the 
in-vessel mirror boom is manufactured and mounted in a test 
chamber for thermal cycling. A prototype of the double 
bellows wobble stick drives with an acceptable wind-up 
under maximum load, has been manufactured and is cur­
rently being tested at a temperature of 250°C. Tests have 
been conducted of some of the in-vessel components and 
possible optical coatings for use at the elevated vessel 
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temperatures (~ 400°C). These have shown that it is not 
possible to use dielectric coatings in the vessel and so it will 
not be possible to use a mirror to steer the input laser beam. 
Instead, the beam will be steered by internal reflection in a 
quartz prism, which has both the input and output faces at the 
Brewster angle. Tests with a high power laser have shown no 
damage at the expected energy level. The in­vessel collec­

tion mirrors will probably be near surface silver mirrors with 
a protective coating over the silver. The curved mirror in the 
collection system will have a cylindrical front face to mini­

mise astigmatism. 
Accurate beam steering will be employed so that the laser 

beam will be directed through the gap in the target plates. 
However, in case the beam steering fails, tests have been 
performed to assess possible damage caused by the highly 
focused laser beam hitting the coil casing. These have 
shown that in some circumstances damage could occur and 
so a protective strap is being fitted to the coil casing in this 
region. 

The original intention was to make this measurement 
with the laser used on the main horizontal LIDAR system by 
switching the direction of the laser beam when a measure­

ment was required. However, work carried out in collabo­

ration with the Kurchatov Institute, Moscow, Russia has 
shown that it should be possible to modify the laser used on 
the original single­point Thomson scattering system to 
make it suitable for this measurement. The main require­

ment is to reduce the pulse length to 300ps. This is an 
attractive possibility since it would make the two systems 
independent. 

Recently new holographic notch filters have been devel­

oped. These have a rejection of 105 at the ruby wavelength 
(λτ) and a transmission of 80% outside the band λ,­± 5nm. 
Such filters make possible the use of a grating spectrometer 
to spectrally analyse the scattered signal and the present plan 
is to use such a device for this system. The detector will be 
the existing streak­camera fitted with the Peltier cooled 
CCD camera. The time resolution of the camera is lOOps 
which when compared with the expected 300ps laser pulse 
gives an overall spatial resolution of 5cm. The microwave 
system will consist of a dual frequency interferometer, a 
multi­frequency "comb" reflectometer and an electron cy­

clotron absorption diagnostic. Due to limited access in the 
divertor region, the three systems will share a common set 
of waveguides and antennae. There will be three sightlines 
through the divertor plasma, two on the outboard side and 
one on the inboard side (Fig.78). 

Fig.78: A three­dimensional view of a section of the pumped 
divertor showing the location of microwave diagnostic antennae 
and their sightlines across the divertor plasma. The six antennae 
are arranged in three pairs, giving two lines of transmission 
through the outboard divertor channel plasma and one on the 
inboard side. 

The dual frequency interferometer is being built by AEA 
Fusion, Culham Laboratory, UK. To minimise losses, quasi­

optical components are used for signal transmission in the 
vicinity of the sources and detectors. In the original design, 
which assumed that the source and detection system would 
be constructed from waveguide components, the upper 
probing frequency was constrained to be not greater than ~ 
170GHz (with the lower probing frequency at 130GHz), but 
the use of a quasi­optical system allows this constraint to be 
relaxed and the upper frequency has been increased to 
200GHz. For a fixed resolution in the measurement of 
phase, the increased difference between the probing 
frequencies to a value of 70GHz improves the accuracy of 
the measurement of the line integrated density by a factor of 
1.48. Delivery is planned for August 1993 and installation 
and commissioning will be carried out in the Autumn. 

The electron cyclotron absorption (ECA) diagnostic will 
determine the electron density­temperature product (the 
electron pressure) over a wide range of divertor plasma 
parameters. It relies on a measurement of the absorption by 
the plasma of microwave radiation from an external source. 
Since it is necessary to use conventional microwave sources 
to obtain sufficient power, and these produce highly coher­

ent radiation, the suppression of standing waves is an 
important technical issue. This problem has been the focus 
of much effort. The design adopted uses rapid, linear sweep­
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ing of the source frequency, with power from the source 
being divided between a fixed reference arm and the plasma 
arm. Mixing of the return radiation from these arms gener­
ates a fixed beat frequency in a heterodyne detector. Any 
radiation which has experienced multipassing due to spuri­
ous reflections, and would cause standing waves, can be 
removed since it causes a different beat frequency. A 
prototype instrument which operates on this principle has 
been constructed, to verify the required standing wave 
suppression and to act ás a testbed for microwave hardware. 
It employs a solid-şfate source which can be rapidly swept 
in frequency, has a fixed re'fepsnqe arm, a long oversized 
waveguide arm and a liquid helium/cooled heterodyne 
detector. Included in the waveguide aim is a variable length 
cavity to generate the multi­passing of radiation which leads 
to standing waves. This simulates the imperfections in the 
long and complex waveguide which transmit radiation to 
and from the divertor plasma. The reference arm is required 
to have almost the same length as the waveguide arm, but the 
power is transmitted as a Gaussian beam in free space, so 
that multi­passing in this arm is minimised. Measurements 
with the prototype have highlighted the difficulty of com­

pletely suppressing standing waves, but have shown that the 
optical configuration, and the principle of rapid frequency 
sweeping, are suitable. The prototype is now being used in 
the development of the hardware for the linear sweeping of 
the backward wave oscillator sources to be used in the final 
system, and for development of signal processing software. 

The 'comb' reflectometer, for estimating the peak electron 
density in the divertor plasma, will be designed and 
implemented in collaboration with the Centro de Fusão 
Nuclear, Associação Euratom/IST, Lisbon, Portugal. A 
prototype 'comb' reflectometer has already been used to 
estimate the peak density in the X­point region of JET. The 
maximum probing frequency in reflection was determined 
by the level of fluctuations on the reflected signals. How­

ever, results showed that this method is not always reliable: 
changes in the plasma, e.g. L­ to Η­mode transitions, or 
movements of the reflecting layers can introduce changes in 
the fluctuation level, which can be confused with changes 
due to the onset of reflection. To avoid this problem, the 
instrument being prepared will record simultaneously the 
transmitted signal as well as the reflected signal. The ampli­

tude of the launched microwave power will be modulated, 
and the receivers will incorporate narrow band filters at the 
modulation frequency, so that high signal to noise ratios will 
be achieved. 

Far Infra-Red Interferometer and 
Polarimeter 
Major modifications and refurbishment of the interferom­

eter/polarimeter system were started in 1992, to adjust to the 
new machine and plasma configurations of the pumped­

divertor. The C­frame, housing the optical train for the 
different interferometer paths, will be rebuilt to accommo­

date new paths. The finished system will have four vertical 
chords intersecting the torus mid­plane at major radii 
R=1.89m, 2.69m, 3.02m and 3.75m. Four lateral chords, 
injected from the main horizontal port, will intersect the 
vertical axis (z) through the plasma centre, R=3m, at z=0.2m, 
­0.15m, ­0.38m and ­0.61m, giving eight interferometer 
chords in one poloidal plane. Refurbishment of power 
supplies, improvements to control of laser output and steer­

ing for both the 195um main interferometer laser and 118um 
laser for the compensating interferometer are underway. 

New VME based electronics will be employed to count 
interference fringes, permitting fast tracking of both 
amplitudes and phase shifts. A prototype of the new fringe 
counters was tested at the end of the 1992 operating period. 
The high time resolution achieved during intervals in which 
rapid plasma changes occur enabled measurement during 
major disruptions. A large increase of electron density 
observed during disruptions has provided vital experimental 
evidence for elucidation of these events in JET [5]. Rates of 
density increase of up to 6x 1020 m3 s" ' have been measured. 

Substantial use of the far­infrared polarimetrie measure­

ment of the radial poloidal magnetic field profile employing 
Faraday rotation continued vigorously during the operation 
period. Emphasis was placed on direct comparison between 
Faraday rotation and motional Stark effect measurements of 
Bq(r). Agreement was found [6], giving further credence to 
an earlier result that the safety factor on axis in JET remained 
well below unity throughout a sawtooth cycle. Its magnitude 
varied with experimental conditions and was typically 
0.7<q(0)<0.85. 

Low Energy Neutral Particle Analyser 
This instrument was operated routinely during the 1991/92 
campaign. It performed measurements for deduction of bulk 
ion temperature T¡ and ratios of the densities of the hydrogenic 
ions in the plasma. The instrument was disassembled for 
refurbishment and relocation to a horizontal line­of­sight 
crossing the plasma centre at Octant No:3. This was 
necessitated by obstruction of the previous vertical line­of­

sight from the bottom of Octant No:l by the pumped 
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Pulse No: 27368 
(a) 

PRF(MW) 

(b) 
PHe(MW), Oct No: 4 

Fig.79: Hydrogen­minority ICRF heating of a deuterium plasma 
with B=2.8T, and I=3.5MA, showing traces (a) ICRF heating 
power at 42.6MHz with deposition peaked near plasma centre, (b) 
power from 120kV beam of 4He° atoms from Octant No A injec­
tors, (c) central density; (d) central electron temperature; (e) 
count rate ofH" flux received in the 0.42MeV channel of the NPA 
showing good count rate giving low error. 

divertor. The new location gives an opportunity to improve 
neutron shielding of the analyser. The old shielding attenu­

ated the neutron flux by a factor < 30 which was just tolerable 
during the PTE. A new shield, consisting of layers of water 
extended polyethylene and lead, should give factor ~50 in 
neutron attenuation. The new assembly will allow more 
shielding material to be added later if needed. 

High Energy Neutral Particle Analyser 
A high energy neutral particle analyser (NPA) able to make 
absolute time resolved measurements of flux and energy 
spectra of H, D, T, 3He and 4He atoms emitted by the plasma, 
in the energy range 0.5­3.5MeV, was deployed during the 
last experimental period. At the end of the campaign, the 
borrowed prototype device, developed by the A F Ioffe 
Physical­Technical Institute, St. Petersburg, Russia, was 
returned to undergo further tests and recalibration using a 
cyclotron beam source. An instrument suitable for deploy­

ment during D­T operations is in manufacture, for installa­

tion in 1993. 
The NPA was located at the top of torus at Octant No:4 

with its vertical line­of­sight intersecting Octant No:4 in­

jected beams at the plasma centre at R=3.07m. The projec­

tion of the NPA collimator on the torus mid­plane was 
8cmx7cm and the collecting solid­angle was 1.3x IO6 sterad; 
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Fig.80: Energy spectra for H" at 6.4s and 6.6s, for (a) passive flux 
and (b) active flux. The former arises due to charge exchange 
between protons and impurity ions, the latter is a combination of 
charge exchange with impurity ions and direct charge exchange 
with 4He° atoms from Octant No:4 injectors. 

the beam line geometry determined that only atoms with 
νφ/νζ<7χ10"3 entered the NPA. The observed flux arises 
mainly from ions near the plasma centre. Many experiments 
were carried out to study the creation, transport and loss of 
high energy ions produced by fusion reactions or by ICRF 
heating [7,8]. Higher priority is now placed on elucidating 
the observed efficient neutralisation of MeV energy protons 
during Η­minority ICRF heating of deuterium plasmas [7]. 
A programme of investigations of atomic collisional proc­

esses between impurity ions and MeV protons, and of 
modelling plasma behaviour in respect of MeV ion neutrali­

sation has started. 
Figure 79 shows the evolution of plasma and heating 

parameters in an ICRF heating experiment. The H° flux 
arose soon after ICRF was applied, independently of He0 

charge­exchange (CX) donor atoms injected from Octant 
No:4, called the passive flux. The active flux, observed 
only when the He0 atom beam was injected, is also shown. 
Energy spectra of the H° flux, ΓΗ(Ε), at 6.4s and 6.6s, 
corresponding to passive and active flux, respectively, are 
shown in Fig.80. The energy scale for the eight NPA 
channels has changed from that given previously [7] due 
to recalibration. 

The importance of CX reactions between MeV energy 
protons and hydrogen­ and helium­like ions of carbon and 
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Table XVIII 

1. ne(0)xl019m­3 

2. Te(0)keV 
3. niC^xlO^m­^CXRS] 
4. níBe^xlO^m^tCXRS] 
5. n(He2+)xl018m­3[CXRS] 
6. n(D°) xlO13 nr3 

[recycled plus halo] 
7. n(He°)xl014m­3 

[injected for direct CX] 

8. n(C5+)/n(C6+) xlO"3 

9. n^+VniC^xlO" 5 

10. n(Be3+)/n(Be4+) xlO"4 

H . n i B e ^ M B e ^ x l O ­ 5 

12. n(He1+)/n(He2+) xlO"5 

13. n(He°)/n(He2+) xlO"6 

14.npxl018m­3 
15.TpkeV 
ló.np/neXlO"2 

Passive H° 
flux 

At t = 6.4s 

2.75 
6.66 
6.73 
7.81 
1.43 

1 

0 

1.16 
3.83 
2.89 
1.06 
1.67 
1.09 

1.76 
280 
6.4 

Active H° 
flux 

At t = 6.6s 

2.75 
6.97 
9.37 
8.3 
1.88 

3.1 

7.1 

5.71 
4.25 
11.5 
1.09 
16.7 
1.1 

1.48 
290 
5.4 

Pulse No: 27368 

beryllium (main impurities in the JET plasma), has now 
been established. Since the orbital velocity of electrons for 
these impurity ions is close to that of protons in the energy 
range 0.3­1. lMeV, cross­sections for electron capture by 
protons can be large. In spite of the low density of these ions, 
=105 of electron density, a large increase in rate of neutrali­

sation of MeV protons can be achieved, a factor of=102 in 
relation to radiative recombination and a factor =10 in 
relation to CX with injected deuterium or helium atoms. 

The densities of hydrogen­ and helium­like carbon and 
beryllium ions present in the plasma during the passive flux, 
are shown in Table XVIII. Densities of fully ionised 
impurities, C6*, Be4+ and He2+, are measured using charge­

exchange resonance spectroscopy (CXRS). Fractional den­

sities of hydrogen­like impurities C5+, Be3+, He1+, and 
helium­like ones C4+, Be2+, He0, are deduced from ion 
balance equations including ion transport and charge­ex­

change with thermal deuterium. Ion transport is introduced 
simply by prescribing a model radial impurity ion flux Gz by 
div Γζ =ηζ/τζ, where nz is the ion density and τζ is an 
empirical impurity ion confinement time, (τζ = 2.5s was 
taken). The neutral deuterium density n(D°) arises from 
recycling and beam halo. Since the overall proton neutrali­

sation rate giving rise to the passive flux is highly sensitive 

0.6 0.8 
Energy (MeV) 

1.0 

Fig.8J: High energy proton energy distribution/(E), for 
(a) passive flux and (b) active flux, deduced from fluxes 

shown in the previous figure. 

to the thermal deuterium density, the magnitude of n(D°) is 
iterated to obtain a match between the MeV energy proton 
distribution functions fp(E) deduced from the passive and 
active fluxes. This procedure determines n(D°) in the plasma, 
which is a new diagnostic application. 

Injection of atoms into the plasma is found to increase the 
density of hydrogen­like impurity ions by a factor 3­5 and 
less for helium­like ions, giving a corresponding increase in 
neutralisation rate for MeV protons. This occurs due to CX 
between the injected atoms and the nuclei of the main 
impurities (see active H° flux in Table XVIII). This 
corresponds to the experimental observation that the passive 
flux increased when atoms were injected into the plasma, 
even far away from the NPA line­of­sight on the opposite 
side of the torus. 

Using the density of different charge donors at the times 
shown in Table XVIII and corresponding reaction rates for 
CX with MeV protons, the proton energy distribution fp(E), 
its effective temperature Tp, and, assuming an isotropic 
energy distribution like fp(E) ~ exp(­E/Tp), a proton density 
np may be deduced, as shown in Fig.81 and in Table XVIII. 

Experiments were carried out to demonstrate the ability 
to measure double charge­exchanged α­particles. Measure­

ments were made on a 4He plasma at Βψ=2.9Τ, Ιψ=3.6ΜΑ, 
ne(0)=3x 10,9m­\ Te(0)=4.6keV with 2MW of'He­minority 
ICRF heating, producing MeV energy 3He ions. A 3MW 
120 kV 4He° beam was injected into this plasma, providing 
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Fig.82: Energy spectrum for sHe° flux from double­charge 
exchange of'He minority ions with injected 'He atoms. 

donors for the double CX reaction. Measured energy distri­

bution of 3He° efflux is shown in Fig. 82. Derivation of the 
energy distribution of 3He minority ions awaits determina­

tion because a contribution to neutralisation of these ions 
could come from helium­like impurities. 

These experiments demonstrate the capability for 
measurement of MeV helium and hydrogen ions using the 
NPA­KF1. Efficient neutralisation of MeV protons by in­

trinsic impurities, without recourse to injected donor atoms, 
greatly eases exploitation of the new instrument. Success in 
measurement of double charge­exchanged MeV helium 
ions creates the possibility of application of this instrument 
for the measurement of D­T fusion a­particles slowing­

down energy spectrum. 
In full D­T operation of JET [9], a single PINI source 

injecting 80kV 3He or 4He atom beam should provide 
sufficient donors for measurement of α­particle slowing­

down spectrum in energy range 0.5­3.5MeV. If helium 
beam injections is not feasible, an alternative scheme for 
providing charge donors has been prepared requiring injec­

tion of a beryllium or lithium pellet [10]. 

Soft X­ray Measurements 
The pulse height analysis system will be reinstalled in the 
new phase in essentially unchanged form. It will be capable 
of measuring either the thermal part of the X­ray 
bremsstrahlung spectrum with a Si(Li) detector or the high 

energy tail produced in lower hybrid heating experiments 
with a Ge detector. 

The X­ray diode camera arrays were removed from the 
machine in early 1992 after 7 years of reliable operation. A 
wealth of information was accumulated about MHD, impurity 
and pellet effects. The PTE gave an opportunity to observe 
the effects of high neutron fluxes on the soft X­ray diode 
arrays. It is important to consider these effects to determine 
the future role of X­ray systems on JET and ITER and to 
establish that there is a reasonable understanding of the 
effects during the discharge (i.e. mainly radiation induced 
signals and noise) and of longer term effects of radiation 
damage. The direct effects of neutrons fluxes were studied 
with detectors in arrays which had been blanked off to 
remove the flux of soft X­rays from the plasma. 

These measurements have shown that, in D discharges, 
the effects of neutron induced signals are quite small but in 
the D­T discharges the radiation induced signal can rise to 
35% of the X­ray signal. The observed values of the radia­

tion induced signals were in approximate agreement with 
the results of the radiological calculation which were origi­

nally carried out in the early phases of JET to establish safe 
operating regimes and radiation doses in various parts of the 
Torus Hall and machine structure. One of the surprising 
features of the measurements was the very high level of 
noise associated with the neutron induced part of the signal. 
This was identified as due to the statistical fluctuation of the 
high energy particles (typically MeV) from 28Si(n,a)25Mg 
or 28Si(n,p)28Al reactions which were responsible for gen­

erating the induced signal. 

In some cases, these alpha particles or protons were 
directly observed in the detectors. The fact that effects of 
neutrons in the X­ray detectors were in reasonable agree­

ment with expectations provides a firm basis for the design 
of new systems to operate in much higher neutron fluxes. 
Preliminary studies show that soft X­ray cameras can be 
designed to operate satisfactorily in the full D­T phase of 
JET and probably during the initial phases of ITER. 

New Compact Soft X­ray Cameras 
The mechanical design for the new compact cameras is now 
completed and contracts have been placed for their 
manufacture. The new system (Fig.83) consists of a set of 
compact cameras each of which is based on a pinhole camera 
with short focal length (=5 cm) and a single Si chip with 38 
individual detectors (size 4x 1 mm). These compact cameras 
are mounted either singly in straight pipes which are inserted 
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Main vertical port 

New compact 
soft X­ray cameras 

Fig.83: Disposition of proposed new compact soft X­ray 
cameras in relation to the pumped divertor plasma. 

into the vacuum system (KJ4) or in groups mounted in pipes 
with more complicated geometry (KJ3). The purpose is to 
obtain many views of one poloidal cross­section of the 
plasma, to allow accurate determination of the MHD mode 
structure, plasma shape, etc. In addition, one camera (KJ4) 
will be installed at a different toroidal position to determine 
toroidal mode numbers. The construction and installation of 
these diagnostic systems will take place in 1993. 

Mostplasma physics diagnostics sample analogue signals 
throughout the entire plasma pulse at a fixed frequency using 
an ADC and attached memory, the sampling frequency 
normally being matched to available memory limits. This 
technique is adequate for machine operation with a short 
duration plasma pulse, where the pulse length is typically 
~20s, and where sampling frequencies of many 100kHz are 
required to accurately diagnose the event. The old JET soft 
X­ray diagnostic, which had limited memory availability, 
had already implemented real­time event selection to enable 
events of interest to be selected and sampled at high fre­

quency during a pulse, first using hardware techniques and 
subsequently using digital signal processors (DSPs). The 
success of this work and recent developments in 
microprocessor technology have led to the implementation 
of a single data acquisition system for all fast diagnostics, the 
Fast Central Acquisition and Trigger System (Fast CATS). 

Diagnostic 1 
A/D conversion 

TAXI interface 

Diagnostic 2 
A/D conversion 

TAXI interface 

Diagnostic Ν 
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TAXI interface 
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Back end system 
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Fig.84: Fast CATS data acquisition system which was 
developed for the new soft X­ray cameras. 

The overall system design is shown in Fig.84. The system 
consists of two parts, the front­end analogue­to­digital con­

version (ADC) and the back­end data collection system. 
With the back­end system, two levels of trigger algorithms 
are able to evaluate data from any or all of the participating 
diagnostics, providing multi­diagnostic triggers. The use of 
parallel processors makes the system modular in design and 
extendible. 

The front­end ADC cards contain all the signal condition­

ing electronics and isolation. To reduce noise, each card is 
powered from a separate linear power supply. The ADC card 
can accommodate either a trans­impedance or a differential 
amplifier for current or voltage sources, respectively. To 
accommodate diverse plasma operating levels, this is then 
amplified with a gain that is fully adjustable. An eight­pole 
linear phase analogue filter is included to prevent aliasing of 
out of band signals or noise that could be present above the 
Nyquist sampling frequency. The ADC has 12 bits sampling 
at 1 MHz. The digitised signal can be optionally fed through 
a digital filter chain to lower the sampling rate and bandwidth 
as desired. For example, the soft X­ray diagnostic has a 
250kHz sampling rate with a 100kHz pass­band and stop 
band of 125kHz. 

Data received from the TAXI interface is placed in 
memory. Selected channels are passed on to the first level 
trigger system. The result of this level is sent to the second 
level trigger, where decisions are made as to the quantity of 
data to be kept for further analysis. The second level pro­

grams implement algorithms that determine the actual class 
and size of event present. Selection criteria defined by the 
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shows up in a decreasing FiM¡r 

operators are then imposed on these results to decide whether 
that data should be kept. 

The Fast CATS system merges data acquisition and event 
triggering (see Fig.84). This approach allows triggering and 
data processing of far greater complexity than is possible 
with separate systems. The use of such a system involving 
intelligent real­time trigger algorithms and fast data analysis 
will improve the quantity and quality of diagnostic data, 
whilst providing valuable input to the design of data 
acquisition systems for long pulse machines such as ITER. 

Charge Exchange Spectroscopy 
In parallel with the preparation of new diagnostics for the 
divertor phase of JET, the main activities in this area were 
further analysis and interpretation of earlier experimental 
results and development of future analysis procedures. 
Some highlights illustrate the progress achieved in three 
independent areas: 

• Substantial progress was made in magnetic field 
measurements based on the motional Stark effect; 

• Fast ion populations were successfully identified in 
helium beam heating experiments; 

• New developments in the analysis procedures for the 
future Li­beam plasma edge diagnostic have shown a 
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F ig.86: Correlation between sawtooth oscillations of the electron 
temperature and the measured toroidal magnetic field. In the case 
that only Tr­oscillations are present, Bt drops when Γ rises and 
vice versa (data smoothed with a 100ms time constant at 3.19m 
and 200ms time constant at 3.09m). 

promising extension of the density range and the 
general applicability of the technique. 

Magnetic Field Measurements 
The emission spectrum of neutral hydrogen (or deuterium) 
beams injected into a fusion plasma is characterised by the 
motional Stark features whose polarisation pattern contains 
information on magnetic field direction while the Stark 
wavelength splitting is a direct measure of the toroidal 
magnetic field. Detecting both quantities simultaneously at 
several radial positions enables the deduction of local poloidal 
and toroidal magnetic fields. Present experimental equipment 
is capable of resolving polarisation angles of ­0.2° and 
toroidal fields with a statistical error of <0.1 %. A further 
strength of internal magnetic field measurements at JET is 
the unique combination of Motional­Stark and Far­Rotation 
techniques. Dedicated experiments with circular magnetic 
flux surfaces were performed in the experimental campaign. 
The on­axis value of the safety factor q(0)< 1 was confirmed 
by the two diagnostics. Sweeping of the magnetic axis led to 
enhanced spatial resolution in both cases, illustrated by 
sensitive changes of the polarisation angle. The correlation 
between changes of q(0) at the sawtooth collapse and the 
preceding sawtooth period was also established. 

The most striking potential of the motional Stark technique 
is its high precision toroidal field measurement. For the first 



TECHNICAL ACHIEVEMENTS DURING 1992 

Pulse No: 25059 t=13.12s 

o 
õ .c α. 

Plasma edge 

\CIII 

R=3.87 

Thermal 

Plasma centre 

Olli 

R=3.17 

Thermal 

4640 4660 4680 4700 
Wavelength (Λ) 

Fig.87: Typical helium charge exchange spectra obtained during 
helium NB injection. The contributions of the thermal and fast 
components are slower. 

time, diamagnetic effects caused by ICRF heating could be 
observed. Changes of the diamagnetic toroidal field of­4% 
were measured (Fig.85).Theevolutionofthe thermal pressure 
(measured independently) and comparison with code 
simulation of the fast ion pressure indicate that the anisotropic 
pressure build up by fast particles is dominant in the plasma 
centre. Oscillations of the toroidal magnetic field caused by 
sawteeth oscillation of the thermal pressure have been 
resolved (Fig.86). 

Fast ion Densities 
The analysis of He+ CX spectra observed in helium beam 
fuelling and heating experiments has given clear evidence of 
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Fig.88: The fast helium ion density obtained from charge 
exchange spectra similar to those shown in the previous figure. 

non­thermal, anisotropic velocity distribution functions. 
The fuelling process is characterised by a change­over from 
a distinctly non­Maxwellian distribution function to a 
dominantly Maxwellian distribution and by a broadening of 
the deduced fast ion density radial profile (Figs.87 and 88). 
The fast particle component in the composite charge exchange 
spectrum is in excellent agreement with predictions based 
on anisotropic velocity distribution functions obtained from 
the analytical solution of the NB Fokker Planck equation. 
Sawtooth oscillations in both thermal and non­thermal 
alpha­particle densities are found in low­power, low­

temperature plasmas with no RF heating and with sawteeth 
periods comparable to the slowing­down time. 

The observation of non­thermal features has opened the 
access to several potentially promising future activities; 
alpha­particle slowing­down studies using controlled cen­

tral sources, although at a much higher power level than that 
expected in the future D­T phase of JET; further experimen­

tal comparison with numerical and analytical modelling of 
the NB heating process; and an enhanced reliability in the 
extracted thermal features. The latter point plays an impor­

tant role in the general diagnostic effort of gaining a consist­

ent overview of the main species (ions and electrons) in a 
plasma core. 

Signal­to­noise levels in the measurement of fast a­

particles in the helium fuelling campaign can be extrapo­

lated to thermonuclear fusion α­particle density levels ex­

pected for the D­T phase of JET. For next step devices such 
as ITER, beam penetration and the high level of continuum 
radiation are major constraints. However, acceptable neutral 
beam power and energy requirements promise the feasibil­

ity of CX α­particle diagnosis in the plasma core. 

Li Beam Plasma Edge Diagnostics 
Active beam emission spectroscopy with high energy Li 
beams is a successful technique for determining electron 
densities of low edge densities ( 1019nr3) in tokamak plasmas. 
However, for higher edge densities the extraction algorithm, 
which is essentially a deconvolution process of the Li beam 
light emission profile, encounters a singularity point at 
which numerical instabilities occur. This behaviour is 
particularly pronounced for noisy input data. An 'integral 
method' has been developed, which extends the standard 
approach to much higher densities, and which removes to a 
large extent the sensitivity on noise levels. The simulations 
show, for the presently commissioned Li­beam diagnostic 
system, edge densities up to 4 x 10,19m­3 may be recovered. 
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Fig.89: Schematic of the lines-of-sight of the 
two bolometric systems (KB3 and KB4). 

Pumped Divertor Bolometry 
To get an accurate tomographic reconstruction of the plasma 
radiation over the cross-section in the future divertor 
configuration, a new integrated in-vessel bolometric system 
has been designed. It consists (see Fig.89) of two main 
subsystems: the bulk plasma bolometer (KB4) and the 
divertor bolometer (KB3D). This design involves exposure 
of the detectors to the high temperatures of the vacuum 
vessel (300°C during plasma operation and up to 400°C 
during baking) without the aid of an active cooling system. 
In these conditions, the only possible detectors are those 
using metal resistors as sensitive elements. Such bolometers 
have already been used successfully in JET but with active 
cooling. They were based on a design, where the resistors in 
the form of ~35nm thick golden meanders of lkQ were 
deposited on a polymer support. However, this support 
would melt at the expected temperatures. 

Preliminary tests with golden meanders of this thickness 
on a mica support (see Fig.90) showed that heating at 350°C 
leads to a progressive random deterioration of the resistors 

Fig.90: Detail of the gold meanders deposited on mica 
for preliminary temperature tests. 

due to irreproducible modification of their resistance. With 
thicker resistors (> 250 nm), modifications are still observed 
but they are uniform and become stable after a few thermal 
treatments. However their lower resistance, would lead to 
higher power dissipation and to overheating of the bolometers 
if the applied voltage was not reduced. On the other hand, a 
lower voltage would reduce the sensitivity of the bolometer. 

Platinum resistors of lidi are about four times thicker 
than gold ones, due to the higher resistivity of that metal. 
Satisfactory results have been obtained with platinum mean­
ders of initial resistance of 1.5kQ. Thermal treatment at 
500°C have produced an increase in resistance by about a 
factor 2, but the attained values were proven to remain 
constant after many thermal cycles at 450°C. On this basis, 
prototype bolometers are now being produced using ~ 150nm 
thick platinum meanders with final resistance of ~lkQ. 

Radial Scan VUV Spectrometer System 
The radially scannable VUV spectroscopy diagnostic (KT 1 ) 
consisted previously of two dual-chrome spectrometers [11, 
12], which looked vertically and horizontally into the upper 
di vertor region. The scan was provided by two-faced rotating 
mirrors running at a maximum speed of 5Hz and provided 
a minimum time resolution of 100ms. Fig.91 shows the 
principle of the spectrometer. Each spectrometerhas two 10-
channel detectors, which allowed the measurement of a 
spectral line profile over a wavelength range of up to 5 Å. 
The diagnostic was mainly aimed towards divertor 
investigations. A majorchange and upgrade of the diagnostic 
is now underway to match the demands of the pumped 
divertor phase of JET and to provide a higher time resolution 
and better spectral coverage. Three major improvements are 
being carried out: 



TECHNICAL ACHIEVEMENTS DURING 1992 

Plasma cross­section 
scanning 

Visible detector 

Rotating 
mirror Concave grating 

Fig.91: Schematic of the scanning VUV spectrometer KT1. 

(a) The two­faced mirror will be replaced by an eight­faced 
one, reducing the scan repetition time to 25ms at a 
rotation speed of 5Hz; 

(b) The number of channels per detector will be raised from 
10 to 32, increasing the wavelength coverage to up to 
15Å. Fig.92 shows the set­up of a detector; 

(c) Three spectrometers will be installed. Two horizontal 
looking into the full plasma cross­section and one vertical, 
mainly covering the divertor region. 

The alterations require a complete electrical refurbish­

ment of the instruments and development of new electronic 
components to provide a high time resolution. Newly devel­

oped fast optical pulse transmission modules, with a band­

width of about 50MHz are being tested under realistic 
conditions, with one instrument running with a plasma 
source. At the maximum speed of the rotating mirror of 5Hz, 
the diagnostic will acquire about 5MBytes and will be 
connected to VME latching scalers, which can accept 32 
channels per module. 

X­Ray Spectroscopy of Impurities 
A new instrument, a Bragg rotor spectrometer was fully 
commissioned before the end of 1992 operations. This has 
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Fig.92: The KT1 UV detector with voltage divider, consisting of 
two microchannelplates in chevron assembly, which sit on a 32­
channel multi­anode array, covering wavelengths of ¡0­15A °. 
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Fig.93: Schematic of the compact curved crystal spectrometer 
with CCD detector. 

two independent sections; a hexagonal rotor gives full 
spectral coverage between 0.1 nm and 1 Onm to monitor all 
likely impurities, while a small array of multilayer mirrors 
and crystals gives good time resolution of representative 
lines of the main impurities for routine radiated power 
analysis. Data analysis techniques have been adapted 
from those used for the VUV­XUV grating instruments. 

During the PTE clean­up, the Active Phase Double 
Crystal Monochromator was tested and found to be clear 
of tritium contamination. Thus, most of the features 
necessary for the operation of a soft X­ray spectrometer on 
a tokamak reactor have been demonstrated. These features 
include: adequate radiation shielding, tritium isolation of 
the spectrometer by a thin (1mm) polymer window, and 
adequate spectral coverage (0.1 nm to lOnm) and sensitivity. 
Studies are now required of neutron damage to diffractors 
in this situation. 

A CCD detector optimised for direct detection of soft 
X­rays was fitted to a compact high­resolution curved­

crystal spectrometer and demonstrated on a tokamak for 
the first time at JET (see Figs.93 and 94). The CCD 
detector was developed primarily for astrophysical appli­

cations, and consists of an array of 1152x1242 22.5mm 
square pixels. Cooling by liquid nitrogen allows single 
photons to be detected with a typical QDE of 50% and an 
energy resolution of 150eV. CCD arrays are compact, 
solid state, do not require high vacuum or high voltage and 
have a standardised readout, and are thus expected to make 
major contributions to several areas in soft X­ray 
spectroscopy and imaging. 

Impurity Transport Analysis 
The time­dependent 1.5­D impurity transport code SANCO 
has been used extensively during 1992 analysis. It has 
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Fig.94: Isometric plot of CI XVI n=2 resonance lines (wj,y,zx) 
during a discharge with a period of NB injection and with 
transient injection of Mo and Ge. Each time­slice results from 
compressing the 2­D image onto a single row of the frame store 
region of the CCD. The time resolution is 40 ms. 

proven to be highly flexible and has been upgraded in three 
main areas: 
(i) The calculation of the soft X­ray signals has been 

improved by means of the implementation of the proper 
filter transmission function in the atomic physics files 
(ADAS). Previously, the SXR emission profiles were 
simulated by a "hard" cut­off where only energies 
above an arbitrary but realistic cut­off were added up 
into the integral over the energies. The improvement 
consists of a "filter function", which takes into account 
the actual beryllium filter thickness, which allows a 
more realistic description of the SXR emission; 

(ii) A central source of impurities has been successfully 
implemented and has allowed the simulation of the 
experiments designed to study the transport of helium. 
The helium beam source rate profiles, modelled by the 
PENCIL code, are read from the JET PPF's and used as 
input from the SANCO code; 

(iii) A post­processor has been developed to obtain the line 
integrated signals to be compared with soft X­ray raw 
data. This facility can make use of either JET or any 
other geometry. 

Impurity transport cases analysed with the SANCO 
code include also the simulations of injected heavy impuri­

ties (Fe, Ni), the study of transport leading to the carbon 
bloom in high performance discharges and impurity accu­

mulation during PEP­Η discharges. 

Fig.95: Component and total radiated powers for 
Pulse No: 24347, illustrating a significant Ni influx. 

Radiated Power Components and 
Impurity Concentrations 
During 1991/92 operations, the available XUV and VUV 
spectroscopic data was analysed to give line intensities, 
elemental radiated power components and impurity concen­

trations. This allowed an assessment to be made of the global 
impurity behaviour in JET during this period. It was found 
that frequent metallic influxes occurred throughout the 
campaign. This contrasts with the 1990 operations in which 
CI was found to be a significant contaminant and where Ni 
and Cr influxes were observed only towards the end of the 
campaign, after the displacement of some protective X­

point tiles. 
In 1991/92, the influxes were most commonly Ni and Cr, 

the main constituents of inconel. In addition, some Fe 
influxes were observed and, less frequently, those of Al, Cu 
and Zn. Fig.95 illustrates elemental radiated power compo­

nents, together with the bolometric measurement of the total 
radiated power, for Pulse No: 24347 in which a Ni influx 
accounts for well over 2MW of radiated power. A locked 
mode begins 200ms after the impurity influx and the pulse 
subsequently disrupts. Although, in the main, such influxes 
are detrimental to plasma performance, they have a positive 
aspect in that a general reduction in the level of CI in the 
plasma was observed. This may well be due to the metals 
gettering Cl and indeed an anti correlation between, for 
example. CI and Ni is observed, as is shown in Fig.96. 
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Fig.96: An example of the anticorrelation between the Ni and 
CI content of the JET plasma. 
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During operations, it was not possible to determine the 
source of the Ni and Cr, the most serious of the metallic 
contaminants, an investigation suggesting a number of 
possible sites. It was concluded that many of the releases 
came from secondary sources, which had resulted from the 
previous deposition of materials released from a primary 
source and confirmation was provided by an analysis of a 
number of inner wall tiles subsequent to operations, which 
indicated that these were all covered by a film many mm 
thick and containing ~1 % of Ca, Cr, Fe and Ni. The primary 
source is thought to be exposed pipes on the inner wall of the 
machine that were eroded during the operations. 

Of the low Zelements, Be and C were routinely observed. 
These impurities originate in the plasma­facing components. 
During the limiter phase of a pulse, this connection can be 
seen in that there is a correlation between the low Ζ impurity 
dominant in the plasma and the distance of the plasma from 
the appropriate C or Be limiter. Throughout most of the 
operations, the use of Be as a getter for O maintained the 
latter impurity's concentration at ­0.1­0.4% of ne. How­

ever, towards the end of the 1991/92 campaign, higher levels 
of O were observed. At times, these rose to values of ­0.5­

l%ne. 
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Summary of Machine 
Operation 

As planned, 1992 operation was for a period of only the first 
seven weeks of the year. Due to the small amount of time 
available and due to the severe restrictions on the plasma 
performance limiting the neutron activation of the vessel (to 
facilitate subsequent in­vessel work during the shutdown), 
special attention was given to planning many of the 
experimental studies. As a consequence, many magnetic 
field configuration and protection circuit changes (some 
undertaken overnight and some in the operation session) had 
to be performed. 

The overall operation was successful and resulted in an 
average of 135 pulses per week, respectively a considerable 
improvement over the 100 pulses per week during 1991 
operation. For example, on one particular day (2­shifts), 52 
pulses were achieved. High­current operation was resumed 
and in a period of two days nearly fifty 7 MA current plasmas 
were reliably produced. The effects of high current disruptions 
have been much reduced by improved protection control 
arrangements (see 1991 Progress Report). Nevertheless, 
two vacuum leaks and some in­vessel tile damage resulted 
from plasma disruptions. 

Two events significantly hampered operations : 
i) a rupture of a diagnostic bellows, due to a control circuit 

commissioning error, vented the vessel almost to 
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Fig.97: Cumulative totals of JET pulses ­1983 to 1992 

atmospheric pressure and the repair and recovery caused 
a six day loss of operation; 

ii) a water leak from the NB Testbed affected the cooling of 
torus components and control cubicles of the NB injectors. 
This caused 1.5 days loss of operation, but neutral beam 
operation was prevented for a subsequent two days. 

In spite of these (and lesser) problems, the reliability 
performance of subsystems was good and allowed effective 
use to be made of the time available. 

During this period, the vacuum exhausts of the torus and 
neutral beam injector boxes were carefully monitored for 
tritium, following the PTE in November 1991. 

This period included the following activities : 
• a study of the effects of ripple in the toroidal field (TF). 

This was achieved by an arrangement whereby 16 
toroidal field (TF) coils were energised and the plasma 
performance compared with that achieved (at the 
same magnetic field) with the 32 TF coils; 

• extension of the duration of an H mode plasma (to 18s 
in a 3MA plasma); 

• multiple pellet injection (up to 20 per pulse) to study 
the effect on the radial profiles of plasma quantities; 

• di vertor studies e.g. radiative gas target, divertor plate 
temperature feedback control of gas introduction at 
the divertor region, assessment of the performance of 
the divertor plates; 

• application of RF and LH power to the plasma to study 
synergistic effects and current­drive studies; 

• high plasma current operation (7 MA flat­top extended 
to 9s by magnetic flux­saving achieved with LH 
current drive) and additional heating studies (involving 
up to 28 MW power); 

• commissioning of a new power supplies control system, 
which modifies the primary voltage applied during 
plasma build­up to ensure that the rate of rise of plasma 
current is not excessive (which may lead to disrup­

tions); 
• studies of the effects of error fields (caused by small 

deviations from symmetry in the outer poloidal field 
coil winding) on the growth of locked plasma modes. 

The organisational arrangements for operation (Task 
Forces H, I and P) remained as for 1991 operation. The 
experimental programme time during 1992 was distributed 
approximately as follows : 

Task Force H : High Performance 21.6 % 
Task Force I : Impurity Transport 

and Exhaust 43.1 % 
Task Force Ρ : Physics Issues 35.3 % 

The number of pulses in 1992 was 944, bringing the total 
number of pulses to 27968 (see Fig. 97). The percentage of 
commissioning pulses in 1992 (less than 10%) was half that 
in 1990 or 1991. The plasma current distribution (Fig. 98) 
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Fig.98: Comparison of numbers of pulses and distributions of 
plasma currents for 1991 and 1992. The plasma current 

distributions are for all tokamak pulses. 

for 1992 compared with 1991 shows a reduction in the 
fraction of small plasma currents (< 1 MA) and high currents 
(>3MA), and an increase in medium currents (1-3MA). 

Summary of Shutdown 

Following completion of operations on 21 February 1992, 
the major shutdown for the installation of the Mark I 
pumped divertor and associated systems started. It was 
expected to last until mid-September 1993, but due to 
additional requirements (notably, the exchange of a sec­
ond toroidal field coil), it was extended to the end of 1993. 

The shutdown activities can be divided into three 
distinct stages: Stage 1 covers removal of internal and 
external components from the torus; Stage 2 involves the 
in situ assembly of the four divertor coils; and Stage 3 
comprises the installation of new internal components and 
the reassembly of external components. 

Stage I 
Stage 1 (scheduled to mid September, extended to end of 
October 1992) comprised the following activities: 
(i) Removal of internal components; removal of external 

components; and decontamination of vacuum vessel; 
(ii) Exchange of TF Coil No:4.2 with a spare. This re­

quired the removal of Octant No:4. Upon reinstate­
ment of Coil No:4.2 in July 92, it was discovered that 
the neighbouring Coil No:4.3 also had an interturn 
fault, albeit of much smaller magnitude. The fault in 
Coil No:4.3 had been masked by the more pronounced 
fault in Coil No:4.2. It was discovered only after 
Octant No:4 had been re-instated in the torus. Since it 
would be impossible to replace TF coils in future due 
to the presence of internal divertor coils, it was consid­
ered prudent to replace Coil No:4.3 with a spare. This 
added eight weeks to the length of Stage 1 activities; 

(iii)Preparations for the building of the divertor coils and 
for the installation of Stage 3 components. This re­
quired the accurate positioning and welding of many 
supports for in-vessel components, saddle coil crosso­
ver bars and vacuum feedthroughs in the bottom of the 
vacuum vessel, which will be masked by the divertor 
coils, and therefore could not be fitted after installation 
of the divertor coils. 

At the start of the shutdown, in-vessel activities were 
influenced by two factors: the tritium-in air and the beryl­
lium-in-air concentrations. Initially, the tritium-in-air con­
centration was 86Bq/m3. This fell to ~ 1 OBq/m3 at the start 
of the in-vessel cleaning campaign, and subsequently to 
<lBq/m3. Beryllium-in-air concentrations were strongly 
dependent upon type of work. Concentrations varied from 
~3(^g/m3 after initial vessel opening to below detection 
level after the vessel wash. Therefore, full airline suits 
were only required for beryllium, and not for tritium. 

From March to June 1992, all in-vessel work was 
carried out in full air-line suits. This involved three entries 
per day of 4 hours each, with a maximum of 4 operators 
inside the vessel at any time (maximum 48 in-vessel 
hours/day) for 7 days per week. 

After the vessel cleaning, the vessel was declassified to 
a Class 1 protection zone, which meant that only simple 
face masks were needed. Several weeks later, 
declassification to Class 0 was possible, with no respira­
tory protection required. However, near inaccessible ar­
eas, high levels of Be-contamination were still present 
inside the vessel. Therefore, operators continued to wear 
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personal air samplers and when these indicated increased 
beryllium­in­air concentrations, the class of protection 
was raised immediately. When airline suits were no longer 
required, the in­vessel working arrangements were changed 
to two­shifts, each with two entries of 3 hours with a 
maximum of eight operators inside the vessel, giving up to 
96 in­vessel man hours per day. During the remainder of 
1992, 6.5 days per week were worked. 

In­vessel radioactivity dose rates fell from 86μ5ν/1ΐΓ 
initially to about 5μδv/hr at the end of 1992. The dose rate 
was dominated by Co­58 with a half life of 71 days. 

Components removed from the vacuum vessel were 
packed and stored in specially prepared ISO freight con­

tainers. Each container was heated and the air from the 
containers was monitored for tritium as it was exhausted 
through the stack on Building J25. 

Vacuum vessel cleaning also reduced the tritium sur­

face contamination to such an extent that waste could be 
classified as non­radioactive, unless it contained parts of 
the activated walls (such as grinding dust or components). 

Stage 2 
Stage 2 started at the end of October 1992 and was re­

scheduled for completion by the end of April 1993. The 
work comprised the fabrication in situ (using prefabri­

cated sections) of divertor Coil Casing Nos: 1, 2 and 4 
followed by storage of the lower part of the casings below 
floor level and the lids near the vessel ceiling. Fabrication 
and storage of Case No:3 at this stage would have limited 
the handling of prefabricated conductor bar sections to 
such an extent that sections would have had to be cut 
shorter and would have involved an increased number of 
brazed joints. Therefore, it was decided to fabricate Case 
No: 3 after completion of brazing. After fabrication of the 
casings, the coils were formed by brazing prefabricated 
conductor bar sectors inside the vessel. The brazes were 
checked by radiography. Following brazing, the coils 
were wrapped with ground insulation and then encased. 
The interspaces were Filled with epoxy, and subsequently 
thermally cured. After completing Coil Nos: 1 and 4, Coil 
Nos:2 and 3 will be fabricated in parallel and Coil Case 
No: 3 will be built in the vessel following encasing Coil 
No:2. During the brazing campaign, two assembly shifts 
alternated with two radiography shifts so that work contin­

ued for 24 hours per day. 

In parallel with the in­vessel work, which constitutes 
the critical path for the divertor shutdown, many ex­vessel 

activities were carried out. These included a complete 
survey of all TF coil supports, involving refurbishment of 
push­pull jacks, and surveying and re­machining of a large 
number of wedges that provide lateral support. 

Furthermore, an extensive programme of trial assem­

blies of internal vessel components was started using the 
prototype Octant in the Assembly Hall. These provide 
important training for personnel, and tests of the installa­

tion equipment and assembly procedures. 

Stage 3 
In parallel with Stage 2 in­vessel activities, intensive 
effort was devoted to detailed planning of Stage 3, not 
involving outside companies. Scheduling is in an ad­

vanced state and comprises six sub­stages (3A to 3F): 
Stage 3A: Installation of coil clamps and heat shields: the 

divertor coils will be accurately positioned and 
clamped to supports, followed by installation 
of coil casings heat shields; 

Stage 3B: Installation of upper in­vessel components: in­

cluding gas introduction pipes, discharge clean­

ing equipment, dump plates, tile supports, sad­

dle­coil components and diagnostics; 
Stage 3C: Installations requiring master survey ring: 

plasma facing components will be accurately 
aligned (<lmm). Components include anten­

nae supports, cooling water supports, poloidal 
limiter and inner wall guard limiter supports, 
and target plate rails; 

Stage 3D: Installation of mid­vessel components: includ­

ing gas introduction pipes, diagnostics, cryo­

baffles, cryo­pump, RF antennae, poloidal lim­

iters, cooling water pipes and manifolds, inner 
wall guard limiters, saddle coil busbars, LHCD 
system, and saddle coil components; 

Stage 3E: Installation of lower vessel components: in­

cluding gas introduction pipework, target plate 
modules, diagnostics, lower saddle­coil ele­

ments, poloidal limiter sections and tiles; 
Stage 3F: Installation of remaining components: includ­

ing diagnostics, tiles and RF components. 
Installation activities will be accompanied by intensive 

leak testing and surveying. 

Detailed planning suggests 200 in­vessel working days, 
based on extended double­shift work, are required for the 
implementation of Stage 3 to complete the shutdown by 
the end of 1993. 
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Achievements during 1992 

Introduction 
For 1991/92, the system of operation of the scientific pro­

gramme was the same as that since 1989. The programme 
operated for a series of campaign periods, the standard being 
of eight weeks duration (composed of six weeks tokamak 
operation and two weeks of maintenance/commissioning). 
Two Programme Leaders were appointed with responsibil­

ity for formulating near programme proposals (one cam­

paign ahead) and outline plans (two campaign periods 
ahead). These proposals were within the broad outline of the 
JET Development Plan and subject to guide­lines provided 
by the Experiments Committee. These proposals were pre­

sented to the JET Experiments Committee for discussion 
and approval before implementation. 

Programme Leaders for 1991/92 were: 
D.J. Campbell and A. Tanga 

Three Task Forces implemented the programme, as follows: 

H) High Performance 
(involving progression to full performance in material 
limiter and magnetic limiter configurations with cur­

rents up to 7M A, with high energy content and including 
progression to the highest fusion product, long pulse 
operation, steady state conditions and exploration of 
operation limits, etc.) 

(Task Force Leader: P.J. Lomas) 

I) Impurity Transport and Exhaust 
(involving optimization of plasma purity and studying 
exhaust phenomena, and including studies of divertor 
physics and edge effects; impurity retention; erosion and 
redeposition; control of boundary instabilities, etc.) 

(Task Force Leader: P.R. Thomas) 

P) Physics Issues 
(involving studies of control and optimization of plasma 
profile effects (using LHCD, RF, NB and high speed 
pellet injection, etc.) and optimization of heating effects, 
especially electron heating. This includes particle and 
energy transport studies in transient conditions; disrup­

tion and sawtooth stabilisation; high beta regimes; a­

particle effects and fusion simulation studies; physics 
issues related to Next Step devices; etc.) 

(Task Force Leader: D. Stork) 

Task Force Leaders were appointed with responsibility 
for (i) interacting with and advising Programme Leaders on 
programme requirements within that task area; (ii) devising 
and setting out a detailed programme for allocated time 
within a campaign period; (iii) driving through that task 
programme (including acting as a Control Room representa­

tive); (iv) analysing data (in conjunction with Topic Lead­

ers, if appropriate); (v) disseminating information in the task 
area through internal meetings and publications (in conjunc­

tion with Topic Leaders, if appropriate). 
In addition, Topic Groups were formed, as follows: 

Topic Group Topic Leader 
(a) Transport and Fluctuations; J.G. Cordey 
(b) MHD, Beta Limits and Topology; J. Wesson 
(c) Next­Step Related Issues 

(including α­particle heating effects) B. Tubbing 
Topic Group subjects are of longer term interest than the 

immediate tasks undertaken by the Task Force Groups. The 
Topic Groups are responsible for analysis of results within 
many areas across the Task Force spectrum, but they also 
have responsibility for advising Programme Leaders on 



programme requirements which are topical and relevant to 
the Groups areas of activity. In addition, the Groups dissemi­

nate information through a number of internal meetings and 
in external publications. 

Programme Execution and Analysis 
JET operation during the 1991/92 campaign period was 
mainly devoted to the exploitation of new facilities; on 
further improvements in plasma performance; and to further 
assessment of beryllium and carbon as a first­wall materials. 
Impurity control in JET, as for other long­pulse high power 
tokamaks, is of fundamental importance and therefore sig­

nificant effort has been devoted to this area of study. 
The main themes for the 1991/92 Experimental Pro­

gramme were: 
• optimize plasma performance; 
• advance understanding in certain key areas of 

tokamak physics: 
­ energy transport and confinement 
­ transport of particles and impurities 
­ magnetic topology of plasma 
­ physics of the H­mode 

• establish basis for Pumped Divertor and Next Step 
physics (including a Preliminary Tritium Experiment); 

• complete certain experiments relevant to belt limiter 
configuration. 

During early 1992, the experimental programme was 
completed with a series of high performance experiments 
(particularly, limiter experiments up to 7MA). For the 
remainder of 1992, the Task Forces and Topic Groups 
retained responsibility for analysis of data taken during their 
sessions. This applied also to the Tritium Task Force (Task 
Force Leader: A Gibson), which had been set up to plan and 
execute the preliminary tritium experiment (PTE). In addi­

tion, an Advanced Divertor Study Group (Study Group 
Leader: G Vlases) had been formed in 1992 to investigate 
advances in divertor science and technology and to make 
recommendations for future JET divertor experiments. 

The scientific achievements for 1992 are described in the 
following sections, within the Task Force, Topic Group and 
Study Group headings. 

High Performance 

During the short operating period in 1992, a number of 
experiments started in 1991 were completed. A quantitative 

R(m) 

Fig.99: Equilibrium for 5MA DNX discharge (Pulse No: 
27278). The magnetic nulls are located about 10cm outboard 

of the dump plate surfaces. 

study of the effect of the magnitude of error fields on 
operational space was completed and is reported further in 
the section on MHD, Topology and Beta Limits. H­mode 
operation in double null was extended to 5MA. A careful 
experiment to measure transport coefficients with both 
negative and positive temperature gradients was undertaken 
on behalf of the Transport Topic Group and is reported in the 
section of this Report. Finally, the Task Force returned to 
limiter operation and undertook long pulse and high power 
operation at 7MA plasma current. 

High Current H­mode Experiments 
The technical development of high current double­null X­

point (DNX) scenarios was described previously [1]. Dur­

ing the 1992 campaign, H­mode plasmas were obtained in 
the DNX configuration at plasma currents up to 5MA, 
further extending the H­mode database particularly with 
respect to confinement current scaling and impurity behav­

iour. Figure 99 shows the 5MA DNX equilibrium, in which 
the magnetic null­point is located about 10cm outboard of 
the surface of the X­point dump­plates. Despite the marginal 
nature of this X­point configuration, Η­modes with ELM­

free periods were nevertheless obtained. Figure 100 shows 
the time evolution of the main parameters of a 5MA DNX H­

mode discharge which features both ELM­free and saw­

tooth free phases. Figure 101 summarises the global con­

finement data of DNX Η­modes in the range 3­5MA com­
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No: 27278.10MW D". 15MW Η minority ICRF) with ELM­free 
and sawtooth free phases. The Η­mode reverts to L­mode spon­
taneously. DXU = upper null distance beyond dump plate surface. 

pared with the ITER­90HP power­law scaling [2]. The 
5MA data confirms the previously reported trend [1], (i.e. 
the increase of confinement with current eventually satu­

rates). 
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Fig. 101 : Plot ofdiamagnetic stored energy versus loss power for 
1991­92 DNX 3 ­ 5MA Η­modes, measured during ELM­free 
periods. Solid curves show the predictions oflTER90­HP scaling. 
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F ig. 102: UD AR measurements of electron pressure on the out­
board side at the midplane, comparing 7MA L­mode with 3 and 
5MA ELM­free DNX Η­modes at similar heating powers, illus­
trating relative edge confinement properties. 

One possible explanation for this effect is the progressive 
reduction in edge magnetic shear as the X­point location 
moves beyond the dump­plate surface, on which the plasma 
directly limits when the X­points are external. Figure 102 
compares the edge radial electron pressure profiles meas­

ured by LIDAR on the plasma outboard side at the midplane 
for 3 and 5MA DNX and 7MA belt­limiter configuration 
plasmas at similar levels of heating power. This indicates 
that whilst both DNX plasmas exhibit steeper pressure 
gradients than the 7MA L­mode case, characteristic of H­

mode confinement, there is no additional steepening or 
hence significant further improvement in the edge transport 
barrieron going from 3 to 5MA. On impurity behaviour, the 
5MA DNX discharges are similar to other high power, 
moderate to high density Η­modes (i.e. these tend to termi­

nate in a spontaneous L­mode transition without sudden 
impurity bloom). It should be noted that these discharges 
predominantly interacted only with the top graphite dump 
plates, in order to reduce the risk of damage to the bottom Be 
plates before completion of other experiments. 

Despite the absence of sudden blooms, a further possible 
and undesirable consequence of the external X­point loca­

tion is seen in the continuously increasing Zcfr especially 
during ELM­free phases (Fig. 100), attributable to the lack of 
divertor impurity screening action. The fuel dilution prob­

lem, combined with the observed saturation of confinement, 
depressed the attainable fusion performance at high current 
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relative to the best levels achieved at 3MA (Fig. 103). The 
Η­mode regimes have potential for further development and 
exploitation in the divertor phase of operation, resulting in 
improved plasma purity and confinement in optimised X­

point configurations designed for currents up to 6MA. 

Programme with 7MA Plasma Current 
7MA limiter plasmas were first developed in JET in 1988, 
at low q ~ 2.5 with essentially no flat­top and with little 
additional heating. In 1990, these discharges were devel­

oped to higher q ~ 3.3, and a flat­top of 3s and additional 
heating powers raised to ~ 8MW. Unfortunately that pro­

gramme was terminated by damage to protection plate 
support rails following disruptions. To avoid such problems, 
a disruption amelioration programme was undertaken in 
1991 to find means of reducing forces on in­vessel compo­

nents. This work [1], showed a major problem with loss of 
vertical position stabilisation during the current quench 
phase of highly elongated configurations. The problem was 
solved for double­null X­point configurations by ramping 
down the PFX current (a major part of the elongation 
control) upon detection of the growth of a stationary mode, 
and before the current quench. 

Thus, one of the major objectives of the 7M A programme 
in 1992 was to demonstrate the safety and reliability of very 
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Fig. 104: (a) Equilibria at various times marked (h) Correspond­
ing parameters for the 7MA scenario (as marked on lower trace). 

high current operation of a tokamak. The original objectives 
remained of extending the flat­top, demonstrating high 
power heating and obtaining confinement data. 

Operational Aspects at 7MA Current 
Figure 104 shows the strong aperture expansion scenario 
developed for safe early passage through q = 4 and the 
subsequent ramp to 7MA at IMAs '. The labels on the 
equilibria correspond to the times marked on the time traces. 
Passage through q = 4 occurs between equilibria 2 and 3, 
when the plasma is small and circular. The rotating MHD 
which appears at this time gave rise to a small amplitude 
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Fig.105: The surface flux swing, internal inductive flux and 
internal resistive flux for two 7MA pulses with (Pulse No: 27892) 
and without (Pulse No: 27891 ) LH in the current rise. The flat top 
heating powers are similar for the two cases. 

stationary mode, as shown, but this decayed. In fact, out of 
60 successive ramps to 5MA and above, there was only one 
instance of this mode continuing, but this case was success­

fully terminated without disruption by the Plasma Fault 
Protection System (PFPS). From equilibria 3 to 7, both the 
minor radius and elongation were increased to hold q at 
values between 3 and 4, until 7MA was reached. There was 
some rotating MHD activity as q undershot towards 3 at 
about the time of the start of flat­top, but this decayed when 
a steady q = 3.3 was reached and was replaced by MHD 
activity associated with sawteeth during additional heating. 

Lower Hybrid (LH) power was applied during the current 
rise. The plasma equilibria receded from the location of the 
RF antenna as the plasma elongation grew, and therefore, it 
was necessary to use the real time LH launcher position 
control to follow this plasma motion to maintain coupling. 
The LH gave a flux swing saving of 1.4Wb, made up of 
0.5Wb inductive and 0.9 Wb resistive, as shown in Fig. 105. 
This inductive saving corresponded to a slower current 
penetration, but, the plasma remained stable provided that 
the LH was applied afterthe q =4 activity had decayed. The 
total flux saving corresponds to 2s of flat­top. As shown in 
Fig. 104, this contributed to the flat­top duration of 8.5s. At 
the end of the flat­top, the primary currents reached limits 
set, not by actual stresses in the primary coils, but by possible 
stresses in case of fault conditions. 

Of the fifty 7MA pulses in 1992, there was only one 
disruption, despite heating powers up to ­30MW. This 
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Fig. 106: The PFX ramp­down scenario for the 7MA disruption 
(Pulse No: 2 7846). The stationary mode was detected by PFPS at 
the time given by the vertical bar in the upper figure. The lower 
figure shows the current quench itself on a faster timescale and 
here the vertical bar marks the start of the current quench. 

demonstrates significantly higher reliability than is usually 
the case in other less technically demanding programmes. 
This reflects the learning process on this scenario over the 
years, care in preparation, and perhaps significantly, a 
plasma diagnostic effort organised primarily for "plasma 
safety" during the course of the experiment. 

The sole 7MA disruption in 1992 is illustrated in Fig. 106. 
The stationary mode precursor (labelled LCRIT) was de­

tected by the PFPS system and the PFX shaping current 
brought to zero before the start of the current quench. As a 
result, the vertical position shown on an expanded timescale 
was well controlled down to about 2MA. The resulting force 
on the vessel was only 200kN (20t). Vessel forces are 
normally related to the F number, (Fig. 107), which is a 
measure of the elongating fields of the stationary plasma. 
This 7MA disruption (Pulse No: 27846) and one in 1990 
causing vessel damage (Pulse No: 22418) are compared 
with typical lower current, low F­number disruptions with 
and without the ameliorating ramp­down. The benefit is 
clearly obtained reliably, and in the 7MA case reduced the 
vessel forces from 400 tonnes to only 20 tonnes. No vessel 
damage resulted and the 7MA programme continued. 
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Fig.107': Measured vessel forces during disruptions plotted against 
F number for cases with and without the PFX ramp­down.The 
7MA pulse (No: 27846) from the recent campaign, and the 7MA 
pulse (No: 22418) from 1990 are marked. The remaining points 
are 2­4MA DNX configurations from ¡991. 

High Power Heating at 7MA 
Figure 108 shows an example of high power heating at 
28MW applied to a 7MA plasma. The heating was made 
up of 12MW H­ minority ICRF together with 16MW of 
beams. The heating is of sufficient duration to allow the 
plasma stored energy to reach ~ 12MJ under steady condi­

tions, which is comparable to the best Η­mode results 
achieved (transiently) on JET at lower current and power. 
The ICRF heating is slightly off­axis due to a large 
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Fig. 108: Various time traces for long 7MA discharges with 
28MW of additional heating. 
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Fig. 109: Thermal stored energy plotted against loss power for 
5, 6 and 7MAfrom the 1992 campaign. 

paramagnetic effect at 7MA, and the fact that higher 
frequencies were limited in power. Experiments were 
carried out with He3 minority ICRF at lower power (<5MW) 
with on­axis resonance. This showed that heating results 
were insensitive to resonance position in this case with 
large sawtooth inversion radius. 

Impurities at 7MA 
Plasma equilibrium was balanced magnetically between 
the upper beryllium belt limiter and the lower carbon belt 
limiter. However, the dominant heat flux was to the upper 
limiter. In addition, at these high currents, the scrape­off 
lengths were very short. These two effects led to very high 
power densities on the beryllium limiter and consequent 
melting. Not surprisingly, beryllium was the dominant 
impurity, with plasma concentrations ~ 10% at the highest 
power. Carbon concentrations were a few percent, chlo­

rine ~ 2x 10­3 and nickel ~ 2x 10­5. Estimates of deuterium 
concentration fell from 0.6 to 0.2 at the highest power. The 
fusion triple product, nDtET, was therefore only 1.4x1020 

m3skeV. 

Confinement at 7MA Plasma Current 
Long pulse full and half power data were taken at 5,6 and 
7MA and, in addition, there were a further 46 7MA pulses 
from OH to full power with heating pulse lengths of 1.5 ­
2.0s. (i.e. almost but not quite stationary). The thermal 
stored energy from these pulses is shown in Fig. 109 plotted 
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Fig.110: 3,5, 6 and 7MA limiter datasets from 1988­92 
compared with the prediction of the global scaling ITER89P. 

against loss power. At the highest power, the global 
thermal energy confinement there was τΕ = 400ms and the 
incremental confinement time (given by the slope of the 
fitted line) was τ. = 340ms. The 5,6 and 7MA data were 

' inc ' 

similar at moderate power, but the stored energy at 7MA 
was significantly higher at full power. This remains true 
even if the extensive 5­6MA data sets from 1988 are 
included. These results clearly indicate that the simplest 
global scalings of τΕ ~ Ip/P1/2 are not adequate in detail. 
This is confirmed in Fig. 110 which shows the complete 
JET dataset for 3,5,6 and 7MA compared with the ITER­
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WL(MJ)=26.5(a3R η Ι„κ Ρ)"2 

Fig.111: 2­7MA limiter data for restricted values of the 
dimension/ess variables ν', β and q plotted versus the expected 
long wavelength scaling. 
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Fig.112: Comparison of the global and local plasma 
parameters of7MA pulse (No: 27909) compared with the 

predictions of the Rebut, Lallia, Watkins model. 

P(89) prediction. Although significant deviation might be 
expected at low heating powers, there remains a 20% 
deviation at the highest power. 

These difficulties can be resolved by a dimensionless 
scaling approach, and Fig. 111 shows that, if the range of 
qψ, ν* and β are restricted, the JET limiter data from 2MA 
up to 7MA is well represented by a long wavelength global 
scaling. 

As far as local transport is concerned, the Rebut­Lallia­

Watkins model can simulate the OH to full power transition 
at 7MA in terms of both global and local parameters (as 
shown in Fig. 112) with only the edge temperature as a free 
parameter. The agreement is excellent and within experi­

mental uncertainty. 

Conclusions 
The 1991/92 experiment did not end with a ' bang ' but with 
a very successful 7MA programme whose technical suc­

cess leads to improved confidence both for the future of 
JET and indeed for the viability of high current tokamak 
fusion reactors. The programme was also scientifically 
valuable and, in particular, for the completion of the L­

mode (limiter) dataset. The 5MA H­mode results look 
promising for the performance in the divertor phase of 
JET, where much improved divertor configurations will 
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be possible at 5MA and above. The error field experiment 
also has important implications for the future, since it 
showed that error fields must be controlled to ~ 1G, which 
could be highly demanding. 
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Impurity Transport and 
Exhaust 

The objective of the Task Force was to study impurity 
transport, Η­mode and ELM physics and the performance of 
the divertor. Except for He transport studies the impurity 
transport results are reported in the section Transport and 
Fluctuations. All initial observations and results were re­

ported in the 1991 Progress Report. Therefore this report 
focusses on more detailed analysis of data taken during 1992 
and on present understanding of the relevant physics. 

Divertor Performance 
The investigation of divertor performance concerns the 
assessment of the Be (lower target) and C (upper target) tiles 
(Fig. 113), erosion and redeposition of the target material, 
particle transport and density control, impurity retention and 
model validation. Two additional areas of interest are: (a) 
the response of the divertor plasma to asymmetric power 
transported into the two divertor branches (affected by the 
direction of the ion VB drift), and (b) the performance of 
radiative divertor discharges. 

The development of new evaluation methods for the 
various edge and divertor diagnostics (Langmuir probes, 
CCD cameras and magnetics) was one of the major tasks. In 
particular, the determination of the Last Closed Flux Surface 
(LCFS) with higher accuracy made possible the comparison 
of measurements in the main plasma scrape­off­layer (SOL) 
with those at the divertor target. The combination of differ­

ent diagnostic signals (Langmuirprobes, CCD, spectroscopy) 
from the divertor target and from the SOL yielded a reason­

able degree of accuracy. 

Accuracy in determining the 
Last Closed Flux Surface (LCFS) 
The position of the LCFS in the SOL and in the divertor must 
be known to high accuracy to enable measurements on the 
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Fig.113: Location of target Langmuir probes and of the fast 
scanning Reciprocating Langmuir Probe relative to SN upper 

and SN lower divertor discharges. 

same flux surface and thus study divertor physics. The 
XLOC code has produced a substantial improvement with 
remaining uncertainties <1 cm at the magnetic separatrix 
strike­points on the divertor target, and in the main plasma 
SOL. 

On the basis of analytical work on the shape of the flux 
surfaces [1] at the divertor target, an extensive comparison 
was possible of Gaussian fits to the Langmuir probe profiles 
at the target with exponential fits to the SOL profiles 
measured by the reciprocating probe. The good agreement 
found between SOL and divertor profiles in SN discharges 
on the Be target [2,3] suggests that mapping discrepancies 
are much smaller than 1 cm in outer mid­plane coordinates 
[2]. However, with the carbon target the same mapping 
techniques led to inconsistencies of up to an order of 
magnitude, when comparing the density at the LCFS meas­

ured by the reciprocating probe with that obtained from 
target probes [3]. Although this discrepancy is not under­

stood, it is clear that the reciprocating probe readings were 
low and those on the target were reasonable (Fig. 113). 

The accuracy of the location of the LCFS represents a 
significant improvement over earlier work. However, in 
order to compare SOL and divertor profiles during H­modes 
when the profiles are steeper, even greater accuracy is 
needed, which requires more magnetic flux sensors, as 
planned for the pumped divertor phase. 
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Analytical Modelling of the SOL/Divertor 
The Gaussian model profiles[l], taken in conjunction with 

the variation of field line incidence angle on the target, 

described the location of the maximum heat and particle flux 

onto the target in agreement with experimental data (Fig. 114). 

This model has also been used to study the variation of 

exponential decay lengths in the SOL with main plasma 

parameters [2]. The sensitivity to <nc>, D%, and total input 

power is weak at low densities, and stronger at high densities 

[3], while the variation with Β φ is more pronounced: 

λ ~ Β φ
0 4 [ Ω ] ; λ~Β φ ° · 6 [Μ; λ ~ Β φ ' · 5 [ Η ] . 

Recent results also show a strong dependence on Β φ in L­

mode and in H­mode [4]. One explanation for this scaling is 

that D x displays an increasing dependence on Βφ when 

changing from ohmic (Ω) to L­mode (L) confinement, and 

an even stronger dependence in H­mode (H). However, the 

broader, denser SOL obtained at high field contrasts with 

Bohm diffusion (Dj~Te/Bo). Another explanation for these 

dependencies could be based on a strong reduction in 

parallel transport associated with the increase in connection 

length. After adding diffusion into the private flux region [5] 

to the analytical model, a comparison of measured and 

calculated ion saturation current profiles with and without 

diffusion into the private flux region has been performed. 

Figi 15 shows that profiles including this diffusion fit the 

experimental measurements well even over a region within 

a few cm of the magnetic strike­point on the target. 

Another important application of the analytical work was 

to study the effect of increasing Δχ on the divertor plasma. 
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Fig.115: Ion saturation current profiles at the target for two X­

point to wall distances in L­ and H­mode, respectively. The full 
lines are fits to the target probe data with no diffusion into the 
private flux region while the fits represented by the dashed lines 
include diffusion into the private flux region. 

Ignoring both the influence of atomic physics and the 

diffusion into the private flux region, the power peaking 

factor would increase substantially (up to a factor 10), when 

Δχ is increased due to the magnetic flux compression. While 

the range of Δχ explored in JET has been relatively restricted 

(Δχ <25 cm), it should be up to double this value in the future 

and should also be large in ITER. Diffusion into the private 

flux region gives a reduction of the power peaking by a factor 

<2 [6] and this can be further enhanced by atomic processes 

at the higher density range. These reductions in the predicted 

power peaking will bring calculations closer to experimen­

tal observations [7]. 

Erosion and Redeposition in the 
Upper X­point Region 
Erosion at the divertor may have serious consequences for 

ITER unless prompt redeposition greatly ameliorates the 

effect [8]. Modelling predicts that sputtering of the target 

will lead to toroidal transport and redeposition back into the 

erosion zone, with the material eventually drifting to net 

deposition areas deeper in the SOL. The deposition in the 

JET divertor region has been analysed to check support for 

the modelling. 
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Two continuous toroidal bands of graphite tiles were 
installed in the upper X­point region for the 1991/92 cam­

paign. Many tiles from each set have been analysed to study 
impurity movement and the pattern of deposition and deu­

terium trapping in the X­point region. Studies on the first 
(flat) set were assisted by including three poloidal tiles 
across the strike points, coated with ~70μπι boron carbide. 

Edge effects were observed with the flat divertor tiles, in 
that a few tiles in each octant experienced high heat loads at 
one (exposed) edge. All these events occurred at the strike 
points, and most must have resulted from the short periods 
of high power operation with VB towards the tiles and Ip 

reversed (counter injection). Patterns of erosion and 
redeposition can be seen surrounding each of these tile 
edges, while redeposition is peaked very close to the source. 
The main distribution of redeposited boron when eroded by 
sputtering is expected to be at least ~10cm toroidally from 
the source due to ionisation and transport along field­lines. 
However, the distribution of redeposited boron was found to 
be peaked in the private flux region near the source and 
showed an approximately exponential decrease in concen­

tration away from the eroded edge [9]. 
The relative amounts of redeposition in the X­point 

region can be mapped by plotting the amounts of deuterium 
trapped in the surface due to codeposition. For the flat tiles, 
the large deuterium concentrations occurred in the private 
zone, with high concentrations also extending through the 
inner strike zone and to smaller major radius. In the case of 
the shaped set of X­point tiles the "ski­slopes" (see Progress 
Report 1991 ) facing the ion flux at each strike zone are areas 
of net erosion. The dominant effects are from plasmas with 
the ion VB drift towards the target and the Ip direction 
opposite to Βχ which is the conventional configuration for 
upper X­point discharges in JET. Again deuterium levels 
peak in the private zone and towards smaller major radius. 

The conclusions of these surveys is that, under present 
conditions, erosion at the JET divertor targets is probably 
dominated by sublimation rather than sputtering. This con­

clusion is based on the proximity of erosion and redeposition 
areas, which is incompatible with the expected longer dis­

tance transport of sputtered impurity ions. 

Effect of the Ion VB Drift Direction on the 
Divertor Plasma 
Before describing the findings in detail, a brief definition of 
the different regimes of the divertor plasma and their major 
consequences for divertor performance is useful. 

There are four different divertor regimes: 
• The low recycling regime: "constant pressure" along 

field lines (PSm _off= 2 χ PKv); no D+ flux multiplica­

tion in front of target; high target power load, high 
divertor temperature (T. and T.), little impurity reten­

tion; 
• The high recycling regime: "constant pressure" along 

field lines, reduced divertor temperature, increased 
particle flux onto the target (flux multiplication > 2); 
target power load high, better impurity retention due to 
lower T. possibly reduced impurity production 
depending on target tile material (sputtering yield); 

• The atomic physics regime: pressure not constant 
along field lines ( P ^ ^ „ » 2 χ PD¡v), power loss 
perpendicular to field lines due to radiation and CX in 
the divertor; reduced target power load, less impurity 
production, divertor temperature (T ) <10eV, good 
impurity retention; 

• The gas target regime: PScr¡¡ _oí¿»2 χ PKv; divertor 
electron temperature very low (<<5eV) due to radia­

tion, neutral deuterons penetrate divertorplasma, slow­­g down of ion flux towards the target due to ion 
neutral collisions (τ increase in the divertor); Mach 
number < 1 in collisional zone; strongly reduced target 
power load and target erosion, less impurity produc­

tion, very good impurity retention if this cold plasma 
cloud does not extend up to the X­point region (impu­

rities should be ionised in the divertor). 

These divertor regimes are considered to be stacked on 
top of each other starting at the target with the highest density 
regime achievable and ending with the low recycling regime 
in the main plasma SOL. The accessibility of the above 
regimes depends on the main plasma parameters and on the 
divertor geometry (recycling). The divertor performance 
improves when moving from a low density high temperature 
(low recycling) regime towards a high density low tempera­

ture regime (high recycling, atomic physics, gas target). 
Due to a lower Η­mode threshold in single­null X­point 

plasmas, tokamaks are normally operated with the ion VB 
drift pointing towards the divertor target. In such discharges, 
a strong asymmetry in conducted power (up to 1:3) between 
the two divertor branches is observed in JET [10] and 
elsewhere [11,12]. The consequences of this asymmetry for 
the plasma parameters in the divertor and for its performance 
have in general been insufficiently emphasised so far. 

In a simple one dimensional analytical model for the SOL 
such as the two point model [ 13,14,15], the divertor regime 
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divertor temperature (Te, Γ) and density on the scrape­off density 
in the stagnation point for two different powers conducted into the 
scrape­off. The curves display the drastic difference in plasma 
parameters which could occur if a big asymmetry in conducted 
power between inner and outer strike zone exist. 

is mainly defined by the density in the main plasma SOL and 
by the power flux into the divertor channel. The dependence 
of the divertor density nd and temperature Td on the SOL 
density ns and on the power flux parallel to the field lines can 
be calculated. The power flux conducted into the two 
divertor branches at a given connection length L//f the 
corresponding divertor densities nd and temperatures Td will 
be different. In addition, different dependencies on the 
scrape off layer density ns will be displayed (Fig. 116). 

In X­point discharges, where the ion VB drift was point­

ing towards the divertor target, the behaviour caused by this 
strong asymmetry in conducted power is in line with expec­

tations from this model. Figure 117 shows the density at 
inner and outer strike zones over the line averaged density in 
the main plasma for both ion VB drift directions and many 
discharges. In the case where the ion VB drift was towards 
the di vertor (Fig. 117(a)), the innerstrike zone density started 
higher (factor 2) than the outer strike zone density and 
detached when the main plasma density was increased (high 
recycling to gas target). The outer strike zone density on the 
other hand remained relatively low (low recycling regime). 
When the density increased to where the outer strike zone 
should enter the high recycling regime, the inner strike zone 
was starved of power, detached and ultimately caused a 
density limit disruption. Therefore, it was not possible to 
achieve a high recycling outer divertor strike zone when the 
ion VB drift was directed towards the divertor target. 
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plasma with the ion VB drift towards the divertor target; 
(b) Divertor density at the inner (crosses) and outer (triangles) 
strike zone versus line averaged density in the main plasma with 
the ion VB drift away from the divertor target. 

In discharges with ion VB drift pointing away from the 
divertor target, the conducted power into the two strike 
zones was more balanced. In these cases, both strike zones 
were in the same divertor regime for a wide range of 
densities, allowing achievement of high recycling conditions 
simultaneously at inner and outer divertor legs (Fig. 117(b)). 

In addition to the importance of the ion VB drift, the X­

point to target distance (connection length, divertor volume) 
also has some influence on the divertor plasma parameters. 
During an X­point to target distance scan (Δχ = 8,16,25 cm) 
with the ion VB drift pointing towards the divertor, a reduced 
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Fig.118: (a) Structure ofdivertor marfe based on video record­
ings of a radiation. Dark or black regions represent stronger 
radiation than light shaded areas ;(b) Structure ofa divertor marfe 
which is not sustained at the outer strike zone. The radiating cloud 
is burned through at the inner part of the outer SOL. 
asymmetry in the densities and temperatures measured at the 
two strike zones was observed at the maximum Δχ. 

However, optimum divertor performance is only possi­

ble when the two divertor branches are in the same divertor 
regime. To achieve this, the conducted power to outer and 
inner strike zones must be about equal. The only way to 
obtain about equal power conduction into the two divertor 
branches is to have the ion VB drift pointing away from the 
divertor target. 
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Fig.119: Radiative divertor discharge with 22MW input and 
1 .OMW conducted power on the target tiles. The quasi­steady 
state operation of such discharges is demonstrated (Pulse 
No:26849). 

Radiative Divertor Discharges 
All radiative divertor experiments were performed in 3MA 
SN X­point discharges using Be tiles with the ion VB drift 
away from the target. The discharges were heated by a 
combination of ICRF ( 1 OMW) and NB (2 to 12MW) power. 
One important diagnostic used to assess the quality of a gas 
target was a CCD camera monitoring the sloped areas of the 
Be target through a 844.5 nm filter. The signal is a measure 
of the tile temperature. In some early gas target discharges, 
the CCD camera used a 1 mm filter, aimed at measuring the 
tile temperature. However, breakthrough of light from the 
wings of the Paschen­δ hydrogen line (1004.6 nm) made 
reliable tile temperature measurements impossible but re­

vealed the geometric structure of the divertormarfe (Fig. 118). 
In most experiments, a pre­programmed gas puff, re­

quired to produce a radiative divertor, was applied at the 
beginning of the heating pulse and was stepped up with 
increasing power (1 χ 1022 at/s and 2 x1ο22 at/s for 12MW 
and 22MW, respectively). From CCD camera observations, 
it was concluded that the consequent detachment of the 
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plasma from the divertor target always starts at the inner 
strike zone [16,17] resulting in a marfe­like structure (cold 
radiating plasma cloud), which fills the inner divertor leg. 
When increasing the gas puff even further, a second marfe 
develops at the edge of the outer strike zone (Fig. 118(b)) and 
grows slowly towards the separatrix until it fills the outer 
divertor (Fig. 118(a)). Once this is established, the power 
conducted to the target (from tile temperature rise) drops 
below 1MW regardless of heating power applied. At this 
stage, the divertor marfe can be maintained practically 
indefinitely by reducing the gas puff rate to a level where it 
just replaces the particle losses due to wall pumping. Steady 
state operation (up to 4.0s) with these gas target divertors 
was demonstrated for various power levels of up to 22MW 
of ICRF + NB heating (Fig. 119). 

Fig. 119 shows the radiative di vertor discharge with 22MW 
applied. The three curves in the top section represent the 
power balance by comparing total input power (full line) 
with the total radiated power (dotted line) and with the power 
conducted to the target (dashed line), which is only ~ 1.0MW. 
The total radiated power is the sum of bulk radiation (6MW) 
and divertor radiation ( 10MW). Thus, up to 6MW power is 
not accounted for in the 2s with 22MW additional heating. 

From Fig. 119, important plasma parameters such as Zeff, 
the central line integrated electron density, energy content in 
the plasma and target tile temperature attain steady state 
shortly after the start of the high power phase. An important 
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Fig.121: (a) ion saturation current; (b) electron temperature 
prior to detachment at the inner and the outer strike zone (see 
inset) for Pulse No:26849. During detachment, the fluctuation 
level is too high to evaluate probe signals (probably short phases 
of attachment during power bursts). 

disadvantage of all these discharges is that they do not 
display Η­mode energy confinement regardless of H­mode 
signature in the Da signal. 

Langmuir probe measurements taken at the divertor 
target confirm that detachment occurs more easily at the 
inner strike zone. Some discharges of this type display 
partial detachment where the divertor plasma close to the 
separatrix detaches [16] while it remains attached further 
away from the separatrix (Fig. 120). This is in agreement 
with observations on DIII­D under similar conditions [18], 
but disagrees with JET CCD observations. Typical electron 
temperatures at the target prior to detachment were in the 
range 5 ­10 e V and fall by about a factor 2 when detachment 
occurs. The reduction in deuteron flux (ion saturation cur­

rent), however, is typically a factor 5 to 10, which explains 
the strong decrease in power deposition on the target 
(Fig. 121). During detachment, the probe signals show strong 
fluctuations with peak values typical of attached plasmas 
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Fig.122: C and Be influxes (a) from the target and the C and Be 
content; (b) in the main plasma versus volume averaged density in 
the main plasma. The inset in (a) displays the C and Be sputtering 
yields (deuteron and self sputtering). 

superimposed on a low density/low temperature plasma 
(typical for the private flux region). These fluctuations are 
also observed with the fast H a diagnostic (Fig. 119) and are 
associated with short phases of attachment during power 
pulses due to ELMs or large sawteeth. 

To get better operational control of gas puffing rate when 
producing radiative divertors, a simple tile temperature 
feedback system was introduced. It consisted of afibrescope 
aimed at one of the sloped areas on the outer strike zone of 
the Be target, which usually sees the highest power deposi­

tion. The fibre was coupled through an 815 nm filter to a 
photo­multiplier. The temperature signal was then trans­

formed by a simple algorithm into a pseudo­electron density 
signal and fed into the standard density feedback system. 

The aim of this second set of radiative divertor experi­

ments was to achieve an Η­mode together with a gas target 
and to test the simple tile temperature feedback system. It 
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Fig.123: Measured (CCD) and calculated Be influxes (a) taking 
Be evaporation into account; and (b) tile temperature evolution at 
the outer strike zone, used to calculate the evaporation rate. The 
calculated evaporation rate originates from ­10% of the target 
area but contributes ~50% to the total influx. 

turned out that the tile temperature feedback system, when 
given full control over the gas modules, allowed the H­mode 
transition to occur before the gas target was established. 
These discharges displayed an initial ELM­free H­mode 
phase and made a transition into an ELMy H­mode once the 
divertor plasma detached. The relatively high ELM fre­

quency deteriorated the energy confinement considerably, 
resulting in only 1.4 times L­mode confinement. 

Comparison of C and Be Target Tiles 
The type of discharge used for this comparison was a 
3.0MA, 2.8T SN X­point discharge with the ion VB drift 
towards the target and an X­point to target separation of 
8.0cm. 2MW NB heating was applied at 12.0s, and this was 
stepped up to 11MW at 15.0s for 1.0s (Be) or 1.2s (C), 
respectively. Four discharges of this type with different 
densities were performed for each target. Three different 
times were compared. The first time point was during the 
low power L­mode phase, the second was 0.5s into the high 
power H­mode phase (early H­mode) and the third was at the 
end (after 1.0s) of high power H­mode phase (late H­mode). 

Since the plasma parameters in front of the two divertor 
targets were quite similar for similar discharges, the impu­

rity production on the C and Be target can be compared. 
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From Fig. 122(a), it can be seen that throughout the L­mode, 
and the early Η­mode phase, Be influxes are about a factor 
3 higher than the C influxes. This is in good agreement with 
sputtering yields for electron temperatures in the range 10 ­
40eV (Fig. 122). At the end of the high power phase (late H­

mode), Be influxes were considerably higher (up to a factor 
30 in the low density discharge) than the C influxes. This 
behaviour can be explained by the onset of Be evaporation 
due to target tile temperatures exceeding 1200°C (Fig. 123). 
No significant increase of the C production during the late H­

mode can be observed compared to the early Η­mode phase, 
regardless of the fact that the C tile temperature at this time 
is between 1600°C and 1800°C. When considering Radia­

tion Enhanced Sublimation (RES), which is predicted to be 
important at these temperatures [19,20,21], it must be kept 
in mind that only 10% of the target area (sloped tiles) reaches 
high temperatures, while the rest stays well below 1200 °C. 
Since Cl+ ions can travel considerable distances from their 
birth point, it is unlikely that RES produced C ions hit a hot 
surface. Therefore, a significant amount of RES self sputter­

ing on hot surfaces can be excluded. When taking this kind 
of approach, calculated impurity influxes, with and without 
RES, differ only by a factor of 1.5 to 2. This difference is 
much too small, when considering the accuracy of our 
measurements, to make a final decision about the impor­

tance of RES, which has not been observed in dedicated 
experiments on TEXTOR [21], contrary to expectations. 

As mentioned, Be evaporation is observed at the end of 
the 1.0s long 11MW NB heated Η­mode phase and unac­

ceptable Be influxes result. Figure 123(a) shows the meas­

ured and calculated (sputtering + Be evaporation) impurity 
influxes, and the contribution of Be evaporation to the total 
Be influx in the late phase of such a low density H­mode 
discharge. It can be seen that the influx due to evaporation 
accounts for almost 50% of the total Be flux, regardless of 
the fact that it originates only from the sloped tiles (10% of 
the surface). The second half of the flux can be explained by 
using a sputtering model including Be self­sputtering and 
measured plasma parameters in front of the target. From 
Fig. 123, it can be seen that the temperature briefly exceeds 
1300°C, above the melting temperature of 1285°C. The 
discharges with higher densities did not quite reach melting 
temperature but also suffered from substantial evaporation 
rates. This underlines the attainment of the power handling 
limit for the Be target in this type of discharge. 

No such limit could be observed for these discharges on 
C tiles regardless of the high tile temperatures observed. 
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Fig.124: Tile temperature versus accumulated energy on the 
target for Η­modes with ion VB drift towards the Be or C target, 
and for hot ion mode discharges with ion VB drift away from the 
Be or C target. 

Only in hot ion Η­mode discharges where the C tiles reached 
temperatures over 2200°C was a strong increase in the C 
influxes observed (sublimation). In some high performance 
discharges, such temperatures were reached on exposed tile 
edges when the plasma was not optimally positioned on the 
target (normal C­bloom). In most cases, however, a sudden 
loss of the good confinement phase (X­event), caused a 
dramatic increase of the power conducted to the target. 

Due to this rapid large energy deposition during an X­

event, the target tile temperature at the outer strike zone is 
driven from ~1700°C before the crash to 2500°C. At this 
temperature, a breakdown (reduction) of sheath potential in 
front of the target due to thermal electron emission occurred, 
which could further increase conducted power to the already 
overheated tiles (limited to factor ­2 by perpendicular 
transport into flux tube). Visual inspection of recorded CII 
­ CCD images, and tomographic evaluation of spatially 
resolved VUV spectroscopy, suggested that C atoms 
(neutrals) can reach the main plasma SOL during this phase. 
This breakdown of divertor impurity retention (no ionisa­

tion in the divertor) together with high impurity production 
at the target pollutes the plasma severely and causes irrevers­

ible loss of high performance. In Fig.124, the observed tile 
temperatures of these discharges are plotted versus energy 
accumulated on the target tiles, summarising the power 
handling capability of the two different target materials. 
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Fig.125: Tomographically reconstructed soft X­ray profiles of 
Pulse No:26087 before and after the X­event. The crash of the 
central radiationpeakandevolutionofpronouncedshoulders can 
be seen. 

As shown Fig. 124, all Be discharges are close to, or 

exceed, the power handling capability represented by the 

melting/evaporation limit at 1200°C. The discharges on the 

C target have accumulated higher energies resulting in 

higher tile temperatures. The higher energy loads of C tiles 

is due to their lower thermal conductivity compared to Be 

(~2). Fig. 124 shows that no discharges on C tiles is limited 

by the tile temperature except discharges after an X­event. 

Impurity Transport in the Main Plasma 
during an X­event 
In the period prior to the neutron rate roll­over (X­event), the 

soft X­ray (SXR) signals consistently show build­up of a 

moderate impurity accumulation in the plasma core. Fig. 125 

shows the time evolution of tomographically reconstructed 

SXR profiles for Pulse No:26087. The central peaking, 

occurring in the absence of sawteeth, is a fairly slow phe­

nomenon stretching over=Is, compared with the <50ms of 

the fast collapse phase between the neutron yield roll­over 

and the terminal crash. This peaking is a further indication 

of the presence of a central region (p<0.3, ρ ­ normalised 

minor radius) of good confinement, where anomalous diffu­

si vity is greatly reduced [22]. However, the amount of 

carbon in this region according to charge exchange (CX) 

spectroscopic data can account for only a fraction of the SXR 

radiation (30­40%). Satisfactory simulations have been 

obtained with addition of a small concentration (10^) of Ni 

c 
o 

> 
C 
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O 

a) before crash 
b) during crash 
c) after crash 
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X=(r/a) 

0.8 1.0 

Fig.126: Inward drift velocity from simulations (a) before (b) 
during and (c) after the X­event. The drastic change of V in 
magnitude and radial extent during the X­event is shown. 

or CI, accumulating in the plasma core. At the plasma 

periphery, CX carbon profiles show a piling­up at a radial 

position of p~0.75, producing 'shoulders' in the SXR pro­

files . This indicates that, in the outer plasma, inward convec­

tion is the dominant transport mechanism for carbon, with a 

ratio of convection over diffusion up to 10 times L­mode. 

During the fast confinement crash, the carbon influx 

increased rapidly and a fast carbon peripheral pile­up cou­

pled with an increase of the SXR 'shoulders' can be simu­

lated only by stepping up the convective term both in value 

and in spatial extent, in some cases up to the centre of the 

discharge. After the crash, the central peak disappears while 

the ' shoulders ' develop further moving outwards. The simu­

lation shows that this behaviour is reproduced by stepping 

back the convection to previous values (Fig. 126). 

Due to the massive carbon influx during the confinement 

crash, plasma profiles undergo rapid changes as far as local 

dilution and cooling are concerned (e.g. bulk ion profile and 

its gradient changes substantially). Therefore, the transport 

time evolution could be compatible with qualitative expec­

tations from a neoclassical transport mechanism, for which 

Vnj/nj and VT/Tj are the thermodynamical driving forces. 

Power Deposition Profiles during 
Hot Ion H­modes 
During high performance hot ion Η­mode discharges, a 

narrow region of high power deposition has been observed 
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Fig.127: Radial power flux in Pulse No:26087 (outer strike 
zone) compared with mapped power flux profile (relative units) 
(CCD) on the divertor target at the two strike points of the 
separatrix. From time and spatially resolved target tempera­

ture measurements, radial power flux profiles have been 
calculated. A general feature of these profiles is a radial 
decay length at the target of ~l­2cm. This sharp decay 
contradicts calculated power flux profiles obtained by map­

ping measured plasma profiles in the main SOL along the 
magnetic field lines onto the target plate (Fig. 127), as well 
as those obtained by extrapolating measurements of target 
probes located far away from the separatrix. The narrow 
profile is superimposed on the wider one and the latter is 
sometimes below the detection limit of the CCD camera 
measuring the tile temperature [23]. 

The existence of a narrow power deposition profile at the 
strike points is supported by Langmuir probe results [24]. In 
discharges in which the separatrix is swept over a probe, 
profiles of plasma parameters in the vicinity of the separatrix 
have been determined with high spatial resolution (R< 1 cm). 
In these cases, the floating voltage shows large negative 
values, (Vf < ­100V) for both L and Η­mode and both 
directions of the toroidal field. This observation implies the 
existence of large currents from the grounded plate to the 
plasma (| L, | < lOAcm­2). Figs. 128(a), (b), (c) and (d) show 
the profiles of n,,, Tc, V„ L, at both strike zones for a discharge 
with moving X­point location. The inner and outer probes 
are crossed by the separatrix at different times, therefore the 
profiles in Figs 128(a) and (b) (inner separatrix) are related 
to the L­phase of the discharge and the profiles in Figs 128(c) 
and (d) (outer separatrix) to the Η­phase. Fig. 129 shows 
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Fig. 128: Plasma density and temperature profiles (b, d) and 
floating voltage and current to the target (a, c)for an Ν B heated 
discharge. The results for both strike zones and different confine­
ment regimes are shown (Reversed BJ. 

clearly a narrow layer (R= 1 ­ 2cm) of high | If | and negative 
Vr near both séparatrices, where the separatrix location is 
from magnetic data (XLOC) [25]. 

An estimate of the power flux into this narrow region for 
the outer separatrix during the H­mode, taking into account 
the large positive bias of the divertor plate with respect to its 
floating voltage, gives values of qp = 125 ­ 490MW/m2 

(depending on assumptions about the influence of the sec­

ondary electron emission in the sheath) [24]. The total 
integrated power in this narrow region is then ~ 0.65MW to 
2.5MW. This is not only relevant for the global power 
balance but shows also the intense power deposition that can 
take place in this narrow region of the target (F=0.3 lm2). A 
simple integration of the power flux in the narrow region 
over the toroidal coordinate for Pulse No:26087 using the 
CCD measurements gives Ρ ­ 0.16MW which is negligible 
compared with ~8MW conducted into the SOL. However, 
the low value obtained contradicts estimates from Langmuir 
probe data. This discrepancy may be caused by 2D effects of 
heat conduction in the highly anisotropic graphite. 
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Fig. J 29: Floating voltage and current to divertor plate for a NB 
­ heated discharge (lo>0, current towards theplate, 1o < 0, current 
away from the plate) 

A similar behaviour of the floating voltage near the 
separatrix strike point on the divertor target are also found in 
low/medium density ohmic discharges in JET. However, 
the floating voltages are smaller in magnitude than those 
observed in discharges with additional heating. Results from 
the reciprocating probe operating in the main SOL are not 
inconsistent with a strong current flowing away from the 
target plates in the vicinity of the separatrix [24]. 

The origin of the narrow region of high floating voltage 
and power flux at the strike points of the separatrix is not 
clear. Obviously, a hot electron component in the divertor 
plasma may explain the observed features. On the other 
hand, highly non ambipolar plasma transport on the target 
plates due to steep gradients near the separatrix strike points 
may be the underlying mechanism. There are severe impli­

cations for the local loading of the target plates and a small 
improvement of the total power balance in H­modes. 

Power Balance and 
Target Tile Temperature 
The target load, Pt , in divertor discharges can be evaluated 
from the global power balance: 

larg div dtv^ ^ div^ ' 

where Pdiv = Pheat ­ Prad(bulk) ­ dW^dt 
Ρ.. is the power conducted into the divertor, Pheat is the 

div r > heat 

total heating power, Prad(bulk) is the bulk plasma radiation 
loss, Pdiv(rad) is the radiation power dissipated in the divertor 
and Pdiv(CX) is the power loss due to charge exchange 
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Fig.J30: (b)Derived(dashed) and simulated (solid) target power, 
(a) The simulated target power explains the target tile tempera­
ture measured by a CCD camera. The dynamic range of the CCD­
camera starts at ~ 900°C. 
processes, "a" and "b" account for acertain proportion of the 
respective losses dumped onto the target, according to 
divertor geometry and energy reflection coefficients. In the 
case of negligible wall losses, the power load on the target, 
deduced from the target temperature measurements, should 
be close to the calculated power Ρ . 

The divertor targets have been monitored with a CCD 
camera for a series of discharges and target temperatures 
have been deduced within a dynamic band of ~600°C. The 
limited range of these measurements can be bolstered in 
many cases by relative temperatures, deduced from 
spectroscopic background radiation. The target temperature 
can be calculated approximately, using a simplified one­

dimensional model, which disregards lateral heat diffusion. 
The measured tile temperature can thus be simulated by 

the calculated one, except during fast transient events, such 
as the H­ to L­mode transition or giant ELMs and X­events. 
In the latter cases, short heat spikes have to be added to the 
derived target power, in order to explain the observed target 
temperature rise. Figure 130 shows the measured and the 
simulated target tile temperature, respectively, for a single­

null X­point discharge on the Beryllium target. A compari­

son between the power calculated from the power balance 
alone and the simulated target power where a short power 
spike is taken into account can also be seen. This power spike 
which marks the end of the Η­mode phase, must exceed the 
one derived from the standard power balance measurements 
by a factor ~3 (45MW/m2) to match the observed tile 
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temperature rise. The necessity to assume such a short power 
spike on top of the one obtained from the power balance 
comes from the low time resolution of some of the signals 
used for the power balance calculations, which therefore 
miss these short spikes. 

Particle Transport, Density Control 
and Fuelling 
To understand the interrelationship between plasma fuel­

ling, divertorplasma density (i.e. recycling) and main plasma 
density as well as the role of the material surfaces, fuelling 
studies were carried out. Comparisons were made between 
discharges where the location of the external gas fuelling 
source was changed from the plasma mid­plane to the 
divertor region. In other experiments, the plasma configura­

tion was changed from limiter to divertor and the resulting 
density variations were studied. Additional studies com­

prised discharges with central particle fuelling i.e. by pellet 
injections or neutral beam injection. 

The experimental results were analysed by means of an 
extended particle balance model [26]. It is based on results 
from earlier studies [27], where plasma particles which hit 
the material surfaces were assumed either to diffuse into the 
material or to leave it by recombination into molecules. 
Those leaving the surfaces were assumed to fuel the main 
plasma, however, only with an efficiency of less than unity, 
while the complimentary remaining ones would return to the 
surface. Results of the analysis show that for a given external 
fuelling flux the plasma density and the magnitude of the 
recycling flux depend, in a non­linear fashion on the pump­

ing capacity of the material surfaces. For quasi­steady state 
(i.e. plasma density constant but still wall pumping), the 
plasma particle inventory Ν can be written in terms of the 
external fuelling flux as: 

N = x[F,/(l­R) + Fex]0 
where t is the average global particle confinement time in the 
main plasma, Fr is the fuelling efficiency of recycling 
particles, Fex is the fuelling efficiency of externally fuelled 
particles, R is the fraction of the particle flux which recycles, 
(1 ­ R) is the pumping efficiency of the wall and φ is the 
external fuelling flux. 

For a situation where R is close to unity, the recycling flux 
dominates the fuelling, unless F is very small. For JET 
divertor configurations, F can be estimated as 0.1 or less, 
while R can be close to unity in steady state conditions. In 
this case, the recycling flux is typically an order of magni­

tude larger than the external fuelling flux. This explains why 

the plasma density is almost independent of the fuelling 
efficiency for the direct fuelling flux, and hence independent 
of the location of the external gas source. However, during 
transitional periods, such as a change of plasma configura­

tion or a change of plasma input power as well as plasma 
fuelling, R can fall to values of 0.5. In these cases, recycling 
flux and external flux can be of similar order and the 
attainment of high recycling conditions in a divertor can be 
temporarily hampered. 

Generally, the highest density divertor is achieved for a 
given main plasma density when one has as little pumping 
as possible, fuels (externally) directly into the divertor (i.e. 
Fex = F) and restrains the fuelling efficiency for recycling 
particles. The latter is best obtained by designing a closed 
divertor, where neutrals are prevented from escaping into 
the main plasma region. In addition, a low particie confine­

ment time τ is also beneficial. Thus, plasma edge (divertor) 
fuelling is preferred over central plasma fuelling (i.e. fast 
pellets), where both the smaller anomalous particle diffu­

sion in the plasma centre and the larger penetration depth for 
such neutrals contribute to an enhancement of τ. This would 
in rum reduce the external fuelling flux necessary to sustain 
plasma density and, thus, the recycling flux in the divertor. 

Model Validation and Edge Data Base 
A database of experimental JET data relevant to plasma edge 
physics has been created, using the standard time slicing and 
data extraction software used to create the Transport Data­

base. The EDGE ID and EDGE2D fluid codes which are 
both coupled to the NIMBUS Monte­Carlo neutral hydro­

gen code, have also been used to write data into this standard 
format. Therefore, the first detailed comparisons have been 
made between plasma edge diagnostics and code predic­

tions to investigate purely empirical scalings within the data. 
Work is underway to create a joint JET/DIII­D edge data­

base to extend the parameter range of the data set. 
In L­mode discharges, good agreement has been found 

between code predictions and experimental data. Figure 131 
shows the variation of the electron temperature, Tc, meas­

ured by the divertor target Langmuir probes at the inner and 
outer strike zones, with the outer strike point density. Data 
from the reciprocating probe (RCP) which traverses the 
SOL near the stagnation point is also shown. The lines 
overlaid on the figure were generated using the EDGE ID 
fluid code and shows good agreement with experimental 
data. The measured differences in Te between the divertor 
and SOL are consistent with the EDGE 1D predictions based 
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Fig.131: Temperature versus outer divertor density in L­mode 
discharges on the Be target. Solid symbols represent the code 
results while the open symbols are measured data. 

on classical parallel transport. To achieve the observed inner 
to outer temperature asymmetry the power flow to the outer 
half of the plasma had to be increased by afactor of three. The 
experimental results were obtained with VB towards the 
target and show that we can achieve a high recycling low 
temperature regime at the inner strike zone, whilst the outer 
divertor remains hot. Much greater symmetry in conducted 
power was seen with the VB drift away from the target. It has 
yet to be determined whether this effect is due to asymmetries 
in transport or drift terms not yet included in the models. 

Figure 131 also shows the agreement between predicted 
SOL ion temperatures and the CUI ion temperature meas­

ured spectroscopically near the RCP location. Calculations 
show that in these discharges the ion temperature is sensitive 
to electron­ion equipartition and ion convection. The correct 
prediction of upstream ion temperature suggests that the 
neutral particle code NIMBUS correctly predicts the ionisa­

tion sources and that equipartition is consistent with classi­

cal theory. 
Similar data to that in Fig.131 has been obtained for H­

mode discharges with up to 10MW NB heating. Poor 
agreement with code predictions was obtained unless the 
power flow into the SOL was assumed to be much smaller 
than that obtained from the experimental power balance. 

Fig.132: CII intensity versus poloidal angle. The heavy line 
represents experimental data, the dashed line a DIVIMP simula­
tion, with T =T and no wall source, and the solid line shows a 

e ι 

DIVIMP simulation, with T. =75eV and a C wall source. Simu­
lations and measurement are normalised at the inner strike zone. 
NIMBUS calculations suggest that a fraction of this 
unaccounted power may result from charge exchange losses 
inside the separatrix. 

Experimental spectroscopic data from the divertor and 
SOL cannot usually be directly compared with the output 
from fluid codes. This problem is being solved by the 
DIVIMP Monte­Carlo impurity transport code which can be 
used as a diagnostic simulator. DIVIMP provides a full 
kinetic description of impurity behaviour in a specified 
background plasma, which is usually chosen to match the 
divertor target probe data. The DIVIMP output gives the 
spatial distribution and temperatures of the different ionisa­

tion stages of the impurities. A post processor which is 
coupled to the JET atomic database ADAS can then inte­

grate the expected spectroscopic emission along the lines­

of­sight of any of the spectrometers. Work is in progress to 
link the output to the PPF system so that simulated signals 
can be extracted into the Edge Database. 

Figure 132 shows the comparison between simulated and 
measured CII signals from the spatially scanning 
monochromator. When the temperature near the target is 
low, the energy dependence of the sputtering yield makes 
the results sensitive to divertor ion temperature which is not 
measured. A tail on the experimentally observed distribu­

1­10 



tion can also be seen in Fig. 132 which results from impuri­

ties released by the inner wall. DIVIMP simulations have 
shown that although the sources of impurities originating 
from the walls of JET are smaller than those originating at 
the divertor targets they are still a major contributor to the 
core impurity content. This is due to the relatively poor 
screening efficiency of the SOL. NIMBUS calculations for 
the charge exchange sputtering of walls correctly predict the 
spatial distribution of the wall sources but the experimen­

tally measured impurity sources appear to be larger. 
The discovery that wall sources of impurities are a major 

contributor to the core impurity content provides a strong 
argument in favour of closed divertor concepts. Such a 
divertor would reduce the charge exchange flux to the walls 
in the main chamber and hence the wall source of impurities. 

Helium Transport and Η­mode Physics 
Helium Transport in the Core Plasma 
JET measurements have shown that particles are intrinsi­

cally much better confined than energy [28,29]. The recog­

nition that the consequent helium ash accumulation threat­

ens long pulse operation of a D­T tokamak has made 
investigation of helium confinement and removal an impor­

tant R&D issue for ITER [30]. Exploration of these ques­

tions has been undertaken in JET [31 ] and elsewhere [32,33]. 
Using 130keV NB helium atoms as a central source in the 
plasma, the evolution of the resulting fully­ionised helium 
ion density profiles has been measured in 2.8T, 3.5MA D 
discharges. L­ and Η­mode plasmas were compared at 
similar input power levels by comparing elongated limiter 
discharges (L­mode) with DN X­point discharges (H­mode). 
These experiments were performed in sawtooth­free dis­

charges so that differences due to diffusive, local transport 
could be more easily distinguished. 

The main diagnostic for determination of helium ion 
density profiles is the charge exchange spectroscopy (CXS) 
system [34]. Reliable determination of helium density pro­

files and gradients are required, placing great demands on 
the accuracy and precision of the charge exchange measure­

ments. One known influence on CXS measurements of 
helium is the so­called plume effect [35]. Since beam 
attenuation causes the desired prompt signal to vary by up to 
an order of magnitude, the relative contribution of the plume 
is found to change over the spatial extent of the measure­

ments, thus directly influencing determination of the gradi­

ents. This effect depends critically on the neutral beam and 
diagnostic geometry. 

0.4 0.8 0 0.4 
Reduced minor radius 

0.8 1.2 

Fig. 133: Helium ion density profiles in a typical L­mode dis­
charge. Helium fuelling ends at 55s. The points are experimental 
measurements using CX spectroscopy, and solid curves are 
simulations of densities using an impurity transport code. 

When a neutral beam is injected into a plasma, it is 
attenuated primarily by a combination of ion impact ionisa­

tion and charge transfer with target ions. Since the target 
ions in the plasma core are fully ionised, the result of the 
charge transfer collisions is a population of excited hydro­

gen­like ions. The radiation from these ions as they relax 
back to their ground state is the basis for CXS (the prompt 
signal). The hydrogen­like ions are far out of their ionisation 
balance and thus reionise quickly. However, at the typical 
ion temperatures in JET, their ionisation length is several 
metres. Since there is a significant probability of re­excita­

tion and emission before ionisation, these hydrogen­like 
ions contribute to corruption of both the absolute level and 
spatial localisation of the impurity density measurement. 
The expected plume contribution to the measured signal has 
been calculated for the geometry and plasma conditions 
specific to the helium experiments [35]. Differences up to 
50% were found between deduced helium densities and 
those if the plume effect was ignored. In fact, in view of the 
uncertainties, the policy was adopted of disregarding points 
with predicted plume corrections of more than 30%. In any 
case, these points are the ones with the largest fitting errors. 

The helium ion density profiles are shown in Fig. 133 for 
an L­mode discharge. In this pulse, helium fuelling beams 
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were on for 1 s until 5.5s, after which the helium profile was 
relaxed to its equilibrium profile. The central peak in the 
helium density has approximately the same width as the 
calculated beam particle deposition profile. This peak disap­

pears within 50ms of the termination of central fuelling. 
Modelling of the evolution of the helium density has been 
performed using a 1V2D transport code. During fuelling, the 
density gradient in the plasma core can be reproduced using 
a central helium diffusion coefficient of 0.3±0.1 m2s­'. In 
contrast, simulating the rapid loss of density peaking re­

quires a core diffusion 4­5 times larger. This large discrep­

ancy is not understood. However, these discharges were 
specifically designed to be sawtooth­free and had a continu­

ally evolving currentprofile. The requirement, in simulations, 
of an explicitly time­dependent diffusion coefficient may be 
related to non­stationary target plasma conditions. 

It was not possible to produce any measurable peaking of 
the helium density profile in Η­mode pulses even in dis­

charges with strongly peaked particle fuelling. Thus, it 
appears that the helium fluxes in the core must be quite large. 
Exhaust of helium from such an Η­mode discharge is then 
likely to be limited by the size of any reduced particle flux 
at the plasma edge. As such, conclusions on helium exhaust 
in Η­modes are only possible in experiments which combine 
a central source and an active helium pumping system. 
These experiments will be a focus of attention during the 
divertor phase. 

H­mode Physics 
Η­mode studies during 1992 continued the major themes of 
the 1991 experiments. Establishing a steady­state H­mode 
in which plasma parameters were held constant by ELM's 
was given the highest priority. In addition, further efforts 
were made to clarify changes in the boundary plasma at the 
L­ to H­ transition and to investigating the physics of ELM's. 

The improvement in particle confinement associated 
with the transition to an ELM­free H­mode generally leads 
to monotonically rising density, impurity content and radia­

tion power. As a result, the H­mode invariably collapses due 
to radiation on a rimescale of 3­5s. In some cases [36], strong 
gas puffing has been found to maintain a constant impurity 
content, but the rising density nevertheless caused a radiative 
collapse. Experiments in the most recent campaign have 
shown that, under some circumstances, continuous gas­

puffing provides a technique for ELM generation which can 
be maintained for long periods (>18s) and which can allow 
access to a steady­state H­mode regime [37]. 
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Fig.] 34: Overview of the discharge with the longest steady­state 
H­mode. The ELM­free H­mode begins at 10s, and the H­mode is 
held in steady­state by the onset of ELM's at about 12s. 

The main plasma parameters, i.e. density, radiation, 
temperatures, stored energy and fusion yield, could be held 
in quasi­steady­state for ~ 18s, the duration of this period was 
determined by the length of gas pulse and maximum length 
of H­mode was set by thermal stresses in the poloidal 
shaping circuit rather than by plasma physics constraints. 

The longest such steady­state H­mode is shown in Fig. 134, 
in which the remarkably constant behaviour of the majority 
of parameters is clear. It is striking, however, that towards 
the end of the ELMy period the plasma density began to rise, 
even though the pre­programmed gas­puffing rate was 
declining as the pressure in the gas reservoir fell. In addition, 
the temperature of the target tiles fell, indicating that the 
ELM ' s were effective in reducing the peak power deposition 
on the tiles. As the indications were that Zgff was constant 
during the ELMy phase, the rise in plasma density appeared 
to be associated with saturation of the pumping capacity of 
the first wall. This suggests that further extension of the 
steady­state regime in JET will require active pumping for 
density control. Nevertheless, this regime appeared to be 
robust since it was extended to total powers of 18MW and 
maintained in steady­state in these conditions for up to 3s, 
the limit being set by imposed neutron production limits. 

As expected, the confinement performance of these 
discharges was somewhat lower than that of equivalent 
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Fig. 135: Comparison of confinement enhancement factors of two 
ELMy steady­state Η­modes. In both cases, there is an initial 
phase of ELM­free H­mode lasting ~2s during which the enhance­
ment factor is well above 2. In Pulse No.27231 ,a large amplitude 
n=l mode persisted throughout the ELMy phase, while in Pulse 
No:27230, with slightly higher input power, the amplitude of the 
MHD activity was substantially lower. 

ELM­free plasmas. In part, this resulted from the degrada­

tion of edge confinement by ELM's and from some reduc­

tion in core confinement due to the fact that the ICRF heating 
was applied ~50cm inboard of the magnetic axis to minimise 
the influence of sawtooth activity, which was found to have 
deleterious effects on n= 1 MHD activity at the plasma edge. 
Some of this confinement loss could, no doubt, be regained 
by optimisation of the ICRF resonance. However, below a 
power threshold of ~8MW, these plasmas were susceptible 
to persistent large amplitude n=l activity (presumably with 
m=2) which further degraded the energy confinement. Thus, 
the longest ELMy Η­mode had an enhancement factor of 1.4 
relative to the Goldston L­mode scaling, while a slightly 
shorter ELMy Η­mode, which also had a slightly higher 
input power (and, therefore, low­level MHD activity) exhib­

ited an enhancement factor of 1.7. 
The confinement enhancement factors of these two pulses, 

based on the MHD measurement of plasma stored energy 
(which was in agreement with kinetic measurements), are 
shown in Fig. 135. The degradation of confinement at the 
onset of ELM's is clear in the two cases. However, in Pulse 
No:27231, this degradation was substantially more severe 
and, as shown in Fig. 136, can be associated with the growth 
of an n=l 'locked' mode. Although this mode unlocked at 
­15s, a large ampi itude rotating n= 1 mode persisted through­

out the steady­state Η­mode in this case and depressed the 
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Fig.136: Comparison of MHD activity in n=12J rotating and 
n=1 stationary modes for the two pulses of the previous figure. The 
rotating n=I mode at­J 5s (No:2723I) comes from the unlocking 
of a stationary mode between 12s and 15s. The smaller spikes of 
n=l activity (No:27230) coincide with sawtooth collapses. 
energy confinement time (Fig. 136(a)). In Pulse No:27230, 
on the other hand, the n= 1 activity was significantly lower in 
amplitude and occurred in bursts coincident with sawtooth 
collapses (Fig. 136(b)). Although this difference in confine­

ment between the two pulses has not been analysed quanti­

tatively, previous analysis of confinement degradation asso­

ciated with large amplitude MHD activity [38] showed that 
the degradation could be explained by the flattening of the 
plasma profiles at the q=2 surfaces and at other integral q 
surfaces (e.g. q=l) where mode coupling causes other 
modes to grow. 
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Fig.¡37: The upper three traces show Da intesity from a sequence 
of three sawtooth­free discharges in which the density was re­
duced on a shot­by­shot basis while the heating power was 
constant. The 'dithering' nature of the L­to­H transition and the 
time of the start of the ELM­free Η­mode are clear. The lowest 
trace shows the time development of the normalised ion 
collisionality, T¡',for the three pulses. 

Experiments designed to study the change in edge param­

eters associated with the L­to­H transition included an 
investigation of the change in ion collisionality at the H­

mode transition as the plasma density was varied at constant 
power [39]. This experiment, was performed in sawtooth­

free plasmas to minimise exterior influences on the transi­

tion. Measurements with high spatial resolution were made 
in the region of 4.01m<R<4.12m while the density was 
varied on a shot­by­shot basis. In the absence of sawteeth, 
the L­to­H transition occurred rather slowly with a period of 
'dithering'. 

Typical results of this experiment are shown in Fig. 137, 
where Da traces are shown for three of the pulses. The 
dithering phase and the transition to the ELM­free H­mode 
are clear. It was found that as the plasma density was lowered 
(in this case by a factor 3) the time of the L­to­H transition 
was delayed. However, the temporal development of the 
edge ion temperature was approximately the same, so that 
the edge ion temperature at the time of the transition was 
higher at lower density. Utilising these measurements of T¡, 
together with measurements of ne, the normalised collision 
frequency, η¡*, was computed and is compared for the three 
pulses in the lowest panel of the figure. The time evolution 
of η,* is dominated by that of the ion temperature, while the 
shot­to­shot variation reflects the variation in electron den­
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Fig.138: Normalised parameters indicating ideal and resistive 
ballooning stability: (i) Pulse No:24745, normal low power ELM, 
(ii) a large singular ELM in hot ion Η­mode (Pulse No:27793), 
(Hi) the hot ion Η­mode discharges Pulse No:26087, and (iv) 
Pulse No:26095 at the termination of the high performance phase. 

sity. The principal conclusion which may be drawn from this 
series of experiments is that the transition becomes more 
delayed as the normalised ion collisionality falls, which is 
contrary to the dependence predicted by certain common 
orbit­loss theories of the H­mode [40]. 

The Physics of ELMs 
The ELMs occurring during and shortly after the H­mode 
transition are small and have a high repetition rate ( 100Hz < 
f < 1kHz). As the edge electron temperature increases, the 
ELMs become gradually larger and much less frequent (< 
100Hz). All ELMs are primarily observed as a sharp rise in 
the Da emission, presumably due to a sudden loss of particles 
and energy from the outer part of the plasma. ELMs are also 
detected as short turbulent bursts of magnetic and density 
fluctuations. When the ELM repetition rate is not too high, 
these turbulent events occur with irregular intervals and 
amplitudes, and are often preceded by a period of oscilla­

tions with a well­defined frequency, typically 50 to 100kHz. 
Present understanding of ELMs in JET assumes the 

occurrence of resistive ballooning modes. These are radially 
localised instabilities at the plasma edge with high toroidal 
mode numbers, driven by large local pressure gradients, and 
further destabilised by the higher resistivity in the plasma 
boundary. Non­linear coupling between ballooning modes 
is thought to cause the turbulent bursts during the ELM itself. 



Observation lines 

Fig. 139: Measured and simulated poloidal rotation and the 
intensity profile from the CX diagnostic. The simulation assumed 
a 5cm wide rotation layer just inside the separatrix. 

Numerical computations of the stability with respect to 
high­η resistive ballooning modes have been carried out 
(Fig. 138), determining the largest stable pressure gradient in 
each point of the plasma. Progress with these ELM stability 
analyses has been possible due to more detailed knowledge 
of the density, temperature, and current profiles near the 
plasma edge. Also important were analytic improvements to 
ballooning calculations, talcing into account resistivity, the 
finite aspect ratio and shape of flux surfaces close to the 
separatrix, as well as a pronounced edge current. 

The results show that prior to normal ELMs, the edge 
pressure gradient is significantly lower than the ideal (no 
resistivity) stability threshold (Fig. 138). Nevertheless, in­

stability to modes with toroidal mode numbers n>10 is 
found by taking the finite resistivity into account. However, 
in high performance discharges operating at high­beta val­

ues very large singular ELMs can be observed in circum­

stances when the edge pressure gradient is much closer to the 
ideal stability limit (Fig. 138). In these cases, the resistivity 
is relatively low due to the high edge temperatures. There­

fore, the importance of the pressure gradient and of the 
resistivity in determining the stability of the plasma edge 
varies from case to case. 

Ballooning modes do not cover all aspects of plasma edge 
stability. Computations of low­η free­boundary resistive 

­0.15 ­0.10 ­0.05 0 
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0.05 

Fig.140: The different contributions to the edge electric field as 
well as the total Ε­field versus major radius. 

modes have shown the destabilising effects of the edge 
current density built up during the Η­mode, in the vicinity of 
the plasma boundary. These modes have a finite amplitude 
at the plasma boundary and might be crucial in describing 
the actual break­up of the outer flux surfaces during an ELM. 

Edge Electric Field Measurements on JET 
The poloidal rotation diagnostic makes use of visible charge­

exchange light arising from a neutral deuterium heating 
beam. Light is collected from a region near the separatrix by 
a pair of viewing systems. The two systems are mounted 
symmetrically in the top and the bottom of the machine. 
Each viewing system comprises ten 0.6mm optic fibres with 
imaging lenses. The separation between the individual lines­

of­sight in the plasma is 15mm, although the space resolu­

tion is limited to about 5cm by the viewing geometry. 
The diagnostic measures both the poloidal and toroidal 

components of plasma velocity from the Doppler shift of the 
impurity radiation. It also measures the impurity ion tem­

perature from the Doppler broadening and impurity density 
profiles from the intensity of emitted radiation. Knowledge 
of these four quantities enables an evaluation of the radial 
electric field. 

Studies have been made of a series of Η­modes with the 
conclusion that the poloidal rotation in these discharges was 
zero within the accuracy of the measurement (±4kms­'). 
However, the space resolution of the diagnostic poses a 
significant limitation on our ability to detect any thin (<5cm) 
rotating layer. 
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Figure 139 presents results from several discharges show­

ing measured poloidal rotation at different positions. Also 
shown is the calculated effect of a thin rotating layer, 1cm 
FWHM, 15kms"' peak. The calculation shows that despite 
the limited spatial resolution such a layer would be detect­

able. Three intensity profiles are plotted at the bottom of the 
figure from some of these discharges, showing evidence of 
the steep density gradients that develop in the H­mode. 

The ion temperature profiles have small gradients, typi­

cally ekVm^.The measured intensity profiles indicate a 
region of l­2cm width where the impurity density changes 
by a factor of 10. Figure 140 shows the contributions to the 
radial electric field arising from the four sources, poloidal 
and toroidal rotation, ion density and temperature. The solid 
line shows the sum of the components. The steep ion density 
gradient is the dominant contribution. 

The absence of poloidal rotation in these JET discharges 
contradicts much of the published data from other experi­

ments [41,42,43]. However, recent results from Dili [44] 
also show Η­modes with low poloidal rotation. The com­

mon feature of all the JET and Dili measurements is the edge 
radial electric field of about ­30kVm1 in the Η­phase. In 
JET, the dominant contribution to the electric field comes 
from the ion density gradients, as ion temperature gradients 
do not make a significant contribution. In DIU, the reverse 
is true, and the steep gradients of T¡ are the biggest contribu­

tor to E,·. These remarks apply only to the developed H­

mode, not to the conditions at the moment of transition. At 
present, the JET measurements do not have as fast a time 
resolution as those on DIU, so the presence of a fast (< 1 ms) 
localised (<lcm) effect on poloidal rotation at the moment 
of the Hα drop cannot be confirmed. Improvements to the 
diagnostic for the forthcoming campaign should allow meas­

urements on these time and space scales. 
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Physics Issues 

In early 1992, a number of experiments on a range of topics 
were carried out. These included; 

• study of the effects of TF ripple on the L­H transition 
and on fast particle losses; 

• confinement scaling in dimensionally­similar dis­

charges; 
• monster­sawtooth studies with ICRF switch­off; 
• studies of fast electron diffusion; 
• 100% current drive using Lower Hybrid waves. 

The first of these experiments was performed in conjunc­

tion with the 'Physics Issues related to Next Step Devices' 
Topic Group, and can be found described in that section of 
the Report. The second topic was studied in conjunction 
with the 'Transport and Fluctuations' Topic Group, and is 
reported in detail in that section. The remaining experiments 
are described below. 

1992 Experiments 
Monster Sawtooth Studies using delayed 
ICRF Switch­off 
These experiments were aimed at studying the mechanism 
of sawtooth stabilisation with ICRF power. In the most 
successful theory [ 1 ], stabilisation results from interaction 
of ICRF­produced fast particles with the m=n=l mode. 
Stability is provided by the fast particle content within the 
q=l surface, while the force driving the instability increases 
as the radius of the q= 1 surface (r ) gets larger. 

To test these aspects of the theory, a series of 3MA, 3. IT 
discharges were performed in which the sawtoothing was 
suppressed by the application of­ 9MW of ICRF power on­
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Fig. 14 i : Switch­off of ICRF power showing delay (tD) to a 
monster sawtooth crash (second trace). 

axis. The ICRF power was switched off at different times 
during the sawtooth suppression interval, and the time delay 
for a sawtooth to occur after switch­off was measured (see 
Fig. 141 ). In these conditions the delay time has a maximum 
of ~0.3s when the ICRF power is switched off after0.5­1.0s. 

To validate the theory against the observed delays be­

tween ICRF switch­off and sawtooth collapse, a heuristic 
model was constructed. It is postulated that a sawtooth 
occurs when r1 reaches a critical value r^, which depends 
linearly on the total fast particle energy WF 

ric = rlc(OH)­δr1(OH)(WF/WFO). (1) 
Additionally, the model assumed that r1 was reduced by 

an amount òri (OH) at an ohmic sawtooth crash. Between 
sawteeth, r1 grew linearly at a rate (dri/dt). 

r1 = r,c(OH) ­ δτ,(ΟΗ) + (dr,/dt)t (2) 
Finally, the model assumed that WF grew exponentially 

with a time constant xs when the ICRF power was switched 
on (at t=0) and decayed with the same time constant when 
the power was switched off (at t = tso). 

WF = WF0( 1 ­ expi­tsoAts)) exp(­(t ­ ts0)) (3) 
Experimentally, the linear increase in r 1 (Eq (2) was 

confirmed by Faraday rotation measurements of the q pro­

file; the exponential evolution of the fast particle energy (Eq 
(3)) was also confirmed by magnetic measurements). Thus 
the predictions of this model provide a test of the first 
assumption, namely that of a critical radius dependent 
mainly on the fast particle content. Using Eqs.(l)­(3), the 
delay time between ICRF switch­off and the sawtooth 
collapse, tD = (t ­ ts0) can be calculated from the condition: 
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Fig.142: Observed delay time (tdrlaJ between the switch­off of 
ICRF power and the subsequent collapse of the monster sawtooth 
as a function of the time of the RF switch­off relative to the start 
of the monster (tmilchJ. The various curves show fits to the data 
using the model described in the text with a range of values for the 
fast particle slowing­down time (tj. 

exp(­tD/Ts).(l ­ exp(­tso/TS)) = oc(tso + tD) ­ β 
where α = (diï/dt)/ôiï(rf) and β = ôníOHyÔrKrf). 

α and β were inferred from the ohmic sawtooth period 
(tso= 0, to = TST(OH) ), and the intrinsic ICRF sawtooth 
period, ie. period of sawtooth suppression that resulted when 
the ICRF power was not switched off (tso= TSTOA , to = 0 ). 

Figure 142 shows the observed delay time as a function 
of the switch­off time. Also shown are the calculations of tD 

assuming xs = 0.1,0.3,1. and 3s. A reasonable fit to the data 
is obtained if ts is in the range 0.3­1 s. Since this corresponds 
to the measured fast­particle rise time in these discharges, it 
may be concluded that the results of the ICRF switch­off 
experiments are consistent with the theory of sawtooth 
stabilisation by fast particles. 

Fast Electron Diffusion Studies 
The phenomenon of fast electron diffusion has been ad­

dressed in a series of dedicated experiments where ejection 
of energetic electrons from theplasmacorehas been prompted 
by a monster sawtooth crash [2]. In these experiments, the 
fast electron dynamics is determined by transient processes 
rather than diffusion in near steady­state conditions. Experi­

ments have been performed in 3M A, 3.1Τ limiter deuterium 
plasmas, with central density ne(1 = 2.5 χ 10l9m \ heated by 
ICRF up to Td) = 8­10keV and with ~ 1.5MW LH power 
launched. The fast electron profile, measured by the FEB 

10 
0 

-10 
0 

-1 
-2 

3 
2 

8 
6 
4 

10 
0 

-10 
0 

-1 
-2 

0.98 
0.94 

2.4 
2.2 

cm 

t 

­ 4^ ­

10.846 

Btì(n=1) 

SXR 

10.850 10.854 
Time (s) 

Btì(n=1) 

SXR 

10.8460 
Time (s) 

| 
8 
o 

10.8470 

Fig.143: Arrival of an early heat pulse at the plasma edge 
following the crash of a monster sawtooth. The increase in Haand 
CIII light at 10.846s can be attributed to the arrival of fast 
electrons expelled from the centre by the crash whilst the larger 
pulses at ~10.85s are associated with the arrival of the usual 
(thermal plasma) heat pulse. 

camera, in these cases was peaked on axis with a half­width 
at half­maximum of about the radius of the q= 1 surface. 

There is no obvious influence of the limiter material type 
(carbon or beryllium) on the fast electron dynamics. The 
arrival of the heat pulse at the plasma edge after a sawtooth 
crash is reflected in the time behaviour of the H a and carbon­

light emission for the carbon case shown in Fig 143. The 
traces show that the H a and CIII emission signals from the 
proximity of the carbon limiter exhibit a small increase 
starting less than 0.1ms after the monster crash and lasting 
about 1ms, followed by a larger increase 2­5ms after the 
crash. This behaviour is consistent with the arrival on the 
limiter of a pulse of fast electrons first and the later arrival of 
the bulk of slower thermal electrons. 

The characteristics of the electron transport in this type of 
sawtooth instability are consistent with the existence of 
magnetic turbulence which would result from the mixture of 
magnetic islands and a chaotic region where the magnetic 
field lines link the inside and outside of the plasma [3]. Since 
the LH­accelerated electrons at 100­300keV energies are 
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Fig. 144: Experimental and simulated non­thermal ECE spectra 
from an LH assisted discharge. The fast electron density refers 

to the plasma centre. 
faster than the thermal electrons and are collisionless, these 
are expected to reach the limiters from around the q= 1 region 
before the bulk electrons. Theoretical predictions of the 
transit of LH electrons, in the initial phase of v fluctuations, 
yield values of 0.1 ­1 ms, consistent with the measured values 
when velocity and space distribution of fast electrons are 
taken into account. The resulting fast electron diffusion 
speed at the monster crash is ~5xl03ms"­1· 

Lower Hybrid Current Drive 
Experiments on Lower Hybrid Current Drive (LHCD) 
continued in 1992 with the prototype antenna, capable of 
launching waves at a frequency of 3.7GHz with a narrow 
wave phase spectrum centred around N/; = 1.8. Full 
sustainment of the plasma current up to 1.5MA for 6s was 
achieved, with LH power ~ 2MW, at high toroidal field (BT 

> 3T) and relatively low density (nc ~ 2 χ 1019m­3) in ICRF 
heated discharges [4]. 

A combined investigation involving the non­thermal 
Electron Cyclotron Emission (ECE) and Fast Electron 
Bremsstrahlung (FEB) diagnostics has been carried out to 
determine the phase space distribution of the fast electrons 
accelerated by the LH waves [5]. The method assumes the 
fast electron distribution function to be described by a three 
temperature maxwellian in velocity space. The radial pro­

file of T// is directly measured by the FEB camera. The 
parameters and nfe (fast electron density), were then deter­

mined by an iteration process until agreement was reached 
with the ECE spectra, the FEB data and the estimated non­

"0 1 2 3 4 5 6 7 8 
PICRF (MW) 

Fig.145: Power coupled from ICRF to the electron population 
(assuming that 80% of the LH power is coupled to the 

electrons) as a function of the input ICRF power. 
inductive current driven. A typical simulation of ECE non­

thermal spectrum is shown in Fig. 144. This analysis has also 
given evidence that the energy of the LH­induced fast 
electrons increases when ICRF power is applied (LH­ICRF 
synergy). 

Further, on LH­ICRF synergy, the physics mechanism 
responsible for the acceleration of LH fast electrons in the 
presence of ICRF heating is still under investigation. A 
detailed study of the electron power balance via modulation 
has been carried out. The results show that the amount of 
ICRF power coupled to the fast electrons as a function of 
launched ICRF power varies as shown in Fig. 145. Up to 
20% of the ICRF power can be coupled to the fast electrons 
at an optimum ICRF power level of 4MW. This behaviour 
would be consistent with damping after mode conversion of 
the fast wave at the hydrogen­deuterium resonance rather 
than direct damping of the fast wave by the Transit­Time 
Magnetic Pumping (TTMP) and Electron Landau Damping 
(ELD) mechanisms. 

Numerical simulations of the LH wave propagation and 
absorption were carried out using a ray­tracing code cou­

pled to a two­dimensional (parallel velocity + radial 
co­ordinate) relativistic Fokker­Planck solver for the fast 
electron tail [6]. Experimental data on electron temperature, 
density and magnetic equilibrium were used and the calcu­

lation includes fast electron radial diffusion and acceleration 
due to the residual toroidal electric field. The aim of this 
exercise is to reproduce not only measured global param­

eters linked to current drive and profile control (eg. loop 
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Fig.146: FEB camera radial distribution of fast electrons in 
several bands for a plasma with J .9MW LH power at 

BT = 3.45T, compared with code simulation. 

voltage, internal inductance etc.), but also the hard X­ray 
(HXR) emission due to fast electron bremsstrahlung meas­

ured by the multi­chord FEB diagnostic. The simulation 
programs taking this data thus include one which calculates 
the HXR emission spectrum detected by the FEB, with the 
detector geometry folded in. Results on the radial distribu­

tion of fast electrons in several energy bands are presented 
in Fig.146 for a case with full current drive by LH only, 
where the problem of modelling the LH­ICRF synergy does 
not exist. Reasonable agreement can be seen between the 
code predictions and the measurements. 

Further Analysis Work 
After completion of the experimental campaign, the Task 
Force maintained responsibility for analysis of topics it had 
undertaken during 1991. Broadly, these covered the areas of 
high­ß physics and current drive. Specifically, the analysis 
covered; 

• PEPH­modes; 
• high β plasmas; 
• bootstrap­current dominated discharges at high ßpol; 
• LH current drive. 

PEP H­modes 
The 1991­2 experimental campaign extended the types of 
operation in which the Pellet Enhanced Plasma (PEP) re­

gime could be combined with the Η­mode (the 'so­called' 
PEP Η­mode). The 1991 Progress Report detailed the im­
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Fig.147: Time development of 3.1MA/2.8T PEP+H­mode after 
injection of a 4 mm pellet at I=4 s. This discharge reached a record 
stored energy of I0MJ (with 11MW NB and 3.3MW 1CRF) and 
showed the longest sustained period (0.6s) with a confinement 
enhancement relative to Goldston L­mode HC(D/A)~3. 

provements in obtaining the PEP­Η mode, with different 
heating schemes (NBI, ICRF and combined). This was the 
first attainment of the mode with 6mm diameter pellets. 

The longest duration of a PEP+H mode enhanced con­

finement phase significantly above normal Η­mode scaling 
was extended to 0.6s. The discharge development (Pulse 
No:26712 at 3.IMA, 2.8T) is shown in Fig.147. An en­

hancement in energy confinement over Goldston L­mode 
scaling (HG(DIA)) of ~3 is reached for 0.6s. This compares 
to a range 2.0 < HG(DIA) < 2.4 for typical JET H­modes. 
The stored energy reached 10M J, a record for PEP+H modes 
using 4mm pellets. The stored energy in this discharge (with 
11MW NB and 3.3MW ICRF) is competitive with the best 
of the PEP+H modes formed with 6mm pellets at 4MA with 
~25­27MW combined heating power (see Fig. 148), but it 
has about double the neutron yield. In general, the PEP's 
derived from 6mm pellets had a larger region of density 
enhancement, but central densities were too high for the 
heating powers available. Their development still requires 
further optimisation. 

Other general features of the PEP+H mode dataset were 
that the longest duration Η­mode phases were associated 
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Fig. Ì48: PEP dataset showing peak D­D reaction rate (RDD) and 
stored energy (WDIA) for the JET discharges with 4 and 6mm 
pellets. The data is marked by heating scheme. 

with NB heated discharges whilst the best overall neutron 
performance came predominantly from combined heating 
discharges. The enhancement in neutron yield obtained by 
adding a modest amount (3MW) of ICRF power to a NB­

heated PEP could be as large as a factor 2 and came from 
thermal­thermal reactions arising from the increased central 
temperature from the centrally­deposited power. 

MHD Stability in PEP+H­Modes 
The collapse of the PEP enhanced phase usually occurred 
before the termination of the Η­mode phase. The discharge 
in Fig. 147 was unusual in this respect. The collapse was 
associated with a wide variety of MHD activity. Sometimes 
fast (1,1) MHD events occurred which were preceded by 
n=3 modes and followed by n=2 modes. Such behaviour [7], 
consistent with a non­monotonic q­profile with an off­axis 
minimum, was discussed in the 1991 Progress Report in the 
section on MHD, Beta Limits and Topology. 

It has previously been postulated [8], in analyses of the 
PEP phenomenon in the L­mode, that the central part of the 
PEP is in the second stability regime against high­η balloon­

ing modes and Mercier modes. This is shown in Fig. 149 for 
a PEP+H mode equilibrium for Pulse No: 23100 at 6.6s just 
prior to the termination of the PEP phase in this pulse. The 
termination of the PEP phase is identified by the decline in 
the D­D neutron rate. 

The analysis uses measured pressure and shear profiles 
and the code IDB ALL [9] based on the method of Greene 

Fig. 149: Comparison of experimental values ofshear (s = rq'lq) 
and normalised pressure a(a= Ίμβρ'^/Β^ with the stability 
boundaries for ideal ballooning and Mercier modes. Data is for 
Pulse ΛΌ:23100 just before the time identified as the PEP col­
lapse. Graph (c) shows the change in boundary of the unstable 
region if the fitted q value at ψη = 0.175 is increased by 0.1 
(approximately the error in the fitting procedure). 

and Chance [10]. It can be seen that access to the second 
stability region is much improved by the presence of nega­

tive shear and that the profiles have developed such that the 
experimental profile is unstable against ballooning and 
Mercier modes for 0.15 < ψnorm < 0.2. Whether or not this 
unstable region leads to the collapse is open to question, as 
the high frequency, high­η MHD activity which might be 
expected from ballooning modes is difficult to identify with 
present diagnostics and, indeed, no unambiguous identifica­

tion exists. Moreover, Fig. 149(c) shows the effect of a 
change of+0.1 to the local q which is within the errors of the 
measurement. This places the data back into the stable 
region, so it is possible that the ballooning limit is unable to 
act before some other phenomenon causes the collapse. 
Investigations are still in progress. 

Impurity Behaviour in PEP+H­modes 
The behaviour of impurities in the PEP+H phase is ex­

tremely complex. Impurity accumulation is often seen in the 
centre of the PEP+H plasma, and is often associated with 
MHD activity[7]. An example of impurity accumulation is 
shown in a PEP L­mode plasma generated by using a 4mm 
pellet injected at t=6.0s followed by 10MW ICRF and 5MW 
NB heating (Fig. 150). The PEP phase collapses at ~6.7s and 
this is associated with a growing (1,1) mode, which is 
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Fig.150: Soft­X­ray traces showing MHD modes associated with 
a PEP crash at 6.7s and (lower trace) Soft­X­ray profile showing 
strong impurity accumulation associated with the crash. 

succeeded by a (2,2) mode after the crash. This collapse 
causes flattening of the q­profile and a strong peaking of the 
soft X­ray (SXR) emission profile, indicating a jump in the 
central concentration of impurities (also shown in Fig. 150). 

Examples both of impurity accumulation and of cases 
where outflow of impurities from the centre occurs can be 
seen in PEP L­ modes, PEP+H and their successor phases. 
Comparison of these two cases is shown in Figs. 151(a) 
and (b), which shows the same discharge as Fig.150. The 
first post­pellet phase of both discharges, lasting ~0.8s, 
shows a moderate central impurity accumulation. After this, 
there was a sudden collapse in the neutron yield for the PEP 
L­mode Pulse No: 23079, (Fig. 151(a)). As already noted, 
this is accompanied by an increase in the level of SXR 
central radiation which implies an almost complete deple­

tion of the central deuterium. However, the temperature 
does not decline but bulk Zeff and radiated power show 
strong increases at the time of the neutron collapse. On the 
other hand, the PEP+H mode Pulse No: 24470 (Fig. 151 (b)), 
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Fig.151 : (a) Overview of PEP L­mode pulse shown in previous figure. Note accumulation of impurities developing from 6.7s; 
(b) PEP Η­mode pulse showing similar initial phase as (a) (up to ~5.6s), but then transition to the Η­mode and impurity 
development which shows control of Ζ and Prad with (from ~6.2s) some evidence of impurity outflow. 

ÚM: 



SCIENTIFIC ACHIEVEMENTS WRING 1992, 

0.06 

0.04­

0.02 

» Hot­ion H­modes 
­ · Low ßy H­modes 

­

/ 

/ \££»Y^ 1 

ßr­2.8lN_^ / 

y J/ 
ζ* * 

*/Æ 

/sŞ&8 o ° 

ι I 
0.5 1.0 1.5 2.0 

lN=l(MA)/B(T) a(m) 
2.5 

Fig.152: JET dataset for toroidal beta (ßj against normalised 
current (lN = I/Ba). The hot ion (HI) H­modes and the low BT H­
modes with Ν B heating are highlighted. The cross­hatched area 
indicates the bulk of the dataset. 

shows behaviour which is the inverse in many respects. A 
slow transition to the Η­mode occurred, which resulted in 
increased neutron and SXR signals in a phase lasting a 
further ~500ms. The bulk Zeff reached approximately steady­

state conditions, whilst the decline of central SXR signal and 
slight increase of neutron rate indicated increasing purity in 
the central plasma. This third phase lasts for ~500ms, and in 
this time, ßpoL was saturating and confinement enhance­

ment HG(DIA) had dropped to 'normal' Η­mode values 
(~2). Thus, a transition was made to normal Η­mode con­

finement (Fig. 151(b)) despite the existence of a peaked 
density profile (which persisted until after t=6s). 

The differences which lead one discharge to irreversible 
collapse, whilst another makes a successful transition to an 
Η­mode, are still under investigation. In particular, it is still 
unclear whether or not these differences can also explain the 
observed difference in impurity transport. 

High β Plasmas 
Analysis has continued on the high toroidal ß (ßJ discharges 
obtained in 1991 ( 1991 Progress Report). The dataset for βφ 

against the normalised plasma current IN (= I/aB in units of 
MA, m and T), is shown in Fig. 152. This emphasises the 
subsets of data pertaining to the high βφ discharges at low­BT 

and the high βφ hot­ion (HI) H­modes. These subsets were 
extended in the 1991 campaign. As shown in Fig. 152, the 
best of the low­BT discharges reached βφ ~ 3.2­3.3 IN. This 
is ­20% higher than the Troyon limit [11]. 

The low BT H­modes have been extensively analysed for 
MHD activity and ballooning instability [12] and this work 
is covered in detail in the section on MHD, Beta Limits and 
Topology. 

Confinement Systematics of Hot­Ion 
H­modes at High β 
The hot­ion H­modes (defined by Τ > 1.5 T.) reach a limit 
in JET discharges at 80­90% of the Troyon limit (βφ ~ 2.2­

2.4 IN). The reasons for this limitation, which quite often 
begins as a 'soft' limitation for up to ~200ms before a β 
collapse occurs, are still unclear. These are discussed further 
in the sections on MHD, Beta Limits and Topology and on 
Further Analysis of the Preliminary Tritium Experiment. 

The existence of the soft limitation in some cases 
motivates the question of whether the ideal ballooning 
limit affects the plasma pressure profile in some regions of 
these discharges. A ballooning analysis of low­q (q95~2.8) 
hot­ion H­modes at 3MA/1.8T shows that the pressure 
gradient limits at around 60­70% of the ideal ballooning 
gradient in the region 0.4 < r/a < 0.8. This saturation can 
be seen on the electron and ion temperatures in these 
regions, which become approximately constant for around 
200ms before the β collapse. (The centre of the discharge 
is approximately at the ideal ballooning limit, but this 
represents a relatively small plasma volume with little 
effect on the global confinement). One possible limitation 
mechanism is that the local resistive ballooning limit has 
been reached. At the temperatures involved (Te ~ 4keV in 
these low q cases), mode numbers of η > 30­40 would be 
needed for instability and such modes are thought to be 
weak in their effect. 

The systematics of the global confinement of hot­ion H­

modes at high normalised β (βψ/βψ7) has been investigated. 
One of the strongest systematics shows that energy confine­

ment (XE) varies inversely with effective ion charge (Zc|T) at 
fixed I and B r It is important to note that this may imply 
some density dependence since Z^«* l/<ne> in these dis­

charges. 
The global confinement is also dependent on BT in a 

stronger manner than for the bulk of ordinary JET H­modes, 
all of which have 0.75 βψτ < βψ<0.88 βψτ, as a function of 
B r The energy confinement was calculated near to the time 
of maximum neutron yield before confinement saturation 
had set in. Two enhancement factors were calculated; 
HG(DIA), ratio of diamagnetic energy confinement time to 
Goldston L mode scaling value; and H^iJ/DIII), the ratio of 
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Fig. 153: Confinement enhancement factors for: (a) Goldston 
L­mode scaling (HC

DIA); and (b) JET­DIIID H­mode scaling 
(H'hJIDIII) for 3MA Hot Ion (HI) Η­modes. Data plotted versus 
toroidal field. Open symbols indicate plasmas with 2.0<Z <2.2. 

thermal (kinetic) energy confinement time to JET/DIII­D H­

mode scaling law (xE>J D m = 0.106 PLOSS"0·46^1·03 R1·48) 
[13]. The 'normal' values for the bulk of JET Η­modes are 
2.0 < HG(DIA) < 2.2 and 1.0 < Hth(J/DIII) < 1.2, so 
Figs. 153(a) and (b) show that these hot­ion Η­modes exhibit 
enhanced global confinement at the higher toroidal field 
values. A scaling of H ~ By0·7 is consistent with the data, 
compared to the TE ~ Βχ0·2 scaling which emerges from 
'standard' Η­mode databases (eg. ITER­92H [14]). 

Local transport analysis with the TRANSP code revealed 
that the origin of this toroidal field scaling (TF) is in the 
reduced transport in the outer region (r/a > 0.5). Figs. 154(a) 
and (b) show that the ion thermal conductivity (χ;) and the 
effective thermal conductivity (%eff) are both very low in the 
central region of the plasma, with values of < 0.4 m2s~ ' 
(< 3 χ neoclassical), being achieved in common with other 
hot­ion H modes [15]. There was no discernable TF scaling 
in this regime. However, in the outer part of the plasma, the 
transport seemed to increase strongly as the TF was lowered. 

F'ig. 154: (a) lon thermal diffusivity (χ) from local transport 
analysis using TRANSP for two 3MA HI Η­modes at 1.8T and 
2.8T;(b) Effective thermal diffusivity {χJ from the same TRANSP 
analysis. 
The relationship of this phenomenon to resistive ballooning 
effects, or transport models such as the Rebut­Lallia­Watkins 
model [16] (which predicts amongst other things a 
%ij6 <χ 1/BT dependence), needs further work and probably 
further experiments. 

Bootstrap­dominated Discharges at High ßpoL 

The prospects for steady­state operation of a fusion reactor 
are significantly improved if a substantial fraction (>73) of 
the plasma current can be driven by the bootstrap mecha­

nism. The production of plasmas, approaching this condi­

tion, has been reported from TFTR [17] and JT­60 [18] and 
was achieved, for the first time with pure RF heating, by JET 
during 1991 (see 1991 Progress Report). 

In the JET high bootstrap current experiments, plasmas at 
1­1.5MA/2.8­3. IT were heated with up to 10MW of D(H) 
dipole ICRF heating, in a double­null X­point configura­

tion. A large bootstrap current was obtained in ELM­free Η 
mode plasmas. In the best cases, the poloidal β (βρού rose 
to a value of about 2 and the interpreted bootstrap current 
reached 70% of the plasma current [19]. 
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Fig. 155: Marginal stability boundaries in the S(= 'I C^l^)) and 
af= ­(2\iflRB 2)(dPldR)) planefor the high bootstrap fraction 
discharge Pulse No: 25264 (¡hJl ­0.7). Data are evaluated just 
before the ßp0L decline. The unstable regions are in the upper right 
region enclosed by the stability boundaries. 

Stability of Bootstrap-dominated Discharges 
The Η­mode phase of the bootstrap­dominated discharges 
was typically terminated by a large ELM resulting in a 
substantial loss of plasma density and energy. There are two 
candidate mechanisms for this phenomenon. The separation 
of the plasma and the RF antennae decreases significantly 
during the Η­mode phase, resulting in a strong plasma­

antennae interaction, which could be seen on the infra­red 
camera. Therefore, it is plausible that the RF antennae are 
disturbing the plasma boundary conditions in a manner 
which eventually leads to a collapse. 

Another possible hypothesis rests on the basis of an ideal 
ballooning stability analysis of some of the high ßpoL 
discharges. As the ELM­free period develops, the edge 
density gradients (and hence pressure gradients) become 
very large (drie/dr ~2 χ lO^nr4) and significantly higher 
than 'normal' JET Η modes. An ideal ballooning analysis, 
using the method described above, performed on a IMA 
bootstrap­dominated discharge shortly before the ßroL de­

cline, is shown in Fig. 155. The analysis uses LIDAR profiles 
for density and temperature and equilibrium derived from 
the EFITJ code. Figure 155 shows that access to the second­

stability region occurs very near the plasma edge, but at the 
time of the collapse, the edge profiles are (within error bars) 
very close to marginal stability. Apart from the error bars in 
Fig. 155, there are significant experimental uncertainties in 
the evaluation of the current density near the edge. An upper 
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Fig.156: Repetitive ßp0L collapses in a 1.5MA/2.8T ICRF 
heated H­mode. 

bound for the edge current density can be found from a 
collisionless bootstrap model, which increases the current 
density in this analysis by a factor ~3. This would signifi­

cantly improve access to the second stability region. 
It is hoped to improve on the edge measurements in this 

regime using the new high resolution LIDAR developed for 
the pumped divertor phase of JET [20] and reflectometer 
measurements for the density. In addition, the modifications 
to the NB system should enable the long pulse heating of low 
current Η­modes in 1994 and should provide H­modes 
without the accompanying proximity of the ICRF antennae. 
This should help resolve the ambiguity between the two 
competing mechanisms. If the above ballooning analysis 
holds up under further investigation, then it is clear that these 
high ßpoL discharges suffer from a collapse mechanism 
similar to the 'X event', which terminates the high perform­

ance hot­ion H­modes. 
Often, the Η­mode phases in these bootstrap experiments 

were re­established quickly after a ßTOL collapse giving rise 
to a series of H­modes, as shown in Fig. 156. In this case, the 
average ßTOL per cycle is almost 90% of the peak value. 

Confinement in Bootstrap-dominated Discharges 
The energy confinement in these bootstrap­dominated dis­

charges is significantly enhanced over the standard scalings. 
The enhancement relative to Goldston L­mode (H0(DI A)) is 
­3­3.5 and is in line with other high ßroL results on JT­60U 
(obtained in the L­mode). The enhancement relative to the 
JET­DIIID Η­mode scaling tffy/DIII) is ­1.6­1.7. The 
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Fig.157: Radial profiles of effective thermal diffusivity (χ^ 
obtained from TRANSP analyses of the 1MA/2.8T high ßPOL fi­
mode Pulse No:25264 (small dashes) and the 3MA/2.8T ¡CRF 
heated Η­mode discharge Pulse No:20232 (dot­dash). The 3MA 
data scaled to IMA using χ^ (scaled) = xeff(3MA)*(BP0L(3MA)/ 
BPOL(1MA)) is also shown (dashed lines). Error bars show the 
typical range of χeff established at various times during the H­
mode periods. 
bootstrap­dominated Η­modes are obtained at much lower 
current and higher qedge than the 3MA Η­modes used in the 
derivation of the JET­DIIID Η­mode scaling. 

There are no 'ordinary' (medium­q, low βPOL 1­1­5MA 
H­modes in the JET dataset with which to make direct 
comparison, so it is unclear whether the favourable confine­

ment enhancement originates in a positive scaling with 
qedge. which is not covered in the scaling expression or even 
in a less favourable exponent for the confinement depend­

ence on plasma current than the ~Ip10 result used. The 
existence of a high enhancement relative to the Goldston 
scaling, the dataset for which does contain data in the same 
Ip and qedge ranges would argue against these two explana­

tions. It is important to pursue the origin of this confinement 
enhancment. Although either of the preceding explanations 
would not be favourable for a steady­state reactor concept 
based on the bootstrap current, the alternative possibility that 
the confinement enhancement could be identified as a 
consequence of a high value of ßPOL, would have attractive 
features for such a reactor concept. Such a consequence 
might arise, for example, as a result of a second stability 
regime opened up to the plasma by the presence of the 
bootstrap current. 

Figure 157 shows a first attempt to find the regions of the 
plasma where a simple plasma current scaling of energy 

confinement gives an inadequate picture of the local trans­

port. The value of effective thermal diffusivity (Xeff) profile 
obtained in a TRANSP analysis of the 3MAICRF heated H­

mode (Pulse No: 20232, [ 15]) is scaled by the relevant value 
of 1/BPOL(X) and compared with TRANSP analyses of 
bootstrap dominated Η­modes at 1 MA. A simple scaling of 
%eff ∞ 1/BpoL gives significantly worse transport than the 
Xeff obtained at the lower current over most of the minor 
radius (p < 0.8). Thus, the confinement enhancement would 
appear to be distributed fairly uniformly in the inner volume 
of the plasma, in contrast to the Η­mode enhancement itself 
usually appears primarily in the outer plasma. 

The high ßPoL discharges have a somewhat higher (10­

20%) shear than the ICRF heated Η­modes, but preliminary 
investigations show that a very strong inverse dependence of 
Xeff on shear (xeff ∞* S"a with | a | » 1 ) would be necessary 
to bring the 3MA data into line with the IMA data. This is 
contrary to the experience from the JET confinement studies 
during current ramps [21] which gave results of Xeff ~ S"a 

with0<|a |<l . 
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Transport and 
Fluctuations 

The main effort during 1992 was devoted to an analysis of 
the data obtained during the 1991/92 campaign. Further 
experiments with strong on­axis ion cyclotron resonance 
heating applied to a standard JET discharge with­and with­

out­pellet injection, were completed to confirm the local 

diffusive nature of the heat transport. These experiments and 
progress with the analysis in other fields are described 
below. 

Global Confinement Analysis: ITER/JET 
The collaboration between the six tokamak teams (ASDEX, 
DII­D, JET, JFT­2M, PBX­M and PDX) that lead to a joint 
global Η­mode confinement database (ITERH.DB 1 ) [ 1 ] has 
continued. The Working Group has assembled and analysed 
an improved second version of this database (1TERH.DB2). 
New Η­mode data from ASDEX, DHI­D, JET and JFT­2M 
have been added [2] so that in comparison with ITERH.DB 1 
the type of Η­mode (ELMy/ELM­free) and the isotope 
composition are more evenly distributed over the six 
tokamaks in ITERH.DB2. The database now also includes 
ECH, ICRH and combined ICRH + NBI heated H­mode 
data. Furthermore, better estimates of several of the relevant 
plasma parameters have also been provided. In particular, 
more precise estimates of the thermal confinement time are 
now available because of improved estimates of such quan­

tities as the fast particle content and anisotropy, and the 
power losses due to charge exchange and unconfined orbits. 

Power­law scalings for both the total and thermal con­

finement time have been determined by regression analysis 
on the data in ITERH.DB2 [3]. The analysis has shown that 
the total confinement time is independent of density. In 
contrast, the data indicate a density dependence of the 
thermal confinement time in the form tth00 n0·3. At the same 
time, the dependency on major radius is strong and of the 
form τ ^ R1·95 (ELM­free). If the density is not included in 
the regression, the dependency on major radius is Xth00 R1 ·4 

which is similar to the dependency in existing L­mode 
scalings like ITER89P[4]. However, the extrapolations to 
ITER­like parameters by the scaling with density included 
are almost a factor of 1.4 higher than the other scaling 
(Fig. 158). The data also show signs that a simple power­law 
scaling may not be the best representation. For example, the 
strength of the isotope and toroidal field dependencies do 
vary with the power input [3]. This indicates that a two term 
scaling such as an offset­linear type scaling may be a better 
solution. Both these problems will be studied in more detail 
by the Working Group. 

The Working Group has also assembled a joint H­mode 
power threshold database (ITERTH.DBl) [2,3] and it in­

cludes data from ASDEX, DIII­D, JET, JFT­2M, and PBX­

M. The following objectives are being pursued: a) predict 
the plasma parameter region where H­mode can be expected 
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2.2,0.36,6m. 125 χ 10">m3}.ForJET, x/CT = {3MA, 3T, 20MW, 
2amu, 1.8, 0.4, 3m, 3xlOl9m3}. The parameter EXTP is varied 
from ­3.15(JET) to 0(ITER) along a straight line in the 8­dimen­
sional space given by logw (xlx1*1*),] = 1 to 8. The two scaling 
expressions shown are: 

gyroBohm: τ = 4.8 PS5B02p­0­65M045k065(alRf")5 RL95n0J 

Bohm: τ= 3.46I'MBOMp­°JSM<"'ek0S4(alRrox'7 R14 

with the parameters being normalized to the ITER values xnER. 
in future devices; b) contribute to the L­H transition physics; 
and c) investigate pedestal effects. 

On­ and Off­Axis Heating Experiments 
The original off­axis heating experiments following pellet 
injection were completed in 1988 [5]. During 1992, these 
experiments were repeated and supplemented with on­axis 
and mixed on­ and off­axis ICRH discharges. The difference 
in the response of the axial electron temperature to the on­

and off­axis heating is shown in Fig. 159(a) where the off and 
on­axis temperature profiles are compared at three different 
times. In the outer region beyond the off­axis heating 
location, the profiles are similar, as would be expected but in 
the inner region the profiles are markedly different. 

The evolution of the electron temperature for the off­axis 
heated pulse, is given in Fig. 159(b). Note that the profile 
remains hollow for approximately one second and only 
becomes slightly peaked about 2s after the start of heating. 
The reason for this behaviour can be understood from the 
power balance. Initially the off­axis heating produces a 
hollow temperature profile with a shape close to the shape of 
the heating profile. Heat is then conducted away from the 

2.8 3.0 3.2 3.8 4.0 3.4 3.6 
R(m) 

Fig.159: (a) The electron temperature profile at three different 
times for the purely on and off­axis heated discharges; (b) The 
electron temperature profile for the off­axis heated case. 

peak of the temperature profile towards the centre and edge. 
Due to the large thermal inertia of the plasma centre it takes 
a long time for the centre to reach the temperature of the 
region of heating. Eventually the ohmic heating dominates 
over the thermal inertia term and the electron temperature 
profile becomes marginally peaked in the centre with an 
outward heat flux. 

Analysis of the data [5] shows that the total heat flux Q 
can be described by a local diffusive model Q = ­ χηVT for 
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Fig.160: (a) Heat flux normalised to the gyro­Bohm scaling 
expression versus the normalised radius x; (b) Heat flux normal­
ised to the Bohm scaling expression versus radius x, for the three 
discharges at 1 = 2,3,4 MA. 
a large range of VT (including VT > 0) and that any heat 
pinch term would have to be very small indeed. 

The data has also been compared with three models of 
local transport: (a) χ °= I VT I ; (b) χ °c T2.5 ; and (c) the RLW 
critical temperature gradient model. All are found to give a 
reasonable fit to both the off­ and on­axis heated pulses. 

Larmor Radius Scaling Experiments 
Tests of specific transport models often produce ambiguous 
answers, which arise from collinearities in the experimental 
data. In experiments on dimensionally similar discharges 
which only differ in the values of one single dimensionless 
parameter, transport scaling with respect to that parameter 
can be studied. Experiments on JET have been carried out to 
keep all parameters fixed except for the normalised Larmor 
radius p.. In these experiments the plasma current, toroidal 
field, density, ion cyclotron frequency and power level are 
varied in a predetermined pattern which yields fixed values 
of collisionality, beta and safety factor. From a range of 16 
almost similar pulses, the three most similar pulses with 
currents of 2, 3 and 4MA have been selected for a full 
transport analysis. The dependence of heat flux q upon p. is 
tested by normalising q as q/(qBohm p*xp) where x = 1,0, 1 
correspond to MHD, Bohm and gyroBohm scaling forms. 

Figure 160 shows this ratio between the 4MA and 2MA 
pulses of the normalised flux. The experimental data shows 
convincingly that local L­mode confinement scales with p. 
according to the Bohm scaling, as does the global confine­

ment. A similar conclusion has been reached from experi­

ments on TFTR and DIII­D. These three major Tokamaks 
have provided the key element requirement for extrapola­

tions towards a reactor. 

Enhanced Confinement Regimes 
During the series of hot­ion Η­mode experiments completed 
during the 1991/92 campaign, a new enhanced confinement 
regime was found. The new regime is similar to the V­H 
mode seen in DIII­D, with values of the confinement time 
about twice the usual Η­mode scaling (ITERH92­P) and a 
factor three above the Goldston L­mode scaling expression. 
This improved confinement follows a second transition 
during the Η­mode. The transition is clearly visible on a 
confinement time plot of τΕ and is usually coincident with the 
disappearance of ELMs during the Η­mode as seen in the Da 

signal. The high confinement is associated with reduced 
energy transport near the edge. A fraction of the plasma 
volume is believed to access the second stable regime to 
ideal high­η ballooning modes. This fraction increases from 
the edge inwards as the plasma goes further into VH­mode. 
The VH­mode is often terminated by an X­event which is 
thought to be associated with an MHD instability. The 
improvement in confinement from L­mode to H­mode 
coincides with the development of steep gradients in the 
temperature and density profiles near the edge. The im­

provement in confinement from Η­mode to VH­mode is a 
consequence of the broadening of the steep gradients. 

The local transport evolution calculated using TRANSP 
shows a reduction in ion diffusivity at the onset of the ELMS 
with the bootstrap current increasing continuously from the 
Η­phase through the ELMing Η­phase into the VH­phase. 
The second regime access in the edge region of VH­mode 
discharges is afforded by this large bootstrap current which 
broadens and moves inward to small minor radius. In 
Fig. 161, the marginally stable boundaries for a flux surface 
close to the edge are plotted together with a ∞ p ' calculated 
from experimental data showing that for the VH­phase the 
pressure gradients are in the second stable region. During the 
ELMing period, the more accurate reflectometer data, is not 
available so that the estimate of α during this period is 
questionable. At the onset of confinement degradation, the 
experimental pressure gradients are seen to decrease coinci­
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Fig. 161: The ideal ballooning boundaries given by ctcrji plotted 
together with arj and the confinement time Tas calculated from 
TRANSP. As the confinement time increases during the VH­mode 
the plasma edge enters into the 2nd stable region. 

dent with the rise of MHD activity. However, access to the 
ideal second stability region is maintained. 

Isotope Scaling 
The dependence of energy and particle confinement in JET 
on the plasma ion species was studied by means of a full 
global and local transport analysis of a series of discharges 
with fixed geometric configuration, plasma current (3MA) 
and toroidal field, but with different ion species H, D and 
He3. The main results of the analysis are summarized in 
Figs.l62(a),(b)and(c). 

Figure 162(a) shows the total and thermal energy con­

finement time as a function of density. The thermal energy 
confinement time in D is ~15% larger than in Η at all 
densities. This difference is somewhat larger in total energy 
confinement times (Fig. 162 (b)) due to larger fast ion 
component with deuterium injection, but it does not exceed 
25%. Interestingly, the particle confinement time in D is 
50% larger than in H as shown in Fig. 162(c). In fact, the 
difference in particle confinement times, and hence in­

creased convective losses with Η is partly responsible for 
poorer energy confinement in H. No significant difference 
was observed in thermal energy confinement time or in 
particle confinement time of D and He3 discharges. 

In summary, JET results point to very weak dependence 
of the thermal energy confinement time on ion species (XE °= 
Aj°'2±01) and do not support the hypothesis used in most 
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Fig. 162: (a) Thermal energy confinement time versus volume 
average density; (b) Total energy confinement time (thermal + 
fast) versus volume average density; (c) Particle confinement time 
versus density. 

scaling laws of a square root dependence on the isotope 
mass, A,. Further information is available elsewhere [5,6]. 

New Analysis of Sawteeth Induced Heat 
Pulse Propagation 
A new analysis technique has been developed for the study 
of the decay rate of sawteeth perturbed Τ profiles to inves­

tigate further, electron transport in the spatial zone between 
the inversion radius and mixing radii. For many JET pulses, 
four or five ECE grating polycrometer channels with high 
time resolution are located between these radii. This allows 
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Fig.163: The correlation between the electron heat diffusivity 
obtained from heat pulse propagation analysis and effective heat 
diffusivity obtained from power balance. 

the measurement of the electron temperature perturbation 
profile and to a separation in time of the crash event from the 
transport processes under study, by beginning the analysis a 
few milliseconds after the crash. 

A comparison between the observed dynamic electron 
heat diffusivity, χ ^ , and the effective heat diffusivity, χeff, 
from power balance calculations, are shown in Fig. 163. The 
data presented are from JET L­ and Η­mode plasmas with 
currents ranging from 1.5MA to 5 MA, toroidal field about 
3T, with ICRH, NBI and ICRH + NBI heating, and with 4He, 
D and H, gas filling. Typically, the time decay between the 
beginning of the crash and the start of the analysis was about 
2ms. For most pulses examined, the heat wave, a few 
milliseconds after the crash, behaved in a diffusive manner. 

Preliminary analysis of the variations in χε
ΗΡ due to 

change in plasma parameters have demonstrated that these 
variations are generally consistent with those observed in 
Xeff. A correlation between slow heat pulse propagation and 
regimes with very good confinement, e.g. in the hot­ion H­

mode was clearly seen. 

Poloidal Asymmetries ¡η NB Counter­

Injection Experiments 
A poloidal assymetry is expected in the impurity density 
profile in plasmas which are strongly rotating in the toroidal 
direction, due to the differential centrifugal force on the 
different impurity species. Balanced by the pressure and the 
parallel ambipolar electric field forces, this force should 

5? 
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F ig.164 : Contour plot of the soft X­ray emissivity during counter­
injection beam heating after injection of Ni into the discharge 
(JET Pulse No: 24375) 

result, when the poloidal flows are small, in a marked 
selective accumulation of the heaviest ions on the outside of 
the torus. The relative in/out poloidal modulation of the 
impurity density due to this effect can be roughly approxi­

mated, in the limit of small inverse aspect ratio and trace 
concentration of the heavy impurity I, by 

1 
n, 1 + Z,# 

(1) 

where X = em,v| / Τ and ν , Τ are the ion toroidal velocity 
and temperature. In JET counter­injection experiments [7] 
this effect could be clearly detected by soft X­ray tomography 
(see Fig. 164). The parametric dependence of these poloidal 
modulations and their absolute values appear to agree with 
the above equation up to values of ñ, I n, in excess of 0.5, 
while no appreciable modulation (in/out or up/down), has 
been observed in several comparable co­injection experi­

ments (see Fig. 165). This circumstance could be explained 
forexample, by the presence of an impurity poloidal velocity 
of about (e/q)V in the latter case, that is absent in the former. 

Investigation of dependence of Impurity 
Transport on ne, PaM, I , and BT in L­mode 
Dedicated experiments to study the dependence of impurity 
transport with operational parameters of the discharge were 
performed at the end of the experimental campaign using the 
laser blow­off technique. The discharges were in helium 
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Fig.165: Relative Mout modulation of the soft X­ray emissivity 
perturbation after metal injection in beam heated plasmas. The 
straight lines represent the prediction ofEq.(l )for different values 
ofZ. in a D plasma. 

plasma and the following ranges of parameters were ex­

plored:^ >: Ito5xl019m­3;P ·0Γ.ο20Μλν;Ι :2to5MA; 
r e * add ' ρ ' 

BT: 1.45 to 3.2T; Τ : 2.5 to 6keV; q(a) : 3 to 6.5. 
Clear phenomenological scalings of the impurity con­

tainment time with the density (see Fig. 166), the additional 
power (Fig. 167), the current and the magnetic field have 
been identified. From the combined analysis of the density 
and power scalings it appeared that the level of anomalous 
diffusion in the confinement region increases with the 
plasma temperature (or with its gradient), while keeping the 
temperature profile constant, very large variations of the 
density profile do not appreciable affect the propagation of 
the injected impurity. 
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Fig.l 67: Time behaviour of the local soft X­ray emissivity atR = 
3.5m for different values of the additional RF heating power PRF. 
For larger heating power, the transport is faster. 

The presence of a zone of reduced transport in the centre 
of the discharge was confirmed and the dependence of its 
size on the current and the magnetic field has been deter­

mined (Fig. 168). The data clearly show that the diameter of 
the zone of reduced diffusion increases when the value of 
q(a) is decreased with little or no dependence on By, or ng, 
if the q profile is kept constant. The detailed spatial analysis 
tend to suggest a strict correlation between a high level of 
anomalous diffusivity and strong magnetic shear. 
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Fig.166: Time behaviour of'local sofiX­ray emissivity atR = 3.5m 
for différent values of average electron density <n>. At constant 
heating power, the transport is slower for higher densities. 
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Fig.168: Soft X­ray emissivity profiles 40ms after Ni injection at 
different values of the total plasma current {lp = 2­5MA). The size 
of t he reduced transport zone (measured by distance dRTZ between 
peaks) increases when the safety factor at the edge q is decreased. 
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Fig.l69:Coherence and cross phase measurements under (a) 
ohmic, (h) L­mode and (c) Η­mode conditions 

Density Fluctuation Measurements using 
Correlation Reflectometry 
Development of correlation reflectometry as a technique for 

investigating density fluctuations has continued. In 1992, 

attention was concentrated on making measurements with 

the toroidal correlation reflectometer. This device consists 

of two independent reflectometers which probe the plasma 

in the mid­plane through two antennae toroidally separated 

by 155mm. One of the reflectometers is the standard 

multichannel instrument, while the other has been specially 

constructed for this measurement. The probing radiation is 

polarized in the ordinary mode and so reflection is from the 

plasma frequency layer. Both reflectometers operate at the 

same radiation frequency (29 or 34GHz) so that the two 

reflecting layers are always at the same radius. For most of 

the measurements, the reflecting layer is located in the 

boundary of the plasma (3.75<R<4.0m). The detection 

systems in both cases are of the homodyne type and the data 

is usually recorded with a bandwidth of 100kHz. 

The measurements are analysed using standard spectral 

analysis techniques. From the analysis, the crosspower 

spectrum, G ( Ω ) , the crossphase spectrum, q (ω), and the 

coherence spectrum, τ(ω), are determined. The value of the 

coherence is between unity (identical signals) and zero. 
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Fig.170: Comparison between measured toroidal velocity of the 
perturbations and toroidal velocity of the plasma measured with 
the CX diagnostic for a range of neutral beam powers (2­15MW). 
However, for a finite length data set, there is a lower level of 

statistical significance, γΓ, which represents the coherence 

between two independent random signals. For these meas­

urements, γr is typically 0.18. 

Measurements were made for a range of plasma condi­

tions: ohmic, L­mode and Η­mode. Under ohmic condi­

tions, the level of coherence was generally at the random 

level (γΓ) and the crossphase spectrum showed wide scatter. 

Typical measurements are shown in Fig. 169(a). Under L­

mode conditions, the level of coherence was significant 

across the entire frequency band and the cross phase in­

creased linearly with frequency (Fig. 169(b)). As the NB 

power was increased, the slope of the cross phase decreased. 

In Η­mode, the level of coherence was significant, but the 

cross phase was independent of frequency (Fig. 169(c)). 

As in the case of earlier radial measurements, the results 

were interpreted in terms of perturbations in the density 

profile, ie fine­scale density structures. The measurements 

did not show any eveidence for such structures under ohmic 

conditions. However, under L­mode conditions, the high 

level of the coherence, combined with the frequency de­

pendence of the cross­phase, suggested that the structures 

rotated toroidally. The phase difference was due to the 

rotation, and it can be shown that the slope of the cross phase 

spectrum was simply related to the rotation velocity. It is 

instructive to compare the rotation velocity of the fine­scale 

density structures obtained with the toroidal correlation 

reflectometer with the local plasma rotation obtained inde­

pendently with the charge exchange (CX) diagnostic. This 
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is shown in Fig. 170 for a wide range of neutral beam powers 
(2­15 MW). It can be seen that, within measurement uncer­

tainties, the two velocities agree. The uncertainty in the CX 
measurement includes a contribution due to the uncertainty 
on the radial location of the reflecting layer. 

Under Η­mode conditions, the frequency independence 
of the cross phase suggests that the structures were either 
moving toroidally at very high velocity or, more plausibly, 
poloidally. The CX diagnostic indicated that, under these 
conditions, there was usually a poloidal component to the 
plasma motion of similar magnitude to the toroidal compo­

nent. Therefore, it is most likely, that, under these condi­

tions, the reflectometer measurements were dominated by 
the poloidal motion. To investigate this, a poloidal correla­

tion reflectometer is required. 
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MHD, Topology and 
Beta Limits 
During 1992, studies of magnetic hydrodynamics (MHD) 
phenomena were undertaken in three principal areas: 

High power 
NBIoff B A „,., 121 

Time (s) High power 
NBIon 

Frequency 
(kHz) 

Fig. 171: High frequency MHD activity as a function of time 
during the high power heating phase ofßH> I (Pulse No: 26236). 
The peak at <10kHz represents η = 1 activity at the plasma 
rotation frequency. 

• high performance plasmas and ß­limitation; 
• the causes and consequences of disruptions; 
• experimental and theoretical studies relating to 

sawtooth oscillations. 
The main advances are described in the following para­

graphs. 

High Performance Plasmas 
and ß­Limitation 
The performance of high­ß plasmas is subject to deteriora­

tion at high­ß either in a progressive limitation of β or as a 
sudden event. This has led to studies of the associated MHD 
phenomena of fishbone instabilities, edge localised modes 
and ballooning modes. Two particular areas of investigation 
were high­ß plasmas at low toroidal magnetic field and hot­

ion H­modes. 

Characteristics of the Low BT H­modes 
In Pulse No: 26236 with a low toroidal field, 1.1 Τ and a 
current of 2MA, a β of 6% was obtained, corresponding to 
1.2 times the Troyon limit [ 1 ]. The plasma was close to the 
hot­ion regime with T(0) = 12keV and Τ (0) = 5.5keV at a 
pulse time of 15.4s. All the highest β discharges show a 
similar occurrence of high frequency MHD activity in the 
range 70 ­120kHz. This is broadband in nature and grows as 
the normalised βΝ (=β/β' where β' = 2.8I(MA)/aB) exceeds 
unity (see Fig. 171). This may be the manifestation of high 
mode number ballooning modes. It is not possible with the 
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Fig .172: Ballooning stability curve for Pulse No: 26236, at ria = 
0.45, compared with (s, a) profiles at J5.6s and 15.8s (after 
collapse). The dashed lines around the stability boundary indi­

cated uncertainly due to q profile errors. 0 indicates the data point 
to he compared to the curve at each time. 

diagnostics available to determine the radial location of the 

activity. 

A preliminary stability analysis using a high­n balloon­

ing code [2], supplemented by the HBT code [3] at low 

shear, has been performed on data from Pulse No:26236. 

Thermal pressure profiles were established from LIDAR 

and ECE measurements of Te(r), and Charge Exchange 

Recombination Spectroscopy (CXRS) measurements of 

T¡(r) and Z ^ r ) . Polarimetry measurements of Faraday 

rotation profile were used, together with measured pres­

sures and magnetic measurements as constraints to two 

equilibrium fitting codes (IDENTD and EFIT). The two 

codes, which were in good agreement, can essentially be 

interchanged. Some results are shown in Fig. 172. The 

plasma profile at 15.6s (near the peak β value) has a 

trajectory in the s­α plane (s = rq'/q, α = 2 μ ^ ρ ψ / Β 2 φ ) , 

which approaches close to 100% of the ideal MHD bal­

looning limit around the surface r/a = 0.45. The data at 

15.8s, taken during the collapse of β, shows that the central 

pressure is lost principally due to collapse of the ion 

temperature. 

Hot Ion H­modes 
These discharges had a plasma current of 3MA and toroidal 

Fields of 1.8 to 3. IT, and included the highest performance 

discharges. In extending the analysis, many forms of MHD 

activity, including fishbones, were seen in the Η­modes with 

well­peaked current profiles. There is no regularity in the β 

threshold for low n and fishbone activity, however, and it is 

not clear whether the existence of such activity limits the 

plasma performance. There are strong bursts of high fre­

quency MHD activity above 70kHz (as in the ß ^ l dis­

charges) and these occur generally at high β. The threshold 

for such high frequency activity decreases with increasing 

Zctr and is generally around 0.75 ­ 0.95 of the peak normal­

ized β. This high frequency activity may be linked to high 

n modes, and the Zefr dependence may indicate resistive 

ballooning activity. 

Further analysis was performed on the global and local 

confinement properties of these discharges, especially on 

the effect of the toroidal field variation, and this is described 

in the section related to Physics Issues. 

Causes and Consequence of Disruptions 
Although there have been extensive and detailed studies of 

disruptions in JET, there remain important unresolved is­

sues. The role of plasma cooling in fast disruptions has been 

studied together with the behaviour of the energetic elec­

trons produced in these disruptions. Recently the surprising 

sensitivity of the plasma to error fields has been explored 

experimentally, providing clear evidence that small errors 

can lead to disruption. 

Fast Disruptions 
The complicated pattern of behaviour of fast disruptions in 

JET is now reasonably well understood. The early phase is 

associated with MHD instability, current re­distribution, a 

negative voltage within the plasma and energy loss. In fast 

disruptions, this is followed by a sudden plasma cooling, 

now thought to be due to a massive localised influx of 

impurity. The increase in resistivity leads to the release of 

the trapped negative voltage followed by a large positive 

voltage. It is the associated electric field in the plasma which 

can produce a large current of runaway electrons. 

Runaway Electrons 
With carbon limiters, large runaway currents are produced. 

With X­point configurations, the currents are less and with 

beryllium limiters there are generally few runaway elec­

trons. In some discharges, the runaways carry a large frac­

tion of the original current for a considerable time. These 

runaway electrons have energies of tens of MeV and the 

current is located at a small major radius. They are generally 

stably confined but are subject to sudden unexplained loss. 

While they are confined they lose energy by synchrotron 
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Fig.173: The time development of the soft and hard X­rays, the 
loop voltage and plasma current, following a disruption. 

radiation, but since the electrons are relativistic the current 
persists. The behaviour is illustrated in Fig.173. 

Once the runaway regime has been reached the energy of 
the runaways increases rapidly. Calculations show that 
energies up to 36MeV are reached in 12ms, in approximate 
agreement with the characteristic rise time seen in the hard 
X­ray signal. After a substantial runaway current is pro­

duced, the loop voltage drops to around zero and the hard X­

ray signal observed by the X­ray diode arrays then shows a 
smooth decay. This signal is believed to originate in 
bremsstrahlung radiation from the runaways. 

The hard X­ray signal originates in bremsstrahlung radia­

tion from runaway­background plasma interactions. This 
radiation is highly peaked in the direction of the runaways 
and is observed in the hard X­ray detectors only after 
scattering from material in the region of the main horizontal 
ports. The efficiency of detection above threshold depends 
only weakly on energy and the observed decay represents a 
gradual loss of energy from the runaway beam principally by 
synchrotron radiation. Typical timescales are about 75ms 
which correspond to synchrotron loss times of relativistic 
electrons in orbits with Larmor radii of 12cm. This is very 
much less than the major radius of the orbit and probably 
corresponds to the effective radius of the electrons as they 
move in the combined toroidal and poloidal field. An 
alternative explanation would be that the electrons were 
scattered from their original trajectories parallel to the 
magnetic field. A scattering angle of ~5° would be sufficient 
to account for the observed decay time. 

Fig. 174: Growth of a magnetic field perturbation as the density 
decreases below the minimum value for stable operation. 

The Effect of Error Fields 
The poloidal and toroidal field coils generate small error 
fields, that is components of magnetic field which are not 
axisymmetric. A large quantity of evidence points to the 
conclusion that error fields cause disruptions if the plasma 
density drops to below a minimum value [4]. This conclu­

sion has now been tested with dedicated experiments. 
The number of turns used in each of the vertical field coils 

(P4) is either 39 or 61. The difference between the two 
configurations, with respect to the plasma equilibrium, is 
that of a very small change in the curvature of the poloidal 
field. However, each configuration generates different error 
fields. Forthe plasmas used in this particular experiment, the 
resonant m = 2, η = 1 component of the magnetic field at the 
q = 2 surface was larger when using only 39 turns by a factor 
of ­2.5 (i.e. 0.4 G (61 turns), and 1.0 G (39 turns)). 

A limiter plasma was used in the experiment, with no 
additional shaping currents, to minimise the number of 
sources of error field. There were small additional sources 
from the primary coil (PI) and toroidal field system, but the 
total error field was dominated by that from vertical field 
coils. The plasma density was ramped down slowly between 
10 and 15s after the start of plasma current. The minimum 
density for each plasma was taken as the density immedi­

ately before growth of a helical perturbation of the magnetic 
field (Fig. 174). Plasmas with various values of safety factor 
on the last closed flux surface, q(a), were produced by 
varying the toroidal field. The results from both configura­

tions of the vertical field coils are shown in Fig. 175. 



SCIENTIFIC ACHIEVEMENTS DURING 195& 

20 

2 10 

Number of turns in 39· 
vertical field coil 61 + 

. ­ ». 

. > 

+ + + + + 

°2­ 3 4 
q (a) 

Fig.175: Measurement of the minimum density for the two 
configurations of the vertical field coils, as a function ofq(a). 

The results demonstrate that the minimum density was 
much larger when only 39 turns were used in each of the 
vertical field coils (larger error field), for a given plasma 
equilibrium. The helical phase of the measured perturbation 
was close to that predicted from the error field source in the 
vertical filed coils (differing by 2 (± 5)° over a sample of 35 
plasmas). Hence it is deduced that error fields are responsi­

ble for the minimum density limit. 
The increase in the minimum density at lower values of 

q(a) is explained by the movement of the q = 2 surface 
towards the plasma edge. This brought the surface closer to 
the error field source and also reduced the stability of the 
plasma with respect to the natural m = 2, η = 1 tearing mode. 
The increase in minimum density prevented the production 
of stable plasmas with q(a) <3 using 39 turns in the coils, 
since the high density limit in these plasmas was at <np> = 
22 (± 1 ) χ 1018 nv3 (for 3 < q(a) < 5). The abrupt increase at 
q(a) = 4, for the plasmas using 39 turns, is not understood. 

The value of the minimum density was highly reproduc­

ible during the experiment, for a given plasma equilibrium. 
However, the internal inductance, £■„ was not an important 
parameter for determining the stability of the plasma with 
respect to the effect of error fields, in contrast with previous 
suggestions [5]. 

Sawtooth Oscillations 
Further studies have been undertaken to clarify both the 
pattern of behaviourof sawtooth oscillations and underlying 
physics. For the first, soft X­ray tomography has been a most 
powerful tool. Experiments were carried out to investigate 
the mechanism of sawtooth stabilisation by application of 
ICRF heating. Since the value of safety factor, q, is crucial 
to understanding sawteeth and since measurements have 

often been in conflict, measurements were carried out using 
two different techniques: Faraday rotation and motional 
Stark effect. Further theoretical investigations have been 
carried out, concentrating on the reconnection process. 

Tomographic Analysis of Sawtooth 
Behaviour 
The variety of sawteeth in JET can be divided into two main 
groups: precursorless sawteeth and those with m = η = 1 
precursors. The latter are predominantly found in NB heated 
discharges, with a corresponding fast toroidal rotation. It is 
found that their collapse is a sequence of two energy loss 
processes. Either of these may be stabilised during the 
collapse, giving rise to the apparently different types of 
sawtooth behaviour observed. 

These NB heated discharges, where rotation frequencies 
of up to 20kHz are measured, have been analysed with high 
spatial resolution by means of a rotational soft X­ray 
tomography code. For such high rotation frequencies, soft 
X­ray data from only a quarter rotation cycle can be used, 
during which time the emissivity changes little. 

Three classes of sawtooth collapse are observed: partial; 
intermediate; and complete. Partial sawteeth flatten the 
temperature profile only near the q = 1 surface. Intermediate 
sawteeth represent a stage between the partial and complete 
collapse, exhibiting postcursor oscillations of considerable 
amplitude. For complete sawteeth, the collapse is followed 
by very small or no postcursor oscillations. 

The early dynamics of all three classes of sawteeth are the 
same, that is there is a radial displacement of the hot core 
together with growth of an m = η = 1 island. The partial 
sawtooth is rapidly stabilised before the centre is recon­

nected. The core moves back to the plasma centre on a much 
slower timescale, leaving the hot core unaffected and the 
temperature profile flattened in the region of q = 1 surface. 
For complete sawteeth, the island size and displacement of 
the hot core continue to increase to where the peak emissiv­

ity starts to decrease until finally profiles across the whole 
plasma core have been flattened. Since the emissivity in the 
non­reconnected core drops, it can be concluded that recon­

nection is not the only process of plasma redistribution. 
This is shown most clearly in the analysis of the interme­

diate sawtooth collapse. Just as in the complete collapse, 
energy is transported across closed flux surfaces. This 
process is stabilised, however, before the whole pressure is 
released from the core. The presence of two loss processes 
is confirmed by an analysis of the growth rate for the 



fciBÄmc ACHEVEMENTS DURING Ì 9& ' 

0.5 

0.05­

=·­ · Hot core displacement ξ 

_L 
14.7924 14.7925 14.7926 

Time (s) 

_i_ 

1.0 

0.8 

0.6 f> 
S 
§ 
3 

0.4 "̂  

ε 
5: 
O 

,̂ 
Φ 
S 
o 
Q . 

T3 
S 
xi 
<r 

1 0 

Snake 

­0.2 

14.7927 0.0 

Fig. 176: The peak emissivity together with the displacement of the 
hot core as a function of time for a complete sawtooth collapse. In 
the first place, there is a "slow" reconnection, and in the second, 
a fast central energy loss. 

complete collapse. Two growth rates are found for the core 
displacement. The change in growth rate from slow 
(Y~(300ps)­') to fast ("/­(lOOps)1), coincides with the onset 
of the central pressure release (Fig. 176). A two stage process 
for the sawtooth instability provides a probable explanation 
for the seemingly inconsistent observations made in differ­

ent tokamaks. Depending upon machine parameters and 
plasma profiles, stabilisation of the collapse will occur at 
different stages during both loss processes and thus give rise 
to the complex spectrum of observations. 

Tomographic Reconstruction and the Snake 
The tomographic method used in the sawtooth studies 
described above is an extension of an algorithm originally 
developed for circular plasmas in ASDEX 2. Its static 
version performs the tomography in flux co­ordinates rather 
than the polar co­ordinates of the original Cormack method. 
The rotational version makes use of the rotation of MHD 
modes to increase the poloidal resolution. It has been tested 
in numerical simulations and by reconstructing pellet in­

duced snakes. Snakes are far too localised to be resolved by 
static tomography. The snake size deduced from rotational 
tomography (Fig. 177) is in good agreement with that de­

duced from the raw data traces, clearly demonstrating the 
reliability of the method. 

RF Switch­off Experiments 
These experiments were aimed at studying the mechanism 
by which sawteeth are stabilised with ICRF heating power. 

Fig.177: ReconstructionofsoftX­rayemissionshowinga "snake". 

In a series of 3MA, 3.1T discharges, sawtoothing was 
suppressed by application of about 9MW of ICRF heating 
power on­axis. The ICRF power was switched off at differ­

ent times during the sawtooth suppression interval, and the 
time delay for a sawtooth to occur after switch­off was 
measured. In the experimental conditions, it was found that 
this delay time had a maximum of about 0.3s when the ICRF 
power was switched off after 0.5 ­ Is. 

This has been described further in the section on Physics 
Isssues. 

Comparison of Poloidal Field Measurements 
The central safety factor, â  in sawtoothing JET discharges 
has been measured to reach values of ­0.75, using far­

infrared polarimetry (Faraday rotation), but until recently 
this result has not been corroborated by an independent 
diagnostic. A second measurement of the poloidal field, 
which has been successfully developed at JET in recent 
years, makes use of the motional Stark effect (MSE). A 
direct comparison between these two techniques has been 
made. The measurements are made by an 8­channel DCN 
(195pm) Polarimeter and by a 4­channel visible beam­

emission spectrometer, which measures both the magnitude 
of the Stark splitting and the polarisation of the multiple 
components. 

The most important sources of error in the determination 
of the q­profile in JET are: (i) uncertainties in the geometry, 
particularly the radial variation of the flux surface elonga­

tion K; (ii) the line integrated nature of the Faraday rotation 
diagnostic coupled with the small number of probing chords; 
and (iii) systematic offsets in the pitch angles measured 
using motional Stark effect polarimetry. The geometrical 
errors were minimised by making the measurements in 
strictly circular discharges. This has been verified by the 
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Fig. 178: Change in Faraday angle on a central chord (R = 3.02m) 
during a radial plasma sweep. The figure also shows the calcu­
lations undertaken assuming qo = / (dashed line) and 
qo = 0.7 (solid line). 

equilibrium identification code IDENTD (which incorpo­

rates both magnetic and polarimetrie measurements) and by 
tomographic inversion of the soft X­ray emmissivity. Both 
determinations give κ = 1 within 3%. The other errors were 
reduced by introducing major radius sweeps of the plasma 
column. This increased the effective spatial resolution of the 
diagnostics, since successive time points probe different 
relative positions in the plasma. It also eliminated system­

atic offsets because only the differential changes in the 
measurements were examined. 

Figure 178 shows the time evolution of the central chord 
of the Polarimeter as the plasma is displaced in and out across 
the line­of­sight in a 3MA, 2.8T discharge. Note that the 
periodic modulation arising from sawtoothing have been 
subtracted to highlight the effect of the radial sweep. Also 
shown are the calculated values of the Faraday angle under 
the assumption that: (i) the q­profile is flat within the SXR 
inversion radius; or that (ii) the q­profile is hollow within this 
radius, reaching a value of 0.7 at the axis. The latter assump­

tion fits the data within its error bars, while the former does 
not. Figure 179 compares the effect of the same radial sweep 
on the MSE measurement with simulations. Since this is a 
local measurement, it only depends on the local value of the 
safety factor and its radial derivative. The simulations are 
made assuming (dq/dr) = 0, at the measurement position, so 
that the inferred value of q represents an upper bound. As 
with the variation of the Faraday angle, the change in the 
observed pitch angle is consistent with a value of q well 
below unity inside the q = 1 surface. 

9.8 10.0 10.6 10.8 10.2 10.4 
Time (s) 

F ig. 179: Change in the pitch of the magnetic field during a radial 
plasma sweep, inferredfrom MSE measurements. Also shown are 
calculations assuming vanishing shear and q = 0.7 (solid line) and 
1.0 (dashed line). 

Thus, under these optimized conditions, both diagnostics 
lead to similar inferences regarding the safety factor profile. 
The consistent result which emerges is that the safety factor 
is well below unity throughout the sawtooth cycle. The 
actual value depends on experimental conditions, but values 
in the range 0.7 ­ 0.85 are typical. 

Sawtooth Theory 
A model for the stability of resistive internal kinks, which 
encompasses both effects of fast particle pressure and the 
local (q = 1 ) magnetic shear, has been developed. Saw­

tooth stabilisation by the fast particle pressure is most 
effective with on­axis ICRF heating. With off­axis current 
drive from ICRF waves in low β discharges, the modifi­

cation of the local shear near q = 1 may play the most 
important role. 

Theoretical attention has turned to the processes by 
which magnetic reconnection takes place in high tempera­

ture plasmas. In JET plasmas, it is probable that sawtooth 
reconnection is collisionless. Magnetic reconnection can 
remain a virulent process at high temperature, contrary to 
predictions based on collisional models. In fact, for JET 
parameters, the initial growth rate of collisional m = 1 tearing 
modes compares favourably with the observed sawtooth 
relaxation time. The nonlinear m = 1 mode evolution is not 
yet clear. The indications are that the ion Larmor radius plays 
an essential role in the nonlinear stage, where it limits the 
width of the ion flow channel around the reconnecting q = 1 
surface. 
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Physics Issues Relating to 
Next Step Devices 

The objective of the Topic Group was to carry out experi­

ments on issues of particular relevance to Next Step devices, 
that were not already part of the JET programme. This work 
was carried out in close cooperation with the various Task 
Forces. The responsibility for analysis and documentation 
has been divided between the Topic Group and the Task 
Forces. In particular, a report on experiments on high 
bootstrap current is detailed in the section on Physics Issues, 
while a report on the experiments on the simulation of 
helium slowing down and ash behaviour can be found in the 
section on Impurity Transport and Exhaust. This section 
reports on experiments on toroidal field ripple, and on the 
progress made on the analysis of the experiments with ion 
cyclotron heating at high minority concentration. 

Toroidal Field Ripple 
The primary objectives of these experiments [1,2] were to 
address the issues of stochastic diffusion losses [3,4] of fast 
particles, as well as to investigate any additional effects 
caused by toroidal field high ripple. JET was operated with 
16 toroidal field (TF) coils in a variety of operation condi­

tions (enhanced field ripple). Reference experiments were 
carried out with the full set of 32 coils (small TF ripple). 
Halving the number of coils results in an increase of the 
ripple on the magnetic axis from a negligible value (<106) 
to about IO3, and an increase of the ripple at the plasma edge 
from about 102 to 10 '. Data was obtained on: the reduction 
of the confinement and heating of L­mode plasmas; on 
suppression of high quality Η­mode behaviour; on suppres­

sion of plasma rotation; on loss of ion­cyclotron fast minor­

ity tail particles; and on the reduction of the triton burn­up. 
For analysis of this experiment, and for the prediction of 

fast particle losses due to ripple in general, a novel approach 
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Fig.180: Comparison between NB L­mode discharges with 16 
(solid traces) and 32 (dashed traces) coils. Shown are NB power, 
diagmagnetic stored energy, volume­average density, central 
electron and ion temperatures, D­D fusion reaction rate and 
central rotation velocity. 

to the calculation of the stochastic diffusion losses was 
developed. The method is based on the theoretical observa­

tion that the stochastic diffusion losses for small ripple can 
be described by a diffusive scattering of banana­orbit aver­

aged particle parameters. Once the relevant diffusion coef­

ficient is known, the bounce average procedure leads to 
orders of magnitude savings in computational time com­

pared to full Guiding Centre Following Monte Carlo Codes. 
A Bounce Average Monte Carlo code on the basis of this 
method, was developed. 

The experiment with 16 toroidal field coils was subject to 
operational limitations. First, due to concerns about stresses 
in the toroidal field coils, the toroidal field was restricted to 
1.4T. Secondly, on the basis of worst­case calculations of 
possible heat­loads due to escaping fast particles on inconel 
in­vessel components, the input powers were limited to 
8MW NB power for 2s, or 5MW ICRF heating for 0.5s, 
respectively. 

In Fig. 180, a comparison between 16 and 32 coil opera­

tion is shown for an L­mode discharge with NB injection. 
The toroidal field was 1.4T, the plasma current was 2.5MA, 
and the plasma was limited on the inner­wall. The densities 
of the two discharges were equal, until at 7s, a carbon influx 
occurred for the 16 coil case. This was thought to be due to 
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Fig. 181: Comparison of NB H­mode discharges with 16 (solid 
traces) and 32 (dashed traces) coils. Shown are NBI power, 
vertical Da signals for 16 and 32 coils respectively, volume 
average density and diamagnetic stored energy. 

a localisation of the heat load on the inner­wall in the rippled 
field. The diamagnetic energy was reduced by about 30% in 
the 16 coil case. This represents a reduction of about 10% in 
central electron temperature, about 20% in ion temperature, 
and about 25% in the D­D reaction rate. In the 16 coil case, 
the plasma rotation was suppressed over the entire plasma 
cross­section. 

The reduction of the stored energy results, in principle, 
from two effects. First, there is a loss of NB fast ions, due to 
the ripple loss cone. It was calculated, with a full represen­

tation of the NB source (as obtained from the PENCIL code), 
that about 7% of the beam power is lost as a result of direct 
trapping of injected ions into the ripple wells and of pitch 
angle scattering of NB ions into the wells. Since this loss 
only affects the NB deposition near the plasma edge, the 
expected effect on the plasma stored energy is significantly 
smaller than the 7% loss of NB power. Second, there is an 
increase of thermal energy transport due to ripple effects. 
The expected effect was deduced on the basis of theoretical 
calculations [4]. The ripple­induced heat conductivity was 
added to the heat anomalous conductivity derived for the 32 
coil reference case by the TRANSP code. A TRANSP 
predictive run was then performed to predict the plasma 
stored energy and temperature for a 16 coil case. The result 
was that the simulated reductions of the central ion tempera­

ture was less than 5%, while the experimental value of the 
reduction was 20%. It thus appears, that the losses are larger 
than theoretically predicted. 

Fig.182: Contours of log (DR), the effective stochastic diffusion 
coefficient for lMeV protons. TheR, ζ coordinate represented the 
position of the banana tip. 

A comparison between Η­mode discharges with NB 
power for 16 and 32 coil cases is shown in Fig. 181. H­mode 
discharges were made in a double­null X­point configura­

tion at 2.0 and 2.5MA. With 32 coils, ELM­free H­mode 
operation could readily be obtained. At the lower toroidal 
field, the H­mode threshold was low, at about 1.5MW. With 
16 coils, the threshold for the H­mode appears not to be 
significantly higher. However, ELM­free Η­modes could 
not be sustained for longer than a few tens of milliseconds, 
with power levels up to 10MW. It is not clear what is the 
cause of the loss of the H­mode, although a probable cause 
is the transport across the separatrix induced by the high 
ripple at the plasma edge (10% at outer midplane). 

The loss of ICRF fast minority particles was explored by 
second harmonic heating of an Η­minority species. A high 
energy neutral particle analyser [5] was used to measure the 
flux of neutral hydrogen H°, in a vertical line of sight, in the 
energy range between 0.3 and l.OMeV. The toroidal field 
was 1.4T, the plasma current was 2.5MA, and the ICRF 
resonance location was varied by changing the ICRF fre­

quency. High energy minority particles were subject to 
stochastic diffusion losses. These losses result from non­

exact cancellation of the vertical drift, averaged over the 
bounce motion of banana particles. Particle loss is in the 
vertical direction, as both the particle energy and the mag­

netic moment are conserved. An expression for an effective 
diffusion coefficient is due to Yushmanov [4]. In Fig. 182, 
the diffusion coefficient is shown for lMeV Η particles. 
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Using the newly developed Bounce Average Monte Carlo 
code with this diffusion coefficient, the losses of minority 
particles during their slowing down history were calculated. 
For the case of an ICRF resonance location of 3.3m major 
radius, the typical loss time was 30ms. The predictions of 
this method are in reasonable agreement with those derived 
from the measured reduction of the H° flux· If stochastic 
diffusion is switched off in the calculation, no such agree­
ment with the experiment could be found. Work is underway 
at present to extend the Monte Carlo code with a ICRF 
velocity space diffusion operator. 

Fast particle losses were also studied by measuring the 
burn-up of lMeV tritons generated by D-D reactions. The 
NB input power in the 16 and 32 coil cases were adjusted so 
that the emission of 2.5MeV neutrons (i.e. the D-D reaction 
rate) were the same. Theoretical predictions gave a reduc­
tion of the triton burn-up (defined basically as the fraction of 
the tritons that undergo a D-T fusion reaction) by less than 
25%. An analysis of the experiment using the TRAP-T code, 
which takes into account slight differences in the back­
ground plasma parameters, leads to an observed reduction of 
between 30 and 60%. Work is underway to investigate why 
the measured losses do exceed the predicted ones. This is 
focussing on the effect of sawteeth, which have not been 
taken into account in the TRAP-T modelling. 

In parallel with these developments, a study was carried 
out [6] into the effect of finite orbit width on the stochastic 
diffusion threshold, noting that the Bounce Average Monte 
Carlo code uses a zero banana width approximation. Trapped 
ions moving along trajectories with banana turning points on 
the high field side of the torus have been found to be strongly 
affected. In particular, orbits close to the so-called pinch 
orbit are very sensitive to the magnetic field ripple. Orbits 
with turning points close to the horizontal midplane are less 
easily perturbed than suggested by the small banana width 
theory. However, when the results are applied to the ripple 
experiments on JET, the numberof ions lost due to stochastic 
diffusion is only moderately affected. 

High Minority ICRF Heating 
The usual minority heating at low concentrations would be 
a limitation in a reactor where the heating of about a 50-50 
D-T mixture is required. Adding another minority such as H 
or He3 would not be desirable from the fuel dilution view­
point. Moreover, the resulting high tail energies at low 
concentrations not only contribute to the total plasma pres­
sure, which is limited by MHD instabilities, but also transfer 
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Fig.183: Single pass absorption contours in a nJnT versus minor­
ity <E> diagram in a ITER CDA D-T plasma. Other plasma 
parameters are: T=l5keV, ni0=9.v/0"mJ, TŢ=15keV, R0=6m, 
a =2.2m,f=36MHz, B=4.85T and k=4m'. 
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its power mainly to electrons. It is shown that in a reactor, a 
balanced mixture can be heated efficiently by ICRF power 
at f = fCD with a low­field­side antenna exciting predomi­

nantly a spectrum at k ^ m 1 . Further, ICRF heating at high 
minority concentration has been tested experimentally in 
JET with Η­minority in He3 plasmas [7,8] accompanying 
low­tail energies and improved background ion heating. 

The ICRH operation domain of a reactor or an ITER­like 
machine) can be conveniently described by the diagram 
shown in Fig. 183, where the single­pass absorption (SPA) 
contours of the fast wave launched from a low­field­side 
antenna are drawn in a nrj/πτ versus <E>min plot. The 
generator frequency is f=fcD and the parameters are as 
shown. The average energy of the minority­ion tail <E>min 

is calculated using the full isotropic Stix [9] model for given 
RF power densities. The SPA values are then calculated 
using ray tracing techniques with rays launched in the 
equatorial plane. The waves are damped by ion cyclotron 
damping, electron transit­time magnetic pumping (TTMP) 
and e­Landau damping. The α­particle damping is not 
included here. The threshold for mode conversion is also 
shown which appears for ηο/ητ > 0.1 ­ 0.15. For a low­field­

side launch, mode conversion and the ion­ion hybrid cutoff 
layers are encountered only after the wave has had a chance 
to be significantly absorbed at the D­cyclotron layer. Indeed, 
the large size and hot ITER plasmas permit strong damping 
(see Fig. 183) even at large deuterium concentrations before 
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the mode conversion is encountered and therefore it be­

comes irrelevant in such devices. From experience in JET, 
a SPA > 0.3 would not produce large eigenmodes which are 
deleterious for antenna matching. Thus, npj/nr < 1.2 can be 
used in ITER. A possible scenario would be to apply a square 
wave ICRF pulse with D­concentration rising to its maxi­

mum value in about 5s. According to this diagram, the 
operation would follow the Pd curves from low to high 
background ions. A similar diagram drawn for the D­T 
phase of JET is shown in Fig. 184 which shows a somewhat 
reduced operating range (nrVnT > 0.4 ­ 0.6). 

The high minority concentration scenario in JET has been 
tested experimentally using hydrogen as the resonating 
species in He3 plasmas [7], which allows high single­pass 
damping for JET parameters similar to that obtained for 
ITER except that k//s=7m­> for JET, and =4nr' for ITER, 
imposed by the respective antennae designs. In the experi­

mental results [7], significant (>0.3) damping per pass at 
high concentration is inferred by the absence of eigenmodes 
despite being above the mode conversion threshold. In 
Fig. 185, the Η­minority perpendicular ion energy distribu­

tion function is shown as measured by a mass resolved 
neutral particle analyser for nn/n^i=0.53. The theoretically 
calculated distribution function from the Stix model is also 
shown for the time­slice 3 and a good agreement is found. 

80 

Energy (keV) 

Fig. 185: Hydrogenflux as a function of the particle energy during 
the high minority heating experiments (nJnHr3=053). The inset 
shows the ICRF power trace and the arrows indicate the time 
slices during the RF pulse at which the data is plotted. The solid 
line shows the isotropic Stix distribution for the 3rd time slice. 

Low tail energies permit significant ion heating [7]. Tail 
temperatures obtained from such measurements are plotted 
in Fig. 186 as a function of minority concentration. Fitted to 
a central point, the broken line drawn represents the ex­

pected [nH/rie]" ' dependence of the tail temperature from the 
Stix model [9]. 
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The successful operation of ICRF at minority ion concen­

trations approaching majority and evidence of improved ion 
heating gives confidence in deuterium cyclotron heating of 
a 50/50 D­T plasma of a reactor. In fact, there will be 
flexibility to work in a range of concentrations (0.05< 
ηο/ητ<1.2). Sawtooth stabilization processes will be maxi­

mum at low concentration, but will lead to some penalty 
such as in maximum thermal β available. Maximum direct 
ion heating will be achieved when IÌQ/TÌJ = 0.3. Finally, 
deuterium rich scenarios (ηο/ητ= 1.1­1.2), which are advan­

tageous for tritium inventory purposes, can be heated by 
ICRF but at the expense of a reduction of direct ion heating. 
Single­pass absorption will further improve when damping 
on α­particles in a reacting plasma is included, which will 
increase the range of D­minority concentration that can be 
used, but in this condition the amount of direct ion heating 
would drop further. 
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Analysis of Preliminary 
Tritium Experiments 

Following the Preliminary Tritium Experiments (PTE) car­

ried out in November 1991, further analysis of data has 

continued throughout 1992. It has led to a coordinated series 
of papers, which will be published in the Nuclear Fusion 
journal during 1993. 

The following subjects have been covered: 
• Neutron Emission Profile Measurements during the 

Tritium Experiments; 
• Release of Tritium from the First Wall; 
• Particle and Energy Transport during the PTE; 
• Ion Cyclotron Emission Measurements during the 

Deuterium­Tritium Experiments. 
• Discharge Termination of High­Performance Dis­

charges. 
Further details on these subjects are described in the 

following paragraphs. 

Neutron Emission Profile Measurements 
during the Tritium Experiments 
The JET Neutron Emission Profile Monitor was used to 
simultaneously obtain the local 2.5MeV and 14MeV neu­

tron emissivity profiles during a series of discharges in 
which one or two of the 80keV beam sources had a mixture 
of 1 % T and 99% D, to study tritium beam deposition and 
diffusion of thermalized tritium. During these discharges, 
the rate of production of 14MeV neutrons was less than half 
the rate of 2.5MeV neutrons, so that it was possible to obtain 
simultaneous 2.5 and 14MeV neutron emissivity profiles 
without significant interference of the 14MeV neutrons. 

At 12s into Pulse No:26114, the deuterium beam power 
was increased to 8MW, and at 12.5s, an additional 1MW, 
80keV beam with 1% tritium was switched on, giving an 
injected tritium power of ~13kW, compared to a total 
injected power of 9MW. The 1 % tritium beam was turned 
off at 13.5s, and replaced with a 1MW beam of pure 
deuterium. The diffusion of tritium was examined by fol­

lowing the evolution of the neutron emissivity profiles after 
the Is injection pulse of tritium. 

The ratio of ηχ/ηο was obtained as a function of space and 
time using the neutron emissivity and beam­plasma reactiv­

ity ratios based on a weighted average of the beam energies. 
The neutron emissivities were sufficiently intense to obtain 
the density ratio over the inner ±50% of the plasma radius. 
The first time­interval analyzed was 13.6­13.7s, thereby 
excluding the beam­plasma contribution from the tritium 
beam, since the tritium injection ended at 13.5s. In Fig. 187(a), 
the ratio n­r/no and its radially­averaged value are plotted 
versus major radius for two time points during the tritium 
density decay phase of Pulse No:26114. The data are shown 
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Fig. 187: (a) The ratio n­^np and its radially­averaged value 
plotted versus major radius for two different time points during the 
tritium density decay phase of Pulse No: 26114; (b) The radially­
averaged density ratio njlnD plotted as a function of time. The 
fitted exponential curve has a 1.0s decay. 

with experimental error bars of ±20%, attributable to error 
propagation from the line­integral measurements, 
tomographic inversion and the ratios of the 2.5 and 14MeV 
neutron emissivities. Within experimental errors, the den­

sity ratio was constant as a function of major radius during 
all time intervals between 13.6 and 14.7s. The electron 
density profile was flat over the radial region investigated. 
At 13.7s, the deuterium density profile implied from CXRS 
measurements was also relatively flat, with a value at half the 
plasma radius equalling 85% of the axial value. 

In Fig. 187(b), the radially­average density ratio nT/nD is 
plotted as a function of time. The fitted exponential curve has 
a 1.0s delay time. The initial value of n­r/no is 3x10"*, a 
reasonable value since about 10"3 of the injected beam 
particles were tritium, and additional pure deuterium was 
added by gas puffing. The trend of the exponential decay 
was not affected by the sawtooth crash at 14.085s, which 
temporarily flattened the emissivity profiles. 

Based on the experimental observations that the deute­

rium and tritium beams had similar spatial deposition pro­

files, and that the density n­r/no was spatially constant, a 
reasonable hypothesis is that thermalized deuterium and 
tritium have approximately the same diffusive behaviour. 

During the initial tritium clean­up discharges after the 
high fusion power experiments, additional information was 
obtained on tritium diffusion properties in the plasma. Two 
or three half­second bursts of 2MW of deuterium neutral 
beams at 140keV were added to probe the tritium density in 
the plasma by giving an enhanced, beam­plasma dominated 
neutron yield for obtaining nT/nD. The 2.5 and 14MeV 
neutron emissivity profiles were found by tomographic 
inversion to have the same shape. Examples are shown in 
Fig. 188 for Pulse No:26150 and No:26165, where the local 
2.5MeV and 14MeV neutron integrated yields per unit 
volume derived from tomograpy are plotted. The 2.5 and 
14MeV profiles maintained similar shapes, while varying 
between the two discharges, as the quantity of tritium 
released from the walls diminished. The ratio of emissivities 
is constant across the profile, and therefore the ratio nT/nD is 
constant throughout the plasma. 

Since almost all the deuterium and tritium enter the 
plasma at its boundary (either from gas puffing or wall 
release) with only a very low level increase (=5%) of density 
from beam injection, the spatially constant density ratio 
nT/nD provides further evidence that deuterium and tritium 
have similar particle diffusion properties. It had been ob­

served that the particle flux G for electrons and impurities 
can be described by the equation G =­D Vn + η ν with 
diffusion coefficients Dx and pinch velocity ν , and that the 
ratio DJ\x is the same for all species χ = D or T. In the 
relatively stationary condition of these cleanup discharges 
with surface fuelling, Gx became a small and Dx/vx approxi­

mately equalled Vnx/nx for each species. The electron den­

sity profile was more rounded in these cleanup discharges 
than the profiles observed in Pulse No:26114 and No:26148, 
and Vnx was non­zero. Since both density profiles had the 
same shape and hence the same Vnx/nx profile, D/v=Dd/vd. 
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cleanup experiments. 

Using the expression for G and the continuity equation, it can 
be shown that in Pulse No:26114, since the relative rates of 
deuterium fuelling by beams and the tritium time­dependent 
density loss are the same in the central region of the plasma, 
then D=Dd and v=vd individually. 

Release of Tritium from the First Wall 
During the PTE, an estimated 2x 10'2 Bq ( 1.1 χ 102' atoms) of 
tritium was injected into the vacuum vessel. A series of 
experiments was performed whose purpose was to deplete 
the torus of tritium, to compare the effectiveness of different 

26140 26190 26240 26290 
Pulse No: 

Fig. 189: The number of tritium atoms released from the JET 
vacuum vessel as a function of Pulse. The two PTE shots were 
Pulse Nos:26147 and26148.The dataare integrated over thefirst 
560s of'outgassing after the shot and are ion chamber measure­
ments for thefirst week after the PTE shots. The solid curve is the 
prediction of the model described in the text. The dashed lines are 
the results of a simple two reservoir model for the wall. 

methods of tritium removal, and to obtain a quantitative 
understanding of the processes involved. The effectiveness 
of the cleaning procedures was such that the normal tokamak 
programme was resumed one week after the PTE and 
routing of exhaust gases to atmosphere after two weeks. The 
release of tritium from the vessel was found to scale with the 
deuterium release from the vessel, suggesting that dilution 
and mixing of the hydrogen isotopes in the vessel walls is 
important. 

High density, disruptive tokamak discharges were found 
to be the most successful plasma pulses for tritium removal. 
Purges with deuterium gas were also effective and have the 
advantage of operational simplicity. Helium discharges, on 
the other hand, resulted in low tritium release from the vessel 
walls. It was demonstrated that the tritium release rate could 
be predicted using data from hydrogen to deuterium 
changeover experiments. Using the superior quality of data 
available from the tritium clean­up experiment, the physical 
mechanisms necessary to describe the hydrogenic uptake 
and release from the torus were identified. The release of 
tritium was reproduced using a model which incorporated 
implantation into a thin surface layer as well as diffusion of 
tritium into and out of the bulk material. 

The PTE experiment offered a unique opportunity to 
study the isotopie exchange processes in a large tokamak 
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and to follow the release rate over nearly four orders of 
magnitude in concentration. The primary objective of re­

moving most of the tritium was successfully accomplished. 
The tritium inventory was reduced to 3.4x 1019 atoms at the 
end of the operations (i.e. 3% of the injected tritium). 

A number of different methods of removing tritium were 
compared. Standard ohmic discharges were reasonably 
effective and additional heating produced only a marginal 
improvement. The most effective method was disruptive 
discharges in deuterium which were two times better than 
standard discharges. After about a factor two operation the 
tritium level was sufficiently low that evacuation into the 
sealed­off backing line could be discontinued and use of the 
conventional backing pumps resumed (see Fig. 189). 

An initially surprising result was that even though tritium 
was injected only during X­point conditions, the tritium was 
found to be rapidly distributed uniformly over all the toka­

mak surface. This occurred as a result of charge exchange 
neutral fluxes to the wall which were large enough to 
maintain an equilibrium isotopie balance over large areas of 
the vessel. Using the results of a Monte Carlo neutral 
transport code, even in the limiter phase of the second ΡΤΉ 
shot significant contamination of the plasma should be 
expected. As such, at least with geometries and neutral 
fluxes typical of JET, careful control of the plasma position 
during termination was ineffective in maintaining localised 
tritium contamination of the vessel wall. 

The release of tritium between discharges was modelled 
using existing theories, which have previously been used to 
model ion beam experiments with graphite. However, it was 
necessary, to include an additional mechanism, diffusion, to 
model the long term release of tritium from the torus. The 
calculated depth distribution of tritium in the vessel wall is 
shown in Fig. 190 for several times after the PTE. This model 
gives good agreement with the time dependence of the 
outgassing between discharges, the shot­to­shot release, and 
the tritium inventory long after the tritium experiment. 
Using the model, it was calculated that the final tritium 
inventory in the torus could have been reduced by a factor of 
1.6, if the clean­up campaign had been started immediately 
after the PTE rather than waiting for 40 hours. 

Soaking of the torus at pressures of ~2Pa of deuterium 
was found to be an effective, operationally simple way of 
removing tritium from the machine. Although the equilibra­

tion time between the gas load and the vessel walls was not 
measured, it is estimated from other experiments to be about 
5 minutes. If this molecular exchange process can be shown 
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Fig.l90: Calculated depth profiles of tritium at various stages 
after the tritium injection (Pulse Nos: 26147 and 26148 were the 
two PTE discharges). The tritium levels are normalised to the 
saturation concentration of hydrogen in carbon. The depth is 
normalised to one implantation layer (8nm). 
to access the entire implantation layer of the vessel wall, it 
may be possible to remove tritium more quickly, and thus 
with lower diffusion losses to the bulk wall material, using 
gas purges rather than plasma discharges. 

The data obtained has enabled a much better understand­

ing of the principal processes occurring. This should enable 
the behaviour of tritium in the next tritium phase to be 
predicted with some confidence. However, because the rates 
of physical processes are dependent on material properties, 
the absolute values of the model parameters will change if 
the vessel materials are changed. Therefore, an isotope 
exchange experiment with hydrogen and deuterium is nec­

essary to validate the model parameters for different ma­

chine conditions. 

Discharge Termination of High 
Performance Discharges 

The main issues in the termination of high performance 
discharges were the role of the carbon bloom and the high 
confinement. The discharges considered are hot ion H­mode 
discharges similar to the discharges used for the preliminary 
tritium experiment (PTE). The time of the sharp rollover of 
the neutron yield is defined as the time of the termination. 
With the improved carbon di vertor tiles installed in Summer 
1991, only a very small increase in the ratio of C to D 
radiation was seen by visible edge spectroscopy, before the 
termination, and the temperature of the hot­spots on the 
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Fig.191: Temporal evolution of the thermal confinement time. 

target tiles stayed below 1600°C. This excluded a thermal 
bloom as a cause of the termination e.g. by triggering 
resistive modes. During and immediately after the termina­

tion i.e. on a time­scale of less than 40ms, the temperature of 
the hot­spots on the target tiles increased well above 2000°C, 
a radiation spike of several MW was observed and the C to 
D ratio increased, indicating the occurrence of a bloom. 
After a bloom, the discharges did not recover to the high 
performance state. 

A statistical analysis of many discharges, in which the 
evolution of the temperature of the target tiles was calculated 
from power balance considerations, showed that the block 
had a well defined thermal threshold beyond which large 
impurity influxes set in. This threshold was regularly and 
quickly surpassed at the termination of high performance 
discharges, when these lost their particularly good confine­

ment. Figure 191 shows that the thermal confinement time 
t ^ reached values up to 2 times higher than DIII­D/JET 
scaling would predict. The time Τ marks the rollover of the 
neutron yield. The thermal confinement time decreased 
sharply for Pulse No:26095 and No:26148 simultaneously 
with Τ ­ within the time resolution of the analysis. For Pulse 
No:26087, the decay of the confinement seemed to start 
already well before T. When the high confinement was lost, 
the additional heat flow to the target heated it to bloom 
temperature. Three different types of termination could be 
distinguished as indicated in Fig. 192. 

In the first case labelled "slow" (i.e. in Pulse No: 26087), 
the electron temperature evolved as if a cold wave propa­
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Fig.192: Three typical cases of termination: "slow" ; 
Sawtooth + ELM; and ELM. 

gated from the plasma edge towards the centre. At the time 
when this cold wave started at the edge, the influx of light 
impurities increased near the separatrix, both the C and the 
D signal rose, the confinement degraded and the target 
temperature started to rise slightly, which was all in line with 
an edge transport enhancement under conditions of hollow 
impurity profiles. For this discharge, the temporal evolution 
of the total plasma pressure profile at the edge had been 
estimated using the reflectometer measurements of the 
electron density and extrapolations of the electron tempera­

ture together with the assumptions that the ion pressure was 
the same as the electron pressure. Under these assumptions, 
the total pressure profile at the edge was found to be so steep 
that the implicated bootstrap currents were large enough to 
give access to the second stability regime at the plasma edge. 
Figure 193 shows the temporal evolution of αideal, which is 
proportional to the experimental pressure gradient and the 
evolution of α , which is the boundary within which ideal 
ballooning modes are unstable. Also shown is the evolution 
of the diamagnetic energy confinement time xE

D1A. The 
similarity in the evolution of αcx and tEDIA during the high 
confinement phase suggest that the confinement was edge 
dominated and that the loss of the second stability at the edge 
may cause the loss of the good overall confinement. The 
reasons for loss of edge confinement are still unclear. 
Possible alternative reasons considered are resistive modes, 
kinks from the high bootstrap current, and a local ß­limit at 
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Fig. 193: Access to the second stability regime at the plasma 
edge during the time of high confinement. 

the edge. To harden up on any of these possibilities a better 
spatial resolution of experimental edge data is needed. 

The second case of termination shown in Fig. 192 (i.e. 
Pulse No:26147), is a combination of sawtooth and giant 
ELM, which reduces the electron temperature over the 
whole plasma cross­section. Both discharges of the PTE and 
Pulse No:26788 had this termination scenario. One possibil­

ity of explaining such a coincidence is the MHD coupling of 
an internal kink with the plasma edge at higher β values. 

The third case of termination (Fig. 192 is a giant ELM ­ the 
most common type of high performance discharges. The 
electron temperature steps down at the edge, up to the q=l 
surface, but remains stable in the centre. In this type of 
termination, resistive ballooning modes may be implicated. 
During the giant ELM, the convective inward drift velocity 
is stepped up in spatial extent and value. Together with the 
hollow profiles of light impurities before the termination, 
this sweeps the impurities rapidly far into the plasma. 

The last two cases do not only ask for better spatial 
resolution of experimental data at the edge but also formuch 
higher temporal resolution. Any progress in understanding 
the mechanisms of improved confinement may help in 
understanding the loss of confinement, which has been 
identified as the step preceding the bloom. 

Ion Cyclotron Emission Measurements 
during Deuterium­Tritium Experiments 
In the course of the PTE, where combined deuterium and 
tritium neutral beam injection generated D­T fusion power. 
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Fig.194: Correlation between ICE intensity ΡICEandtotal neutron 
emission rate Rmfora variety of ohmic and NB heated discharges, 
over six decades of signal intensity. The measurement frequency 
corresponds to the second harmonic of the deuterium or alpha­
particle ion cyclotron frequency evaluated at the outer mid­plane 
plasma edge of the plasma. 

ion cyclotron emission (ICE) was detected. This was meas­

ured using an ICRF antenna in reception mode in the 
frequency range η < 180MHz. The ICE spectra contained 
superthermal, narrow, equally spaced emission lines which 
corresponded to successive cyclotron harmonics of deuter­

one or α­particles at the outer mid­plane, close to the last 
closed flux surface at major radius R ~ 4.0m. The ICE signal 
fluctuated rapidly in time, and was extinguished whenever 
a large­amplitude edge­localized MHD mode (ELM) oc­

curred. The detected RF power spectra in D­D and D­T 
discharges were similar in form. However, on changing the 
gas feed to the NB injectors from pure deuterium to mixed 
deuterium and tritium at constant power, the intensity of the 
ICE increased in proportion to the neutron flux. This indi­

cated that fusion α­particles ­ and not beam ions ­ provided 
the free energy for generating ICE. This result constituted 
the first detection of RF emission from confined α­particles 
in a fusion experiment. In pure deuterium discharges, ICE 
was generated by the primary D­D fusion products: the most 
likely single candidate driving the ICE in this case was the 
3MeV fusion proton. 

The JET ICE database, which now extends over a range 
of six decades in signal intensity, shows that the time­

averaged ICE power increased almost linearly with total 
neutron flux (Fig. 194). The rise and fall of the neutron flux 
during a time­evolving D­T discharge was closely followed 
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Fig. 195: Time evolution of the central electron and ion tempera­
tures, the volume­averaged electron density, the line average Ζ 
the plasma diamagnetic energy, the edge Da emission, the total 
neutron (2.5 MeV + 14 MeV) rate and the neutral beam power 
(total and tritium) and radiated powers for Pulse No:26114. 
by that of the ICE intensity, which was delayed by a time of 
about the α­particle slowing­down time (~0.5s). This fea­

ture is well­modelled by TRANSP code simulation of the 
density of deeply trapped α­particles reaching the plasma 
edge. Drift orbit calculations revealed a class of fusion 
products, bom into trapped orbits in the core plasma, which 
made orbital excursions of sufficient size to reach the outer 
mid­plane edge. There, the energetic α­particle or fusion 
proton velocity distribution was both anisotropic and not 
monotonically decreasing, and was potentially unstable to 
relaxation at multiple ion cyclotron harmonics. A linear ion 
cyclotron instability model is being developed to explain the 
superthermal ICE in terms of the collective excitation of 
cyclotron harmonic radiation by a diffuse, high energy ion 
population. These measurements show how ion cyclotron 
emission provides a unique diagnostic for confined fusion 
alpha­particles. 

Particle and Energy Transport during PTE 
The transport properties of several high fusion performance 
JET pulses obtained during this series were analysed using 
the TRANSP code [2]. Good simulations of various meas­

ured quantities, particularly of neutron emission profiles, 
have given considerable confidence in the internal consist­

ency of the data which is used as input data to the code. 

Particle Transport 
One objective of these experiments was to determine the 
characteristics of the particle transport of the thermalised 
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Fig.196: The measured and simulated line integral rates of 14 
MeV neutrons for Pulse No:26114 at t = ¡3.95s (i.e. 0.45s after 
the tritium beam was switched off) using different mixing models. 
All the simulations with the "proportional diffusivities" model 
assume the same values for D1IDD and vJ/vD. 
tritium and deuterium and to derive particle diffusivities of 
each species. TRANSP simulations were performed assum­

ing three different mixing models which determine the 
thermal tritium and deuterium density profiles[3]. The "con­

stant fraction" model assumes that both species have the 
same radial profile shape (VnD/nD=Vn^rij.). In the "constant 
velocity" model, the radial velocities of the two species are 
assumed to be identical (vT = vD). Finally, the "proportional 
diffusivities" model imposes DD/DT = vD/vT = constant, 
where DD and DT are the deuterium and tritium particle 
diffusivities. Once the density profiles are known, the D­D 
and D­T neutron emission profiles and total emission rates 
are computed and the validity of each mixing model as­

sessed by comparing simulations and measurements. 
By definition, the three models predict similar density 

profiles, if the deuterium and tritium source terms are 
similar. This is the case in all the hot ion Η­mode D­T pulses, 
where there is simultaneous NB fuelling of D and T. 
Therefore, the models cannot be distinguished in such 
discharges. This was one of the reasons that neutral beam 
injection was chosen for the tritium experiment (i.e. the 
result would be independent of mixing model). This would 
not have been the case with tritium gas puffing. In Pulse No: 
26114 (a medium density Η­mode D­T discharge with 1 % 
tritium injected) the tritium beam was terminated abruptly, 
thereby making the source rates dissimilar and particle 
transport could then be studied throughout the tritium decay. 
The main characteristics of the pulse are shown in Fig.195. 
Figure 196 shows a comparison between measured 14MeV 
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Fig. 197: The time evolution of thermal confinement time τΛ 
compared to values predicted by ÌTERH92­P Η­mode scaling, 
and Da emission from the edge for a) Pulse No:26087 
h) Pulse No:26095 c) Pulse No:26I48. M indicates times of the 
maximum measured total neutron rate in each pulse. 

time integral neutral emission rates and simulated values 
using three different mixing models. The "constant veloc­

ity" model predicts a peaked tritium density profile which 
leads to neutron emission rates much greater than measured 
ones. The "proportional diffusivities" model, with Î>^/DD ­
v.j/vD = 1 predicts a flatter tritium density profile leading to 
a good fit between the measured and simulated emission 
rates. As the tritium and deuterium flows are proportional in 
this discharge, the "constant fraction" model gives an equally 
good fit to the data. However, given the uncertainties in the 
measurements and the simulation, a weak mass dependence 
on the diffusion coefficients cannot be ruled out. 

For Pulse No: 26148, where two of the neutral beam 
sources were fuelled with pure tritium, the measured D­T 
neutron data were only accurately reproduced if it was 
assumed that each recycled ion is returned to the plasma as 
a neutral of the same species, implying that the isotope ratio 
in the plasma and the wall quickly reach equilibrium. The 
effective tritium diffusivity DT

cfr, defined by the ratio of the 
particle flux and the density gradient, is similar to the 
deuterium DD

C" observed in similar pure deuterium dis­

charges being low in the centre (~ 0.25m2s ') and increasing 
sharply towards the edge (~ 2m2s '). 

Energy Transport 
This series of pulses generally had very good confinement. 
However, the enhanced performance phase was only main­
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Fig. 198: Time evolution of a) thermal confinement time Trt, 
b) central and c) edge values for ion temperature, d) measured 
and simulated 2.5 MeV line­integral neutron rates for a central 
(No:16) neutron camera channel, e) calculated heat flow to 
X­point target, f) measured C­III light emission from edge, g) 
central and h) edge values for effective charge 2 for Pulse 
No:26087. Symbols (x) mark measured data points. 

tained for a short time (~ Is), before the ion temperature 
decreased causing a dramatic drop in the thermal­thermal 
component of the neutron yield. Figure 197 shows the 
different evolution of the thermal confinement time, zm, for 
three high performance Pulses No: 26087 (the best D­D 
discharge), No: 26095 (a D­T discharge with a small amount 
of injected tritium) and No: 26148 (the best D­T discharge). 
During the enhanced phase, values of xTO about twice the 
value predicted by ITERH92­P scaling was reached[4]. 

Generally, it was impossible to state that the confinement 
had definitely been lost before the peak neutron rate was 
reached due to the poor time resolution of the data used in the 
calculation of t^. However, for Pulse No: 26087 the good 
confinement was clearly lost prior to the peaking of the 
neutron emission rate and this pulse was chosen for detailed 
analysis with TRANSP. Figure 198 shows the time evolu­

tion of several key parameters for this pulse during the 
period of high confinement and its subsequent deterioration. 
The degradation in performance from 13.2s onwards, as 
shown by τ^ , is reflected in the time evolution of the 
measured temperature profiles, which flatten from the edge 
causing the thermal­thermal component of the neutron yield 
to fall. As the power being deposited on the X­point target 
plates builds up, the impurity level increases, finally leading 
to the massive impurity influx (the carbon bloom)[5]. 
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Fig.199: ¡on thermal conductivity c. and neoclassical prediction 
χ"'" versus normalised radius during (t = 13.2s) and after 
(t = 13.6s) the period of enhanced confinement f or Pulse Ν o :26087. 

Transport analysis shows that >85% of the input power 
goes through the ion channel and the main loss is ion heat 
conduction, convection only becomes important near the 
edge. Figure 199 shows that the pulse has good central 
confinement (χ.<= 0.3m2s') during the enhanced confine­

ment phase and the edge value (x.~2m2s') is lower than that 
of a conventional Η­mode. The edge conductivity starts to 
rise soon after 13.1s, closely followed by the central value. 
Initial loss of confinement at the edge is confirmed by the 
behaviour of the calculated thermal confinement time pro­

files. The coefficient of particle diffusivity has a similar 
shape but does not show initial loss of confinement at the 
edge. After the "carbon bloom", good confinement is lost 
and the plasma reverts to normal Η­mode behaviour. 

Possible Explanations for 
Confinement Behaviour 
MHD activity (n = 1 mode) was present in Pulse Nos: 26087, 
26095, and 26148. The most prominent activity was fishbone 
bursts [6], but there was no correlation between increase in 
MHD activity and loss of confinement. All pulses showed 
ELMs before the enhanced phase, as shown by the Da signal 
in Fig. 197, but these cease as the performance improves. 

TRANSP calculations showed that at about the time the 
confinement started to fall in Pulse Nos: 26087 and 26095, 
β was being limited at about 0.75 of the Troyon beta limit [7]. 
This was not the case in Pulse No:26148, which was 
terminated by a sawtooth and giant ELMs. 

10"* 1 

Fig.200: Stability boundary forTAE mode with η = 4,m = 3,4 at 
time of maximum β^ (Pulse No:26148). Parameters at the qG = 
716 surface are as follows: rja = 0.47 ± 0.04; nr = (3 ± 03) x 
¡0'"m­3; nD = (1.8±0.2)xlO'9m1; nT = (2.0 ±'0.2)xl0'sm¡; 
n¡mp = (2.0±0.2) xlOlsm­3;T. = (ll±l)keV;T=(75±05)keV; 
L]a = 0.15±05;ßcC = (l.7±0.7)xi0­';BT = 2.8T.ltisassumed 
T. = TD= Tr The hatched region reflects the sensitivity of mar­
ginal stability curve to variations of relevant parameters within 
corresponding error bars. Also shown are the values of ß^ and 
ν Nnh/C.­ at the selected time. 

a AG 

One obvious reason for the saturation of the ion tempera­

ture could be that the neutral beams were prevented from 
heating the centre of the plasma due to increasing density. 
However, TRANSP calculations showed that although the 
fast particle source rate was falling at the centre, the heating 
power continued to rise because the energy transferred from 
the fast ions was becoming greater with increasing density. 

The stabilisation of the η. mode due to the peaking of the 
density gradient has been investigated but seems to be 
unlikely, since although η. was increasing during the col­

lapse phase, it was also quite high during the early part of the 
discharge. 

All these pulses exhibited some of the characteristics 
found in the DIII­D VH­mode[8]; particularly steep edge 
gradients and a large edge bootstrap current (0.8 MA in a 
total plasma current of 3 MA). These edge features led to a 
consideration of marginal ballooning stability and a time­

dependent calculation has been performed for some of these 
discharges. The results indicate that entry of the edge of the 
plasma into the second ideal ballooning stability region 
showed a clear correlation with the improvement of confine­

ment in the edge region and hence the generally enhanced 
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performance of the plasma. It was not clear however whether 
the high edge current density initiated or was a consequence 
of this enhanced confinement, nor whether shear stabilised 
modes other than the above were playing a role. 

For the discharge with a high concentration of tritium, it 
has been suggested that α­particle driven instabilities could 
affect the energy confinement and toroidicity induced Alfvén 
eigenmode (TAE)[9] have been investigated for Pulse No: 
26148. The mode which is considered most likely to be 
unstable for this pulse has been analysed [10] and Fig.200 
shows the marginal stability boundary for this mode, at the 
time when the α­particle production reaches its maximum, 
where CA0 is the Alfvén speed and va

binh denotes the a­

particle birth velocity. The experimental point at this time is 
also plotted with error bars and lies outside of the unstable 
domain on its right, corresponding to vJCA0 > 1. In conclu­

sion, the α­particle driven global Alfvén modes were stable 
in Pulse No: 26148. 

Summary 
The TRANSP code has been used to study particle transport 
of D and Τ and possible reasons for enhanced performance 
behaviour in the series of pulses, which included the first 
tritium experiments. The particle transport of both species is 
similar being driven by their local density gradients. All the 
plasmas had the enhanced confinement phase showing 
reduced ion thermal conductivity and particle diffusivity 
across the whole plasma. No clear explanation has been 
found for the existence of such good performance or for its 
degradation, which in the pulse most extensively analysed 
clearly happens some time before the final impurity influx. 
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Advanced Divertor 
Studies 

Introduction and Overview 
The present pumped divertor programme consists of two 
phases. In the first (Mark I), inertially­cooled target blocks 
of CFC or beryllium are mounted on a water­cooled support 
structure to speed cooling between discharges. The second 
version, for installation in 1995, was based upon actively­

cooled copper elements to which thin Be plates were brazed 
("Hypervapotrons") to permit thermally steady state opera­

tion at high powers. 
During 1992, an ad hoc Advanced Divertor Study Group 

was set up to study the question of possible improvements to 
the pumped divertor, for the purpose of optimising its 
performance and reliability. At that time, the design of Mark 
I was nearly finished, but the Mark II design was only partly 
completed. 

The study was motivated by two factors: 
(a) it had been generally accepted recently that "conven­

tional" divertors, wherein the SOL power flows directly 
to the target plates, will lead to unacceptably high heat 
loads in Next Step devices. The exhaust power must be 
distributed over a much larger divertor surface area than 
can be obtained by simply tilting the plates, and radiation 
and charge exchange processes are the leading candi­

dates for accomplishing this. The Mark I divertor geom­

etry, which was to have been taken over directly into the 
hypervapotron­based Mark II phase, is not well suited to 
achieving such divertor conditions, principally because 
it is too "open"; 

(b) Second, there was continuing concern about the reliabil­

ity of brazing Be plates to Cu hypervapotrons, and the 
severe risk to the programme, especially in the D­T 
phase, which a failed braze would imply. 

The ad­hoc group was detailed to study both the physics 
and engineering of various divertor designs, within the 
constraints imposed by the JET schedule. The group came 
to the following conclusions: 

• To the extent possible, the divertor should be "closed", 
(i.e. it should allow as few as possible of the neutrals 



Fig.201: Cross-section of the inerţial Mark IIA divertor 
recycling from the target plate to escape from the 
"divertor region" below the X­point). Closing the 
divertor leads to higher density and lower temperature 
in the divertor. This reduces impurity production, 
enhances impurity retention, and facilitates access to 
the "atomic physics" regime where radiation and 
charge exchange are increased, decreasing the con­

ducted power load to the plates. In addition, the wetted 
area should be made as large as possible by reducing 
the angle of incidence of the field line on the target to 
the limit allowed by target alignment tolerances; 

• Only minor changes, specifically with respect to final 
machining of the target blocks to maximimize their 
effective wetted area, could be made to the Mark I 
design due to time constraints; 

• An inertially cooled version of Mark Π, offering high 
performance (relative to Mark I), flexibility, and mini­

mum risk could be built in about the same time 
schedule as the hypervapotron­based Mark Π. It would 
allow testing of recent divertor concepts, and could be 
designed to form the basis for an extended programme. 

The inerţial Mark II divertor proposed to replace the 
original hypervapotron design has several innovative fea­

tures. It is based on a water­cooled, rigid, toroidally continu­

ous floor­and­sidewall structure upon which large tiles can 
be mounted with a high degree of alignment, permitting 
small magnetic field line incidence angles with correspond­

ing large wetted area. The design is such that the divertor 
geometry, which plays a crucial role in divertor perform­

ance, can be readily changed by an exchange of tiles and tile 
holders, requiring only a relatively short machine interven­

tion. Inertia! Mark II divertor has a heat handling capacity 

Fig.202: Vertical target divertor with optional baffle 
which meets or exceeds that of the hypervapotron design for 
pulse lengths of 5 ­ 10s at high power, depending on plasma 
conditions. It can accommodate either Be or CFC tiles, 
allowing investigation of the two leading candidate target 
materials for Next Step devices. 

The remainder of this report deals first with the physics 
considerations surrounding the design of Mark II, with 
emphasis on the role played by divertor geometry. The 
technical design of the proposed Inerţial Mark II is then 
described briefly. 

Divertor Physics and the Effect of 
Geometry 
The three main functions which a divertor should perform 
can be summarized as: 

• handle the heat load (power exhaust) at acceptable 
erosion rates; 

• control impurity content in the main plasma by reduc­

ing sources and retaining impurities in the divertor; 
• remove He ash. 

The divertor plasma parameters (nc, n, T., T¡,. . ) depend 
most sensitively on two quantities, the power crossing the 
separatrix (PSol) and the mid­plane separatrix density (nt,). 
For fixed power, divertor performance improves dramati­

cally as the midplane density is raised. However, when both 
variables are fixed, the divertor geometry itself can play a 
major role. Generally speaking, the more "closed" the 
divertor, the higher its plasma density and the lower its 
temperature, contributing to improved performance. 

The effects of divertor geometry can be divided into two 
categories. First, there is the purely geometric effect of 
increasing the wetted area, upon which the conducted power 
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falls, by tilting the plates relative to the poloidal flux sur­

faces. The second effect arises from the fact that by tilting the 
plates, the recycling neutrals can be directed either towards 
the private flux region, in "vertical target" designs, or 
towards the divertor sidewalls, in "domed horizontal target" 
designs. Examples of these generic target geometries are 
shown in Figs.201 and 202. In either case, fewer neutrals 
head directly back towards the main plasma than is the case 
fordi vertors with targets oriented orthogonally to the poloidal 
flux surfaces. More importantly, the distribution of ioniza­

tion sources in the divertor is dramatically altered by tilting 
the plates. This can lead to a major redistribution of plasma 
profiles in the divertor [1], which in turn can lead to 
enhanced volumetric losses from radiation and charge ex­

changes. Pumping performance can also be enhanced, par­

ticularly when "pumping baffles" are introduced. 

Heat Handling Capability 
The term "basic" heat handling capability refers to the 
ability of the divertor design to accept the scrape­off layer 
power transmitted directly to the plates by conduction and 
convection in the absence of any significant volume energy 
sinks, such as radiation and CX in the divertor region; this is 
often called the "conducted power." This situation consti­

tutes a "worst case" for a divertor, and can arise for high 
power, low density operation. When significant volumetric 
radiative or CX energy sinks are present, in which case the 
divertor is said to operate in the "atomic physics" regime, the 
conducted power can be greatly diminished. This is referred 
to as "enhanced" heat handling capability. 

The "basic" conducted power to the plates, for a given 
input power to the SOL, is most robust against changes in 
midplane density or recycling changes induced by geom­

etry, while the losses leading to enhanced heat handling 
capabilities of a particular design are dependent not only on 
midplane density, but on geometry as well. The only way to 
reduce the basic conducted power per unit area is to increase 
the "wetted area" upon which the power falls. The more 
orthogonal the target is to the poloidal flux surfaces, and the 
further it is from the X­point, the higher is the power per unit 
area. Therefore, the effective wetted area can be increased by 
either tilting the plates, ormoving them closerto the X­point, 
which increases the flux expansion. The amount of tilting 
allowable depends on the smallest permissible angle be­

tween the magnetic field (total) and the plate, which depends 
on tile size, gap size, and alignment tolerances. An alterna­

tive to increasing wetted area is to sweep. However, this 

should be avoided if possible. Sweeping reduces the degree 
to which the divertor can be closed, and it may affect main 
plasma performance adversely by introducing unwanted 
effects into the main plasma edge. In addition, it is not a 
technically preferred solution for ITER and beyond. 

The second major factor affecting the heat loading is the 
toroidal utilization factor, which is the fraction of the ideal 
wetted area which is actually usable. Low toroidal utiliza­

tion factors result from combinations of low field angle, 
small tiles with large gaps, and poor alignment tolerances. 
The toroidal utilization factor in Mark I is quite low, but in 
the proposed inerţial Mark II, it is close to the optimum, as 
a result of the use of large tiles, small gaps, and improved 
alignment tolerances. 

Enhanced divertor radiation can be produced by operat­

ing at as high a divertor density (volume averaged) as 
possible. Generally speaking, "closing" the geometry is 
beneficial. The degree to which a divertor radiates is influ­

enced, by the type and amount of radiating material. It is 
possible that radiation from hydrogen, along with that from 
the intrinsic impurities (carbon or beryllium), may suffice to 
substantially reduce the conducted power. However, 
simulations and scaling arguments suggest that extra radia­

tion produced by impurity puffing in the divertor may be 
necessary, and such experiments will be conducted in the 
next JET campaign. Introducing the impurity atom into the 
divertor plasma some distance away from the targets, which 
can be controlled to a certain extent by geometry, increases 
the radiation per atom, but may adversely affect the retention 
of impurities. 

Charge exchange can in some cases be beneficial in 
removing energy from the ion channel. However, charge 
exchange very near the target plates does not help much, and 
can actually lead to heating of the plasma if the fast reflected 
atoms arising from ions accelerated through the sheath make 
a CX collision with lower energy ions near the target. 
Therefore, cold neutrals must be introduced away from the 
target for this mechanism to be effective, and the degree to 
which this can be accomplished depends strongly on target 
and baffle design. 

Impurity Control. 
Numerical and analytical studies both indicate that, to retain 
impurities produced at the target it is necessary to reduce the 
divertor ion temperature to < 20eV [2]. This also strongly 
reduces (in the case of Be), or nearly eliminates (in the case 
of C), the production of impurities, since the sputtering 



yields falls off rapidly at low plasma temperature. For a 
given SOL power, this is most effectively accomplished by 
raising mid­plane density. However, here again the geom­

etry can play an important role. If the divertor design is very 
open, the divertor density achieved for a given PSOL and i^ 
will be significantly reduced, so that closure again is impor­

tant. Closure has another very strong influence on the 
impurity content of the main plasma in that it reduces the 
sputtering of impurities at the main chamber walls arising 
from cold neutrals charge exchanging with relatively ener­

getic ions inside the separatrix. It is difficult to shield against 
such wall­produced impurities. Optimization of divertor 
design with respect to impurity control is relatively compli­

cated, as it is affected by the distribution of sources and of 
flow, both of which depend sensitively on the geometry 

It should be stressed that the ion temperature must be 
reduced below ~20eV on both sides of the divertor for 
effective impurity control (as well as for enhancing radia­

tion, etc. ). If the power flow into the divertor is greatly 
unbalanced, when the ion —Β drift is towards the target, it 
is not possible to create the desired high recycling/atomic 
physics regime on both sides of the divertor simultaneously. 
This argues strongly for operation with "reversed" ion VB 
drift, as was used in the PTE, even though the H­mode 
threshold is raised. 

Pumping 
In any design, some of the neutrals recycled at the target plate 
escape immediate reionization and enter either the private 
flux region or the regions external to the divertor plasma. If 
a baffle or pump duct is placed there, these can be "scooped 
off' and led to the pumping chamber. Without such a baffle, 
these will re­enter the plasma somewhere and be re­ionized. 
Gaps in the target plates themselves (Mark I and the original 
Mark II) are not very effective for pumping, as has been 
shown by modelling with the Monte Carlo neutral code 
EIRENE. Vertical plate designs lend themselves quite read­

ily to enchanced pumping, although other designs can 
probably also be made to work. For He transport studies, the 
ability to pump with the cryopump should lead to significant 
advances in our ability to interpret He transport experiments. 

JET Divertor Geometries 
Mark I (and original Mark II) 
The geometry of Mark I (and the original Mark II 
hypervapotron design) is a relatively wide, U­shaped trough 
with nearly vertical sides. It was designed to accommodate 

a large family of equilibria and to permit high amplitude 
sweeping. Due to the 1cm gaps between narrow (3cm) tiles, 
and relatively poor alignment tolerances achievable, it has a 
small toroidal utilization factor, and sweeping will be re­

quired for all but modest power inputs. The geometry is very 
"open" for most equilibria of interest, which may limit 
access to the high recycling/atomic physics regime. How­

ever, elevated X­point equilibria having their strike zones on 
the vertical side walls can probably be produced, permitting 
investigation of "vertical target" divertor geometries at 
modest powers and currents. 

Inerţial Mark II 
The basic concept of the Mark II proposal, described in more 
detail later, is to use a rigid, toroidally continuous, water 
cooled base structure upon which target/baffle structures of 
various designs can be mounted. The rigid base allows for 
good tile alignment and thus permits the use of large tiles, 
with small incidence angles, resulting in large wetted areas. 
The wetted area depends on the particular magnetic equilib­

rium chosen, but is typically a factor of four or more larger 
than in Mark I, virtually eliminating the need for sweeping. 

The degree to which the divertor geometry can be 
optimized in JET is restricted by the geometry of the lower 
part of the vessel, including the divertor coils, which cannot 
be changed due to time constraints. Specifically, the divertor 
floor cannot extend below the top of the case around the 
lower divertor coil pair, so that the divertor "depth", distance 
from the X­point to the bottom of the divertor plasma 
channels, is limited by X­point heights. 

Past experience indicates that on­axis NB heating is 
necessary to guarantee the high performance achieved in 
PTE­like (hot ion mode) discharges. This limits the position 
of the magnetic axis to ~20cm above the vessel midplane for 
effective heating, which, in turn, limits the height of the X­

point, for the "fat" equilibria, which have large volume and 
good vertical stability, to about 30cm above the case of the 
central divertor coils. For this limited X­point to divertor 
floor distance, a true "deep­slot" design is not possible. The 
divertor geometry selected for these equilibria, referred to as 
Mark IIA, is of the "domed horizontal target" type, shown in 
Fig.201. The poloidal flux surfaces shown correspond to the 
separatrix and the surfaces 1 and 2cm beyond the separatrix 
at the outer midplane, for a 5M A "fat" equilibrium. Relative 
to Mark I, the target is tilted upwards in the centre. This 
serves the dual purpose of increasing the wetted area and 
redistributing the re­cycled neutrals, which tend to come off 
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Table XIX: Input for Comparison Cases 

Mk I 5MA fat 

2.4 2.6 2.8 3.0 
R(m) 

F ig.203: Geometries used for simulations 
the targets perpendicularly. In addition, the side walls are 
brought in, in this version, to about the 2cm line. This Mark 
IIA design accommodates all the standard "fat" and "superfat" 
equilibria developed for pumped divertor phase operation, 
and can also accommodate a certain amount of sweeping of 
the strike points across the target, if found to be necessary. 

A deeper, "slot-like" divertor can also be envisaged if the 
magnetic axes of the equilibria are allowed to rise to about 
50cm above the midplane, so that NB heating is then 
somewhat off-axis. This version of the divertor is referred to 
as Mark IIB. An example is shown in Fig.203(c) for4.5MA 
equilibrium. In this version, the targets are nearly vertical 
side walls, and the high "centre dome" is inserted to reflect 
neutrals back into the lower part of the divertor plasma. It can 
easily incoporate openings for pumping or gas puffing, 
either near its base, or higher up, to test various ITER-
relevant ideas on enhancing CX and radiation losses. Using 
vertical targets, rather than an orthogonal one at the bottom 
of the slot, increases the wetted area and thus keeps heat 
loads to manageable values even for high power, low density 

Config PSOL(MW) 
Mark I 20 
Mark IIA 20 
Mark IIB 20 

Equilibrium 
5 MA, F 
5 MA, F 

4.5 MA, SF 

nlb(10"m3) 
2.5 
2.4 
2.4 

shots, for which it is difficult to radiate large fractions of the 
SOL power. An alternative is to remove the centre dome 
entirely, creating a true "vertical target" divertor in which 
recycling neutrals which pass through the divertor fan enter 
the private flux region and tend to impinge on the full length 
of the opposite divertor leg, which helps to increase the 
volume over which radiation and CX effects are important. 
Alternatively, the geometry can be arranged so that the strike 
zone is on the outward-facing sides of the dome, creating a 
"deep slot" version of Mark IIA, which results in a different 
distribution of density, temperature, and radiation in the 
divertor volume than for the vertical target designs. 

Code Predictions of Divertor 
Performance 
The performance of Mark I and versions of Mark II has been 
modelled using EDGE2D, which is a full 2-D version of 
EDGE1D [3]. It is a multi-species fluid code which treats 
hydrogen and all the ionization stages of a single impurity, 
either carbon or beryllium. Impurities are introduced self-
consistently by a sputtering model. Hydrogenic and impu­
rity neutrals are followed by the Monte Carlo code NIMBUS 
to compute particle sources, with NIMBUS called automati­
cally according to prescribed criteria. Symmetry between 
inner and outer divertors is not assumed. EDGE2D incorpo­
rates a distorted (non-orthogonal) mesh approximation near 
the target to handle inclined plates. 

The geometries are shown in Fig.203. Mark IIA is a 
domed horizontal plate design, and Mark IIB is a vertical 
slot, which fits raised X-point "superfat" equilibria. It is not 
optimized, but is included to illustrate generic behaviour of 
such a configuration. 

Comparison of Local Plasma Parameters 
Three cases have been selected (see Table XIX), one for 
each geometry, to illustrate the differences in local param­
eters that geometry produces. Each uses an input power to 
the SOL of 20MW, evenly split between ions and electrons. 
The midplane separatrix densities are nearly the same (see 
Table XIX). All cases were run with Be as an impurity, but 
only in one was the radiation computed correctly with the 
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Fig.204: Target profiles of (a) ion density and 
(b) ion temperature 

full multi-species code version. Since the impurity radiation 
is always a small fraction of the input power, it probably does 
not significantly affect the results shown here. 

Figure 204 shows the distribution of ion density and 
temperature across the target plate for the three cases. Both 
Mark II designs have larger wetted areas than Mark I. Case 
IIA produces the most uniform distribution of temperature 
and density, with the ion temperature remaining low across 
the entire target face, which is desirable for retention of 
impurities. Mark I produces a relatively high ion tempera­
ture and correspondingly low density, (i.e. it does not enter 
the desired high recycling regime for the given input param-

1 0 1 2 3 4 
Distance from separatrix at midplane (cm) 

Fig.205: Midplane electron density profiles in the SOL 
eters). The vertical slot geometry (Mark IIB) gives a narrow 
region of high density and low temperature, outside which 
the divertor plasma becomes hot but very rarified. The 
behaviour of the density and temperature profiles varies 
dramatically with geometry. Comparing Mark HA and 
Mark IIB geometries, the former, for which neutrals are 
reflected towards the outer separatrix layers, tends to form a 
thicker, more uniform SOL, which is reflected also in the 
midplane profiles (Fig 205). The vertical slot, which reflects 
neutrals in the opposite direction, (i.e. towards the separa­
trix), produces a narrow SOL of higher density and lower 
temperature. In this case, the flux tubes close to the separa­
trix are in a high recycling mode, while the outer ones are 
high temperature, low recycling, with low particle content. 

The power distribution across the outer divertor target is 
shown in Fig.206. Mark IIA has a much broader profile than 
Mark I, with a lower peak by a factor of ~2, and that the area 
under the curves, the conducted power to the plate, is lower 
for both versions of Mark II than for Mark I. The power 
densities shown assume that 100% of the toroidal wetted 
length is available, but in Mark I the toroidal utilization 
factor is only about 40%, compared with better than 80% in 
Mark II. Therefore, the real power loading on Mark I would 
be about 2.5 times higher than that shown, increasing the 
differences between Mark I and Mark II. 

Global Parameters: 
Effect ofn¡b and Geometry 
A total of eleven runs were carried out for the three 
geometries in Fig.202, all with input powers of 20MW, but 
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­5 0 5 10 15 
Distance from separatrix (cm) 

20 25 

Fig.206: Heat deposition profile on the outer divertor target 
with variations in the midplane separatrix density, n¡b. Some 
of the runs were with Be, and the others with C. Two were 
full multi­species calculations, while the rest used the aver­

age charge state version of the code. 
One measure of the degree to which a divertor enters into 

the high recyling atomic physics regime is the total number 
of hydrogen ions, Ndw. contained in the divertor, the higher 
the value of Nd¡v, the more likely that significant amounts of 
radiation can be produced. Fig.207 shows Ndiv versus n¡b, 
for fixed power into the SOL. It can be seen that for each 
geometry, Ndiv increases rapidly with n¡b, which is expected 
from simple models of divertors. However, Mark I, the most 
open of the three geometries, developed a significantly 

Midplane separatrix density (x10 m" ) 

Fig.207: Total number of ions in the divertor versus midplane 
ion density 

5 

I 4 

Midplane separatrix density (x10 m ) 

Fig.208: Estimated power lost by hydrogen radiation 
lower particle content than the two Mark II geometries, 
which entered more easily into a high inventory mode as the 
midplane density is increased. 

Radiation in the divertor will arise during ionization of 
the recycling hydrogen neutrals and from impurities sput­

tered from the targets and sidewalls. Fig.208 shows the 
hydrogen radiation for each case, which is estimated as twice 
the direct ionization energy (i.e. an effective ionization 
energy of about 40eV per ion.) This is directly proportional 
to the hydrogen flux to the target. Again, the Mark Π versions 
both have significantly higher recycling fluxes, and there­

fore higher hydrogenic radiation. The total hydrogen radia­

tion approaches 8MW in these cases, which is a signifcant 
fraction of the input to the electron channel. These calcula­

tions suggest that for the "gas target" experiments at JET and 
DIII­D, which had relatively clean plasmas and very high 
midplane and divertor densities, the high measured radiative 
losses may be attributable primarily to hydrogenic, rather 
than impurity radiation. 

The radiation arising from the intrinsic impurity produc­

tion at the target has been examined for two cases, using the 
full multi­species version of the code. Relevant data is 
shown in Table XX. In each case, the total radiated power 
was low, reaching only 1.14 MW in the best case (Mark IIB 
with a carbon plate). A more interesting figure is the radia­

tion per sputtered impurity ion. For the case with a nearly 
orthogonal target, Mark I, the number is relatively low. 
However, for Mark ΠΒ, each carbon atom radiates, on 
average, about 2keV. This is believed to be because, in this 
geometry, the sputtered ions tend to enter the plasma further 



Table XX: Total Impurity Radiation and Radiation per Sputtered Impurity Atom: 
Full Multi­Species Calculation 

Config. 

Mark I 
Mark IIB 

Impurity 

Be 
C 

n¡b Γ(ΐ,Η+ 

(1019m­3) (1023s­1) 

2.5 5.6 
2.5 14.3 

Yeff 
(%) 

2.85 
0.25 

Γα,ζΟ 

(lO^s­') 

15.6 
3.5 

PRAD,Z 

(MW) 

0.50 
1.14 

P R A D ^ C U O 

(eV/particle) 

201 
2037 

upstream, and thus have a longer lifetime in the plasma. A 
pure vertical target design, without the domed centre baffle, 
may be even better. It is also worth noting that Be may 
perform better than C. At a given divertor ion temperature, 
which must be kept low for impurity retention, Be sputtering 
coefficient is considerably larger than that for C. In addition, 
Be vapour pressure is large at high target temperatures, 
adding to the Be content of the divertor plasma. 

It has been proposed that charge exchange may constitute 
a significant loss to the ion channel [4], and if it occurs 
sufficiently far away from the target plates, it can help to 
distribute the heat load over a larger area. EDGE2D calcu­

lates this effect fully self­consistently. In these simulations, 
CX losses of up to 2.5MW were found for Mark IIB, with 
lower values for Mark I and Mark IIA. 

Technical Design 
A toroidally continuous structure was chosen to enable 
accurate tile alignment. This structure, as shown in cross­

section in Fig.201, (with the Mark IIA tile geometry) could 
be assembled inside the machine from 48 sections, each 
compatible with vessel entry. A continuous structure also 
significantly simplifies the attainment of mechanical stabil­

ity. Although the forces due to halo currents may be large, 
the inherent rigidity of a continous ring enables the support 
structure to withstand these forces internally. Each module 
is made up from a 4cm thick baseplate and two 10cm thick 
fabricated sidewalls. The modules are pre­assembled during 
manufacture with dowel locations to form a complete ring, 
the machining of which then enables very accurate tile 
locations. The inherent stiffness of the sidewall structure 
allows hinged corner joints to be used, thereby leaving a 
reasonable large pumping gap open to the cryo­pump. The 
volume between the main plasma and the divertor/pumping 
chamber is closed by thin sheet baffles. Since the structure 
is internally stable it is mounted at only one poloidal posi­

tion, thereby easing the problems associated with thermal 
expansion. 

A substructure is used to support the tiles accoding to the 
chosen divertor geometry. Each tile should be attached by a 
single spring­loaded central bolt and supported on corner 
pads. Each module is fitted with its own tile carrier, but 
adjacent tiles share comer support pads, so that tile­to­tile 
step accuracy is dependent only on the tolerance of tile 
thickness. Replacement of a damaged tile is carried out by 
exchanging a complete carrier, an operation which can be 
performed by remote handling. 

Cooling of the support structure is required to prevent 
overheating of the divertor coil epoxy. The present design of 
the coil and heat shields can withstand radiation from a 
350°C surrounding structure, as required for bake­out. The 
required cooling is modest, with an estimated maximum 
load of 15kW/m2. A water flow of 7kgs" · would be adequate 
with a 1.0°C film drop and a 2°C bulk temperature rise. 

The power handling capability of this design has been 
significantly improved, relative to Mark I, by maximising 
the total wetted area. The poloidal wetted length is increased 
by inclining the target plates to the poloidal flux surfaces, 
while the toroidal length is increased (by a factor of >2 for 
most magnetic equilibria), by using carefully aligned large 
tiles with small inter­tile gaps. The optimum tile length is 
determined by thermal bowing and lies between 15 and 
30cm, depending on the material properties. 

With the tolerances achievable in the present design, the 
sum of the step and angular tolerances amounts to an 
effective maximum step size of 0.7mm between the 15 ­
30cm long tiles, permitting the use of very small angles of 
incidence between the magnetic field and the target. Figure 
209 shows the power per leg which can be accommodated 
for a 1000°C temperature rise (above the pre­pulse tempera­

ture of about 350°C) for 5 and 10s pulses for two types of 
carbon fibre material, and for a 700°C rise for beryllium 
tiles. The 2­D CFC has been oriented with the matting in the 
plane defined by the vertical and toroidal directions, which 
maximizes thermal conduction away from the surface while 
minimizing bowing. From Fig.209, the inertially­cooled 
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Fig.209: Power handling capability of various 
JET divertor designs 

Mark II with C­tiles out­performs the hypervapotron ver­

sion for periods up to 10s for equilibria with field angles 
below 2°, and for a several seconds for higher field angles. 
The Mark I, hypervapotron Mark II, and inertially cooled 
Mark II can all be swept, with a resultant gain in power 
handling which is approximately proportional to the field 
angle of incidence. For a 4° angle, a factor of ~3 could be 
achieved. The Mark I and hypervapotron Mark II were 
designed to rely upon sweeping, while for most equilibria 
and plasma powers of interest, inerţial Mark II can operate 
without sweeping, as shown in the figure. In addition, the 
inerţial Mark II is expected to produce larger volumetric 
power losses, further increasing its advantage over the older 
designs. 

Conclusions 
The simulations, while preliminary, all tend to confirm that 
a closed divertor will function more effectively than an open 
one, which can be deduced from analytical divertor models. 
Although closing the divertor means reducing the SOL flow 
outside the divertor, the gains in power exhaust perform­

ance, through entrance into the high recycling/atomic phys­

ics regime, and the improved impurity behaviour seem to 
more than offset the effect of the reduced flow. 

The Mk II configurations, while differing from each other 
in performance, outperformed the more open Mark I in 
nearly every respect, at fixed input power and SOL midplane 
density. 

Mark IIA produced a relatively uniform plasma across a 
broad target, and is clearly a great improvement over Mark 

I. It is a relatively conservative design, which will be further 
optimized by moving the sidewalls closer, and perhaps 
increasing the height of the centre dome. 

Mark IIB is an example of a family of deeper slot 
geometries which is considered to be more "ITER relevant". 
Such geometries can be investigated in JET by raising the X­

point. Mark ΠΒ performs well in terms of divertor particle 
inventory, peak density, radiation per impurity atom, hydro­

gen radiation, and CX losses. However, the rather hot, 
rarefied outer layers of the divertor plasma allow the escape 
of more impurities than the "outward facing" designs such 
as Mark ΠΑ. 

From the limited number of simulations performed so far 
with the full multi­species version of the code, it seems that 
radiation from sputtered impurities will always be small for 
a high recycling, low temperature divertor. This suggests 
that injected impurities will be needed, a topic which should 
be investigated both computationally and experimentally as 
soon as possible. 

Divertor optimization is a difficult problem involving 
many factors. Further work will be undertaken on optimiza­

tion of the "deep" version of Mark II. This will include 
investigation of high dome­ and unbaffled­vertical target 
designs, as well as of the effect of puffing and pumping 
opening in the divertor walls. Simulation of He transport in 
the SOL and divertor for the various candidates will also be 
addressed. 

A technical conceptual design has been developed which 
has large wetted area to eliminate the need for sweeping. It 
allows various target plate geometries can be tested, with 
only a short machine intervention required to change the 
configuration. This permits the the investigation of the effect 
of geometry on divertor performance, leading to optimiza­

tion of a Next Step divertor. 
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Theory 
The purpose of theoretical work at JET is twofold; it aims to 
increase physical understanding of plasma behaviour in JET 
and hence predict theoretically the performance of future 
experiments; and it assists experimentalists and engineers 
with present problems. The main activities are described 
below in the areas of analytic and predictive theory. 

Analytic Theory 
Analytic theory has supported the experimental programme 
by detailed interpretation of JET discharges. Progress has 
been achieved in the areas of equilibrium calculations, of 
discharge identification with emphasis on fishbone events 
and on an ELM database, of stability analysis and MHD 
spectroscopy, of energetic particle effects, of transport and 
of plasma heating. In addition, assessment of plasma theory, 
in particular models for L­ to Η­mode transitions, has been 
undertaken. 

Equilibrium Reconstruction 
The results of equilibrium reconstruction form the backbone 
of theoretical analysis and an essential part of many diagnos­

tic systems in use at JET. The accurate determination of the 
magnetic field configuration close to the plasma boundary 
has become increasingly important in recent years, with the 
recognition of the pivotal role played by edge physics in 
determining the overall performance of tokamak fusion 
devices. Plasma boundary analysis will receive even more 
emphasis for the pumped divertor phase at JET. 

Methods (XLOC[ 1 ], FBC[2]) have recently been devel­

oped at JET which give an accuracy of ~lem in the plasma 
boundary position when compared with independent diag­

nostics such as the Langmuir probe and CCD camera at 
various positions around the boundary, and, in particular, 
with the X­point position. This has given confidence in the 
execution and interpretation of experiments where the posi­

tion of the plasma boundary has been a significant parameter 
under investigation. One result is the dependence of H­mode 
performance on X­point position relative to the vessel [3]. 

The magnetic reconstruction codes presently in use at 
JET are XLOC and FBC for the calculation of the plasma 
boundary, IDENTC/D and EFITJ being used for full equi­

librium reconstruction. XLOC is a 'local' expansion tech­

nique which is used routinely at JET. FBC, which was 
developed to provide accurate boundary data for IDENTD, 

R(m) 

Fig.210: XLOC boundary (solidcurve) superimposedona bound­
ary line computed by EFITJ for a 5MA (fat) pumped divertor 
configuration. Also shown are proposed magnetic diagnostics. 

uses global toroidal eigenfunctions. A version of XLOC has 
been implemented, which is used for real­time display of the 
plasma boundary during operation. The codes IDENTD and 
EFITJ make use of magnetic, pressure profile, Faraday 
rotation, motional Stark and q­profile data. These codes 
complement each other: IDENTD is a finite domain code for 
the vessel area only; whereas EHI J is an infinite domain 
code, which uses the poloidal field coil measurements as 
well. These codes have the ability to reconstruct accurate q­

profile information, such as negative shear [4], which is an 
important prerequisite for stability analysis. EFTTJ can 
additionally include finite edge current effects. 

The equilibrium analysis is presently being upgraded for 
use with the pumped divertor. EFITJ, XLOC and FBC 
already have versions which work for the pumped divertor, 
and IDENTD is being upgraded. The design of the magnetic 
field measurement system was performed using EFTTJ 
resulting in a substantial upgrading of the system giving 
better coverage around the plasma boundary, as shown in 
Fig.210. The use of XLOC (FBC) for real time shape control 
of the plasma boundary is also planned for the pumped 
divertor phase. 

m 



MHD Spectrum and Stability 
MHD spectroscopy (i.e. identification of ideal and dissipati ve 
MHD modes for the purpose of diagnosing tokamaks and 
optimising their stability properties), requires a numerical 
tool which accurately calculates the dissipative MHD spec­

tra for measured equilibria. The spectral code CASTOR 
(Complex Alfvén Spectrum for TORoidal Plasmas), to­

gether with the equilibrium solver HELENA [5], provides 
such a tool. A specific code, CSCAS [6], was developed for 
studies of the continuous part of the ideal spectrum. 

The interpretation of the MHD signals measured in coils 
outside the plasma requires the inclusion of a vacuum 
region. In collaboration with FOM Nieuwegein, The Neth­

erlands under an Article­14 contract [7] and two study 
contracts [8] and in collaboration with IPP Garching, Ger­

many, the resistive spectral code CASTOR was extended to 
a plasma­vacuum­wall system. It is found that the stabilis­

ing influence on the tearing mode, which can be very 
effective for modes in the plasma centre, is not effective for 
modes localised near the plasma boundary. In particular, it 
has been shown that resistive free­boundary instabilities can 
exist without an underlying ideal instability. 

The calculation of the vacuum solution was extended to 
take into account antenna currents in the vacuum region. 
This version of CASTOR computing the plasma response 
allows modelling of the excitation of global Alfvén waves, 
TAE, by utilising the saddle coils. The plasma response 
yields maxima at the frequency of global Alfvén modes, 
where the corresponding plasma damping is given by the 
width of these maxima. In this joint effort, CASTOR has 
been extensively applied to identify possible resistive MHD 
instabilities for the explanation of the ELM precursor and to 
analyse global Alfvén modes. The structure of the code 
allows for extension to other dissipative terms, such as 
thermal conductivity, a generalised Ohm's law and ener­

getic particle effects. 

Global Alfvén Waves 
Energetic particles preferentially destabilise global MHD 
modes, which experience no damping, i.e. are easily excited. 
Apart from the marginally stable internal kink modes, 
another branch, defined by the toroidicity induced Alfvén 
eigenmodes, is important. It has been argued that fusion 
bom alpha­particles can destabilise global Alfvén modes 
and, hence, are lost by the particle­wave resonance. 

Usually, the stable Alfvén branches exhibit continua 
corresponding to eigenmodes where every field line oscil­
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Fig.211: The radial dependence, s = (ψ/ψ)"2, of the Alfvén 
continua for the PTE (Pulse No: 26148) for n = J ,for parabolic 
density profile r(s) given by the solid lines and for constant density 
given by broken lines. The global Alfvén eigenmodes as computed 
by CASTOR are indicated by arrows showing TAE in the first gap 
and EAE in the second gap. The frequency Im(X) is normalised to 
the Alfvén frequency defined on the magnetic axis. 

lates with its own local frequency œA(r)=k;/vA(r). If a coher­

ent oscillation is enforced within such a continuum, e.g. by 
antenna excitation, this 'friction' yields resonant absorption. 
This effect accounts for the continuum damping. 

The toroidal curvature induces a poloidal mode coupling 
which is the strongest on rational surfaces, where the cylin­

drical continuum frequencies are at least four­fold degener­

ate. The effect of the mode coupling is to remove these 
degeneracies which gives rise to "avoided crossings" and, 
by consequence, to "gaps" in the continuous spectrum of 
finite aspect ratio tokamaks. The size of these gaps is 
proportional to the strength of the poloidal mode coupling. 
In addition global Alfvén waves exist with a frequency 
inside these gaps. The interaction of these gap modes with 
ideal continuum modes causes phase­mixing so that these 
modes are damped by resonant absorption. 

The Alfvén sub­spectrum of the PTE (Pulse No: 26148) 
are displayed in Fig.211. Two gaps are important, the 
toroidicity induced at ω Ι ώΑ~0.5 and the elongation in­

duced gap at ω Ι ώΛ~1.0. Here ώΑ denotes the character­

istic Alfvén frequency defined at the magnetic axis. Further 
gaps which are due to triangularity, etc, need not be consid­

ered. The width of the lowest gap decreases with increasing 
toroidal wave number as the radial position of maximum 



coupling gets nearer to the magnetic axis. The second gap 
does not experience such an aspect ratio dependence, (i.e, 
the gap remains wide). For this configuration, four discrete 
modes have been found, respectively, inside the toroidicity 
and elongation induced gap. Their frequencies are indicated 
inFig.211. 

The influence of the continuum damping has been stud­

ied quantitatively. The damping is computed in resistive 
MHD, where for asymptotically small resistivity, the damp­

ing is finite and independent of h. For a parabolic density 
profile (Fig.211), the gaps corresponding to the coupling of 
different m and m = m + 1 have the same width. Therefore 
the discrete Alfvén modes do not experience continuum 
damping except those at the bottom at CDA = 0.32 and 0.89 
(normalised to ώΑ ). For a high density pedestal near the 
plasma boundary, simulated by the extreme case of constant 
density (broken lines in Fig.211), the gaps are now shifted 
relative to each other.This yields finite damping. The mag­

nitude of this continuum damping strongly depends on the 
magnitude of the singular contribution. Numerical calcula­

tions imply that a weekly damped TAE mode has a damping 
of -γ/(ΰΑ = IO3 (as obtained for ωΑ=0.3ώΛ, for constant 
density). In contrast, a strongly damped TAE exhibits damp­

ing of (obtained for (ΰρί=1.0ώΑ, for constant density). 

Collisionless Magnetic Reconnection 
Collisionless reconnection ­ considered to be a fundamental 
process in Astrophysics ­ can be observed in JET plasmas 
close to thermonuclear breakeven conditions. In particular, 
due to the high temperatures which have been attained in 
recent experiments, this process is thought to occur during 
the relaxation phase of sawtooth oscillations. Magnetic 
reconnection can remain a virulent process at high tempera­

ture, contrary to predictions based on collisional models. In 
fact, for JET parameters, the initial growth rate of acollisional 
m = 1 tearing modes compares favourable with the observed 
sawtooth relaxation time. The nonlinear m = 1 mode evolu­

tion has not yet been clarified. Indications are that the ion 
Larmor radius plays an essential role in the nonlinear stage, 
where it limits the width of the ion flow channel around the 
reconnecting q = 1 surface. 

Nonlinear Model for Fishbones 
A simple heuristic non­linear model has been developed to 
study the fishbone repetition cycle. Including ion­diamag­

netic effects in resistive MHD two­fluid theory, an expres­

sion for the growth rate for the fishbone mode can be 
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Fig.2I2: Fishbone amplitude measured by a magnetic pick­up 
coil, mode amplitude and density of f ast ions calculated for η = 2. 

obtained [9]. The growth rate is proportional to the density 
of resonant super­thermal ions, and the mode decay is due to 
plasma resistivity. An equation for the density of the reso­

nant ions is obtained assuming that a constant source of ions 
is provided by auxiliary heating, and loss of fast particles is 
due to ergodization of fast particle orbits. In this model, the 
loss rate is proportional to the square of the mode amplitude. 

The following non­linear system of equations describes 
the evolution of the mode amplitude, A, and the density of 
fast ions, ni,: 

dA/3ί = ­γηΑ + YMHD{nh In^A 

dAnh/dt = Sh­YLncrilA
v 

YMHDÍS the ideal MHD stability parameter; γη is the 
resistive damping; Sh is the source of fast ions; and Tï/icrit is 
a measure of the fast particle loss rate. It is expected that 
1 < ν < 2; ν = 1 assumes a secular loss of the resonant ions, 
whilev = 2corresponds to losses following orbit stochasticity. 
The comparison with the experimental data shows good 
agreement with the model. Qualitatively the model predicts 
both bursts and continuous oscillations, and the observed 
relation between amplitude and the period of repetition of 
the bursts. A fit of the cycle solution with the experimental 
bursts is obtained for n = 2 (see Fig.212), suggesting that 
orbit stochasticity is the main loss mechanism. 

Ion Cyclotron Resonance Heating 
The time dependent PION­T code, which calculates ICRF­

power deposition and velocity distributions of resonating 
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Fig2¡3: Comparison between the calculated and measured 
anisotropic energy content for a JET discharge. 

ions, has been upgraded to take finite orbit width effects into 
account. The upgraded version, which is called PION­TO, 
is now run as part of the so­called secondary processing 
chain where the necessary input data are taken directly from 
the experimental data banks at JET. A comparison between 
code simulations and experimental results has been carried 
out. Figure 213 shows a comparison between the calculated 
and measured anisotropic energy content of the resonating 
ions for a JET discharge. Results from both a version 
without orbit effects (PION­T) and the version with orbit 
effects are shown. When orbit effects are neglected the 
calculated energy content becomes too large. With orbit 
effects included it is possible to simulate the time evolution 
of the anisotropic energy content fairly well. The reason for 
the lower energy content when orbit effects are included is 
the enhanced slowing down the fast ions experience when 
they reach out to colder parts of the plasma. The good 
agreement for the anisotropic energy content gives further 
support to the claim that the fast ions slow down classically. 
Furthermore, the non­thermal neutron yield from (D­D) 
reactions, caused by second harmonic heating of deuterium, 
during hydrogen minority heating in deuterium has also 
been simulated. Fairly good agreement between the calcu­

lated and measured yield can be obtained provided the 
hydrogen concentration, the only input quantity for which 
there are no reliable measurements, is suitably chosen. 

Particle Turbulent Transport 
Particle transport is conveniently analysed in the test particle 
approximation. In this limit, the effect of the particle motion 

on the bulk plasma is neglected. The condition for the 
applicability of this approximation is that the total charge of 
the particles belonging to a given class is much smaller than 
the total electron charge. A typical example oftest particles 
occurring in JET experiments are diluted impurities, like 
those produced by laser blow­off. 

The theoretical analysis of the ion motion takes advan­

tage of the fact that, for almost any situation (including 
MHD), one needs to know only the electric component of the 
electromagnetic field (the only significant exception being 
the motion in a magnetostatic field like the ripple). In this 
framework, the numerical study of the motion of test parti­

cles in a given two­dimensional Ε χ Β field has been carried 
out, with the specific task of assessing the validity of various 
analytic approximations to the particle diffusivity [10]. The 
results are expressed in terms of the only dimensionless 
parameter of the problem, the quantity Κ = VEXCAC (Kubo 
number) where VE is the r.m.s. drift velocity and t c and Xç are 
the correlation time and the correlation length of the turbu­

lent field, respectively. As expected, the quasilinear theory 
is recovered in the regime K « l , where the diffusivity D 
scales like D ~ K. In the opposite limit K » 1, the asymptotic 
scaling D ~ K­°­20± 0.04 ¡s obtained. 

The actual comparison with the measured impurity diffu­

sivity requires good experimental knowledge of the spec­

trum of the electric field fluctuations. Alternatively, the 
spectrum can be derived theoretically. This has been carried 
out recently for a simplified model of plasma turbulence 
[ 11 ]. In that case, the associated test particle diffusivity must 
be calculated in the regime of large Kubo numbers. How­

ever, more realistic models of plasma turbulence require 
extensive numerical analysis. To this extent, an assessment 
of the state of the art of the numerical simulations of reduced 
fluid models of plasma turbulence has been carried out [12]. 

Predictive Theory 
Activity in predictive theory was directed towards two main 
areas: 

• development, validation and predictive use of codes 
and models for the simulation of the edge plasma; 

• development and validation of transport models for 
the simulation of the plasma inside the last close flux 
surface. 

A considerable amount of work was dedicated to the 
analysis and interpretation of experimental data in the Trans­

port and Fluctuations area and is described in that section of 
the Report. 
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Modelling Edge Plasma Physics 
Code and Model Development 
The code EDGE2D was extended to include the treatment of 
impurities. All the ionization stages of an impurity can now 
be followed by the code taking into account self-consistently 
sputtering at the walls, via the Monte Carlo code NIMBUS 
dealing with all kinds of neutral species and radiation. A 
simplified approach based on an average charge impurity 
ion is also available in the code. Beryllium and carbon have 
been considered so far but the extension to other species is 
straightforward. 

To treat correctly divertor targets with an arbitrary incli­
nation with respect to magnetic field lines, an updated 
version of the code (EDGE2D/U) was written with an 
implicit nine-point finite difference discretization scheme. 

In addition, a new 2D code, EDGE2D/N, was set up to 
investigate basic physics phenomena in a divertor, such as 
relative roles of transport and atomic physics. EDGE2D/U 
can treat a straight divertor channel with plates orthogonal to 
the poloidal magnetic field lines, avoiding complications 
related to the real geometrical configuration. A very accu­
rate Newtonian method is used to solve the difference 
equations, and a diffusion approximation, much faster than 
the Monte Carlo approach, is used for the neutral species. 

The standard five moment set of Braginskii transport 
equations in one version, the EDGE ID code, was extended 
to a 13-moment description with the parallel viscosity tensor 
and parallel heat flux treated as independent variables. The 
21-moment classical transport coefficients, previously im­

plemented in EDGE ID and EDGE2D only for cases with 
low impurity density, were extended to allow for arbitrary 
impurity densities. Such code and model development is 
described in Refs [13-15]. 

Model Validation 
During the last experimental campaign, a series of experi­
ments was performed, using either Be or C target tiles. The 
experiments were designed to scan parameters, such as the 
level of power, the density in the scrape-off-layer (SOL) and 
the position of the magnetic X-point that had been shown by 
results of edge plasma modelling to be important in deter­
mining the production and retention of impurities in a 
divertor. Comparisons of experimental results and 
simulations have been carried out for a series of discharges, 
using both EDGE 1D and EDGE2D. Results obtained so far 
have shown a satisfactory agreement between the predicted 
trends of temperature and density at the target plates and 
experimental observations [16-18]. An example is given in 
Fig.214 [18]. 

In addition, results from the simulation have proven to be 
very useful to resolve inconsistencies between experimental 
results from different diagnostics, e.g. temperature meas­
urements from fixed probes at the 'divertor' targets and 
reciprocating probes in the SOL away from the targets. 
While much more experimental, theoretical and computa­
tional work is required to develop validated edge plasma 
models, the work carried out so far at JET is a good starting 
point in this field and shows that the existing models are at 
least not in contradiction with experiments and be used, with 
caution, to support design work related to the JET and ITER 
divertors. 

Divertor Simulations 
The EDGE codes were extensively used to simulate the 
performance of the JET pumped divertor. In particular, 
various "advanced" geometries for the divertor were studied 
for the second phase (Mark II) and compared with predic­
tions for the first phase (Mark I). For Mark II configurations, 
a "slot" design and a baffled vertical plate design were 
considered, showing the advantages of configurations more 
closed to recycling neutrals with respect to Mark I, in 
minimizing the impurity content in the SOL outside the 
divertor, since: 
a) lower temperature and higher densities can be obtained 

in the divertor reducing the impurity production and 
favouring the friction force keeping impurities in the 
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divertor region with respect to thermal forces pushing 
them out; 

b) the sputtering of impurities by neutrals outside the 
divertor is reduced. 

In addition, the Mark II configurations have more favour­

able power density deposition profiles at the targets, thus 
reducing or eliminating the need for sweeping. The possi­

bility of obtaining a highly radiating divertor plasma was 
explored, showing that a key parameter in this respect, as 
well as for the entrenchment of impurities on the divertor, is 
the power per particle entering the SOL. Results so far show 
that beryllium alone is unable to produce the required level 
of radiation in the Mark I configuration. The Mark II 
configurations and other impurity species are presently 
being studied. 

An interesting result of these predictive calculations, still 
to be tested experimentally, is that the density decay length 
at the targets (and also as far away from the targets as in the 
midplane zone) depend strongly on the inclination of the 
plates [13]. However, this geometry effect is counteracted 
by enhancing the anomalous perpendicular particle trans­

port. Only further experimental work and simulations will 
possibly determine the edge transport coefficients with 
sufficient accuracy to allow satisfactory predictions. So far, 
only sensitivity studies of divertor performance to various 
model assumptions have been possible. Results on divertor 
modelling have already been published [18]. 

Energy Transport Models 
As a result of simulations and local transport analysis carried 
out with the predictive 1'/ D transport code JETTO, new 
energy transport model of the Bohm type were developed. 
They are very simple and depend on two (or at most three) 
non­dimensional local quantities, but still possess the global 
and local energy confinement properties observed experi­

mentally in L­mode discharges. 
Recent results of local transport analysis in various 

devices, such as JET, TFTR and DIIID, indicate that a local 
energy transport model of the Bohm type should allow the 
best description of transport phenomena of experiments 
devised todetermine the dependence of these coefficients on 
plasma quantities, by keeping non­dimensional local plasma 
parameters constant or by changing them in a controlled 
way. Thus the thermal conductivity c is conveniently 
written as: χ = (cT/eB0)F, where the Bohm transport coeffi­

cient is written in terms of the toroidal magnetic field Bo and 
F is a function of non­dimensional local quantities, such as 

the plasma β, the safety factor q or the shear parameter s, but 
does not depend on the nomalised gyroradius p*. The 
number of possible non­dimensional variables in F can be 
represented by a simple combination in the function F of 
only two (or at most three) parameters, by choosing: 

F = α r q2/Lp or F = α q2/(LpS) 
where α is a number, Lp is the scale­length of variation of 

the pressure and s is the shear parameter. 
The global energy confinement properties of the coeffi­

cients proposed can be derived analytically, showing that 
these are close to those of the so called 11ER89 scaling law. 
Taking into account the linear dependence of χ on the 
temperature gradient, it is found, that, in steady­state and in 
the absence of sawtooth activity, the thermal energy con­

finement time is approximately given, by: 

xocRMip-WnWZBo-"
2 

It can also be shown that a dependence of the global 
energy confinement on the internal inductance £¡ close to the 
one observed experimentally is implied by the coefficients. 
The code JETTO was used to test the local transport prop­

erties of the coefficients by simulating JET discharges. The 
discharges to be simulated were chosen as being representa­

tive of the main transport features of L­modes. 
The simulations include: 
• p* scaling experiments testing the Bohm type nature 

of themodel; 
• current ramp experiments, testing the dependence of 

χ on the current density distribution; 
• off­axis heating experiments, testing the resilience of 

electron temperature profiles predicted by the model. 
Computed and experimental results are in good agree­

ment in all cases showing that these simple energy transport 
coefficients are a valid starting point for the derivation of a 
more complete local transport model of the Bohm type to be 
used for predictions and comparisons with results obtained 
with existing models of the gyro­Bohm type. 

An assessment of various published versions of theo­

retical electron and ion energy transport models was 
completed in collaboration with AEA Technology, Culham 
Laboratory, UK. The models were tested against JET 
experimental results using the interpretive transport code 
FALCON. The aim of the study was to establish a basis 
for the development of a satisfactory, theory­based trans­

port model. However, the results obtained indicate that 
none of the models considered, gyro­Bohm or resistive 
MHD type, describe the experimental observations with 
sufficient accuracy. 
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Summary of Scientific 
Progress 

The 1992 experimental campaign essentially sought to 
extend and complete the experimental investigations ad­

dressed during the 1991 campaign. As outlined in the 1991 
Progress Report, the major themes of the programme during 
the period 1991­1992 were: 
(i) to exploit new facilities (such as the continuous X­point 

targets, improvements in the poloidal field circuit, 
enhancements to heating systems and new diagnostics); 

(ii) to advance understanding in several key areas of toka­

mak physics (such as energy and particle transport, 
impurity production and transport, magnetic topology 
and Η­mode physics); 

(iii) to improve fusion performance; 
(iv) to address issues central to the Pumped Divertor and to 

Next Step devices; 
(v) to complete certain experiments relevant to the belt 

limiter configuration. 
Since many of the experiments relevant to themes (i), (iv) 

and, in particular, (iii) were completed in the 1991 cam­

paign, these had a lower priority in the 1992 experiments. 
This permitted more time to be allocated to experiments 
designed to improve physics understanding in several areas 
and to experiments aimed at completing the programme of 
studies utilizing the belt limiter. Nevertheless, significant 
advances in pumped divertor and Next Step issues were also 
made. 

The major constraint on the programme during this 
period was the requirement to limit neutron production, in 
order to minimize vessel activation at the start of the current 
major shutdown. Since much of the vessel activation had 
been contributed by the first tritium experiment, inevitably 
neutron production had to be strictly controlled. While this 
limited the duration of experiments at the highest power 
levels, it did not prevent significant advances being achieved 
in several areas. This review concentrates on those areas 
where significant new results were obtained during the 1992 
experiments. 

Tokamak Physics Studies 
Energy and Particle Transport 
A range of experiments has been performed to study the 
detailed behaviour of local energy transport and to investi­

gate the underlying processes responsible for this behaviour. 
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Two of the most recent experiments involved the study of 
plasmas with negative temperature gradients in the plasma 
core and the analysis of dimensionally similar plasmas. In 
the first, off­axis ICRF heating was applied to a discharge 
following pellet injection. This established a plasma with 
negative values of nVT in the plasma core. By analyzing the 
subsequent evolution of profiles in such plasmas, it was 
possible to determine whether a simple diffusive model in 
which the thermal diffusivity is a function of the local values 
of electron temperature and its gradient provided an ad­

equate description of thermal transport in JET. It was found 
that this was indeed the case and that the contribution of a 
heat pinch term must be very small. 

Non­dimensional scaling experiments aimed to ex­

plore the processes responsible for anomalous thermal 
transport, by comparing local thermal transport coeffi­

cients in plasmas, in which selections of fundamental 
parameters, such as β, ν* or ρ*, were held constant while 
another was varied. Studies in JET focussed on the iden­

tification of the variation of local transport with normal­

ized local Larmor radius, p* (=Pi/a), since this should 
permit the scale­length of the turbulent processes involved 
in anomalous transport to be calculated. In these experi­

ments, which utilized on­axis ICRF heating (to maintain 
a constant heating profile) at several magnetic fields, the 
variation of local radial heat flux in the various discharges 
was best described by a model in which the local thermal 
diffusivity did not depend on the normalized Larmor 
radius ­ the so­called Bohm scaling. 

The experimental difficulties inherent in determining 
particle transport coefficients have restricted the depth of 
understanding of particle confinement. However, it is 
known that particles are confined more effectively in JET 
plasmas than is energy. Moreover, it is emerging that the 
control of particle fluxes may be a more severe problem in 
Next Step devices than the achievement of high energy 
confinement. Not only must the fuel concentrations be 
controlled, but impurities must be screened and helium 
must be efficiently exhausted to prevent fuel dilution. In 
spite of its importance for maintaining ignition, little 
quantitative data exists on this last problem, but recent 
studies have yielded some insight. 

Experiments have been performed in sawtooth­free 
plasmas, in both L­ and Η­modes, utilizing helium neutral 
beam injection. Local measurements of the helium density 
profile can be derived from active charge exchange re­

combination spectroscopy (CXRS), although the com­

plexities of analyzing the emission spectrum are consider­

able and the resultant uncertainties great. Nevertheless, it 
was observed that, in L­mode discharges with helium 
NBI, the helium density profile could be simulated using 
a diffusion coefficient of 0.3±0.1 m2s'. However, the 
decay of the helium density profile following the termina­

tion of central helium fuelling, required a diffusion coef­

ficient, which was a factor of 4­5 larger. The source of this 
discrepancy is not understood, but the non­stationary 
plasma conditions may be relevant. In Η­modes, it was not 
possible to establish a helium density profile with measur­

able peaking, indicating that particle fluxes in the bulk 
plasma must be large. Therefore, in such a situation, 
helium exhaust is expected, to be dominated by edge 
transport, which cannot be addressed adequately in the 
present JET configuration. However, the active pumping 
expected to be available in the divertor phase should 
permit a more thorough investigation of this question. 

Η­Mode Studies 
Η­modes in JET are usually ELM­free and this leads to 
monotonically rising density and radiation, which causes the 
Η­mode to collapse on a rimescale of 3­5s. It is recognized 
that for Next Step devices it will be necessary to establish a 
long­pulse steady­state Η­mode and that this will most 
probably be achieved by utilizing regular ELM activity to 
degrade the edge confinement barrier. In JET, it has been 
possible to establish such a regime for periods of up to 18s 
by combining moderate to high power heating (ICRH and 
NBI) with gas­puffing at rates of ~50­100mWs '. In this 
regime, the majority of plasma parameters, e.g. density, 
temperatures, energy, fusion yield, impurity content and 
radiation could be maintained in quasi­steady state. 

It was found that energy confinement was generally in the 
range of 1.4­1.7 times that predicted by the Goldston L­

mode scaling, so that, as anticipated, some degradation of 
energy confinement accompanies the degradation of parti­

cle confinement, which permits the maintenance of the 
steady state. It was also observed that large amplitude MHD 
activity could grow and that this was related to the total input 
power, the problem being more severe at lower power. This 
MHD activity was responsible for the degradation from 1.7 
to 1.4 times Goldston L­mode scaling observed in the 
longest Η­modes. Furthermore, ICRF heating was applied 
significantly off­axis in these experiments to reduce the 
influence of sawtooth activity on edge MHD and this is also 
expected to contribute part of the degradation of energy 
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confinement relative to ELM­free Η­modes. An additional 

important observation was that during the last few seconds 

of the Η­mode, the plasma density started to rise, indicating 

that wall­pumping had saturated and that further extension 

of this regime in time would require active pumping. 

Experiments have been performed to investigate the 

change in edge conditions associated with the L­to­H 

transition. In particular, the change in ion collisionality at 

the plasma edge associated with the transition has been 

investigated using local measurements of ion temperature 

obtained from a new, high resolution edge CXRS diagnos­

tic. In a sequence of sawtooth­free plasmas (to eliminate 

the tendency of sawtooth heat pulses to trigger the H­mode 

transition), the Η­mode transition was increasingly de­

layed relative to the start of additional heating as the target 

density fell. More significantly, increasing delay until the 

Η­mode transition correlated with decreasing normalized 

ion collisionality, in contrast to predictions derived from 

certain theories of the L­to­H transition, which are based 

on the model of a change in edge poloidal velocity shear 

resulting from an increasing radial electric field gradient 

in the plasma edge. 

MHD Stability 
The discovery of the phenomenon of 'monster' sawteeth, in 

which sawteeth are stabilized by central heating with ICRF 

or NB power, has stimulated extensive experiments to 

clarify the underlying stabilization mechanism. This has led 

to the development of the idea that sawteeth can be stabilized 

by a population of energetic particles which are accelerated 

by ICRF waves or by NB injection. This theory predicts that 

stabilization is associated with a peaked profile of fast 

particles within the q=l surface, but that the m=l mode 

becomes more unstable as the q=l radius expands, as can 

occur due to resistive diffusion of the current profile. Recent 

experiments have investigated this prediction by switching 

off the ICRF heating at varying times during sawtooth­free 

periods, to observe the delay until a sawtooth collapse 

occurs. To relate the experimental observations to theory, 

polarimetrie measurements of the evolution of the q=l 

radius and magnetic measurements of the fast particle 

content have been used to construct a model of the behaviour 

of these critical quantities during the ICRF pulse. On this 

basis, these experiments have shown that the behaviour of 

the delay from RF switch­off until the sawtooth collapse is 

consistent with that expected from the fast particle 

stabilization theory. 

Pumped Divertor and 
Next Step Physics Studies 
Pumped Divertor Studies 
Considerable efforts have been made during the campaign 

to establish an experimental database for the validation of 

the modelling of the Pumped Divertor. Detailed experi­

ments have studied, for example, divertor impurity reten­

tion, the effects of the ion VB­drift and the relative merits of 

carbon and beryllium as divertor target materials. A key 

experiment has been the attempt to establish a 'gas target', 

or radiative divertor plasma. The requirement for such an 

approach arises from the excessive power densities, in 

excess of lOMWnv2, to which divertor targets in Next Step 

devices will be exposed unless a substantial fraction of the 

power efflux is radiated. The constraints on bulk plasma 

impurity concentration, plasma density and MHD stability 

imply that most of this radiation will have to occur outside 

the separatrix (i.e. in the divertor). 

The most successful attempts to establish a radiative 

divertor utilized the beryllium target in a single­null X­point 

configuration. In the majority of experiments, a prepro­

grammed gas­puff was applied from the commencement of 

additional heating and was increased with increasing heat­

ing power. For example, over the range 12 to 22MW, the 

gas­puff rate was increased from 180 to 360mb¿s'. The 

regime could be maintained in a stable state with less than 

1MW of power conducted to the divertor if the gas­puff rate 

was subsequently reduced to that required to replace parti­

cles lost by wall pumping. Quasi­steady state operation was 

demonstrated at powers of up to 22MW and for pulse lengths 

of up to 4s. In a more advanced scenario, a control loop was 

established using thermal radiation from the divertor target 

to maintain the gas­puff rate. This permitted the gas target 

regime to be brought under feedback control. The demon­

stration of this regime is of major significance for the 

development of reactor­relevant scenarios. However, to 

date, it has not been possible to combine the radiative 

divertor with high confinement Η­modes, since the bulk 

plasmas in these discharges either remained in the L­mode 

or exhibited ELMy Η­mode behaviour with a confinement 

enhancement factor of 1.4. 

Toroidal Field Ripple Experiments 
Establishing the acceptable amplitude of toroidal field ripple 

for a tokamak reactor is fundamental to the design of a Next 

Step tokamak. By operating JET with 16 (rather than 32) 

toroidal field coils, it was possible to compare plasma 
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performance with theoretical predictions, particularly in 
relation to fast particle confinement. Experiments were 
performed in L­ and Η­mode, using ICRF and NB heating 
in plasma configurations with 16 and 32 coils. In the former 
case, the edge toroidal field ripple was 15%, while in the 
latter less than 1%. 

In L­mode plasmas with 16 coils, central ion heating with 
NB injection was reduced relative to plasmas with 32 coils 
and the efficiency of ICRF heating fell significantly as the 
minority ion resonance was moved to larger major radius. 
Both effects led to a significant degradation of energy 
confinement with 16 coils compared to the 32 coil case. 
Moreover, it was observed that, in the former case, the 
plasma rotation was suppressed across the entire plasma. 
The reduction of fast particle confinement due to the en­

hanced ripple, as measured either by triton bum­up measure­

ments or neutral particle analysis, was in line with expecta­

tions and fast ion spectra were in agreement with the 
predictions of stochastic ripple diffusion theory. However, 
in NB­heated L­mode discharges, a loss of 30% of stored 
energy was observed for the 16 coil case. This is larger than 
that expected on the basis of beam fast ion losses and is not 
understood. 

A striking difference in Η­mode behaviour between the 
16 and 32 coil cases was also observed. Whereas, with 32 
coils, ELM­free Η­modes with high energy confinement 
could be achieved readily at NB powers of 1.5MW, only 
ELMy Η­modes could be obtained with 16 coils, even at NB 
powers as high as 12MW. The energy and particle confine­

ment of these Η­modes was significantly poorer than in the 
32 coil plasmas. It is believed that enhanced fast ion trans­

port due to the loss of ripple well trapped ions may be 
responsible, since this would not permit a high edge tem­

perature gradient to develop. 

ment of these discharges is good, with total stored energies 
of up to 12MJ being achieved (close to the highest H­mode 
value of 12.7MJ). 

In addition to their significance as a technical achieve­

ment, these experiments provided an opportunity to explore 
how energy confinement varied with plasma current at 
currents beyond those previously explored in tokamaks. As 
ς ψ is close to 3 (~3.3) they also permit the influence of the 
large sawtooth inversion radius to be investigated. By 
comparing the thermal energy confinement with that ob­

tained in similar 5 and 6MA limiter plasmas, it was shown 
that, at the highest powers the stored energy increases with 
plasma current. Moreover, the stored energy increases lin­

early with power and the offset term (PiOss=0) is small. At the 
highest powers the energy confinement of these discharges 
is in line with that expected on the basis of common scaling 
laws (e.g. Goldston, 1TER­P). Analysis of local transport 
finds that the thermal diffusivity outside the sawtooth region 
is independent of power. In addition, comparison with the 
results of modelling based on Rebut­Lallia scaling shows 
that this model gives good agreement with profile and global 
plasma parameters for the high power experiments. 

The major problem observed during these experiments 
lay in the domain of power handling, Since the plasma 
position could not be optimized to share power between the 
beryllium and carbon limiters (since the plasma­wall clear­

ance at the top and bottom of the vessel was insufficient), 
substantial melting of the beryllium limiter occurred in high 
power experiments. As a result, relatively poor values of 
rWne were obtained, the plasma density was high and the ion 
temperature was low. Therefore, the best value of the fusion 
triple product produced at 7MA current was n¡(0)T¡(0)XE 
~lxl020m~3keVs, substantially below the best values 
achieved in 3MA Η­mode plasmas. 

7MA Limiter Plasmas 
Although 7MA plasmas were first produced several years 
ago, recent improvements in the design of the vessel protec­

tion tiles and the advances made in disruption control during 
the present programme have increased the margin of safety 
for high current operation and have allowed more extensive 
experimentation at 7MA than had previously been possible. 
Significant progress has been made as a result. The flat­top 
duration of 7MA plasmas has been extended to nearly 9s, by 
employing LHCD and additional heating to reduce flux 
consumption, and additional heating experiments have been 
carried out at total powers of up to 28MW. Energy confine­

Conclusions 
The experiments described are the highlights of the last 
few weeks of the 1991/1992 experimental programme. 
During the 1991 /1992 campaign, experiments have ranged 
over wide areas of tokamak physics. The programme for 
this period, the final experimental period before the major 
upgrade to the pumped divertor phase, encompassed sev­

eral objectives, all of which were successfully accom­

plished. Amongst the major achievements of this cam­

paign were: the first demonstration of the use of tritium in 
a tokamak and the production of 1MW of fusion power; 
the performance of extensive high power heating experi­
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ments at 7MA; the demonstration of high current (2MA) 
AC operation of the tokamak; the detailed comparison of 
carbon and beryllium as divertor target materials and an 
extensive exploration of divertor physics; the investigation 
of the effect of large field ripple on thermal and fast particle 
confinement; the attainment of long pulse operation in both 
L­ (60s) and Η­modes (18s); and the demonstration of 
minority ion current drive using an ICRF phased array. 

In addition, a wide range of tokamak physics issues has 
been addressed, covering fundamental processes influenc­

ing energy and particle transport. MHD stability and the H­

mode transition; exploring the limits of ßp and ßt in toka­

maks and the processes which limit the values attainable; 
optimizing the efficiency of RF (LHCD and ICRF) current 
drive; exploiting current profile modifications to influence 
MHD stability; and investigating the parameters which 

influence the performance of the divertor in terms of power 
handling and impurity screening. 

These studies have significantly advanced knowledge of 
tokamak physics and have improved technological capabili­

ties, laying the foundation for a successful transition to the 
new phase of JET, which will exploit the pumped divertor to 
address key questions relating to the control of heat and 
particle exhaust and of impurity influxes. 

Progress towards a Reactor 
During the 1991/92 campaign, significant progress was 
made in determining the conditions required in a reactor. 
By using tritium, it had been possible to check predictions 
made in previous years concerning the power output and 
to assess whether the thermonuclear Q in JET with a D­T 
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mixture were actually valid. In particular, the tritium 
experiments enabled detailed checks of computer codes 
used in predictions of D­T performance. The outcome was 
that indeed the previous code predictions of QDT close to 
breakeven have been fully justified. During 1992, further 
analysis of the high performance discharges obtained 
during the first tritium series of experiments was com­

pleted. The overall picture was unchanged with the hot­

ion Η­mode plasmas having the highest QDD (5x 103) and 
the extrapolated QDT was 1.14. 

In early 1992, a series of 7MA limiter L­mode plasmas 
with high power combined ICRF and NB heating was 
developed. Although these pulses achieved a high stored 

energy (­12MJ) the noT^E was <1.4xl020rrr3keVs at a 
temperature of 4.5keV. The main problem encountered was 
the high impurity levels giving rise to a low deuterium 
concentration no/ivcO.5. 

The actual preliminary tritium pulses had a somewhat 
lower QDT than the highest values obtained. The actual 
equivalent value QDT was 0.46. This was due to the reduced 
value of the fusion product nDT¡xE in these particular pulses 
caused by the early onset of the "carbon bloom". The nDT¡TE 

values of the high performance pulses in both impure 
deuterium and in the D­T pulses are compared in Fig.215 
with data from other machines to illustrate the progress that 
has been made over the last 30 years. 





DEVELOPMENTS AND FUTURE PLANS, 

Developments and Future Plans 

In 1978, the original objectives of JET were set out in the JET 
Design Proposal, EUR­JET­R5, as follows: 

'The essential objective of JET is to obtain and study 
a plasma in conditions and dimensions approaching 
those needed in a thermo­nuclear reactor. These 
studies will be aimed at defining the parameters, the 
size and the working conditions of a Tokamak reactor. 
The realisation of this objective involves four main 
areas of work: 
i) the scaling of plasma behaviour as parameters 

approach the reactor range; 
ii) the plasma­wall interaction in these conditions; 
Hi) the study of plasma heating; and 
iv) the study of α­particle production, confinement 

and consequent plasma heating. 
The problems of plasma­wall interaction and of 

heating the plasma must, in any case, be solved in 
order to approach the conditions of interest. 

An important part of the experimental programme 
will be to use JET to extend to a reactor­like plasma, 
results obtained and innovations made in smaller 
apparatus as a part of the general tokamak pro­

gramme. These would include: various additional 
heating methods, first wall materials, the control of 
the plasma profiles and plasma formation. ' 

At the start of 1992, the Project had almost completed its 
planned Phase III ­ Full Power Optimization Studies. The 
general objectives of the experimental programme were to 
optimize performance and to explore the domain of high 
performance plasmas, studying aspects of plasma physics 
and engineering including: profile and heating effects; ex­

haust phenomena; and divertor edge physics. Priority was 
given to study of the power and energy handling capability 
of newly installed plasma facing components in regimes 
relevant to the Next Step and to the New Phase of JET. 

Extensive studies had been made in the first and third 
areas of work of JET's objectives: reactor relevant tempera­

tures (up to 30 keV), densities (up to 4 χ 10 2^ ­ 3 ) and energy 
confinement times (up to 1.7s) had been achieved in separate 
discharges. The second area of work had been well covered 
in the limiter configuration for which JET was originally 
designed. However, the highest performance JET discharges 
had been obtained with a 'magnetic limiter', (or X­point 
configuration). The duration of the high performance phase 
of these discharges exceeded 1.5s; this was achieved by 
careful design of the targets and specific operation techniques, 
but is limited, ultimately, by an unacceptably high influx of 
impurities, characterized by a rapid increase in electron 
density, effective ionic discharge and radiated power (referred 
to as the 'bloom'). 

The fourth area of work had been started by earlier 
studies of energetic particles produced as fusion products 
or by ion cyclotron resonance heating (ICRH). It was 
addressed further during 1991 by the first tokamak plasma 
experiments in deuterium­tritium mixtures. The high 
performance achieved in deuterium discharges, together 
with the experience gained in making substantial modifi­

cations to JET in a beryllium environment and with 
significant vessel activation, gave confidence that an 
experiment with about 10% tritium in the plasma could be 
performed and would provide data that could be used to 
plan an effective campaign of deuterium­tritium experi­

ments in 1996. 
During 1991, the JET Council had approved the policy of 

a step­wise approach to the introduction of tritium in ad­

vance of the full D­T phase of JET operations. As a first such 
step, after having obtained all necessary regulatory approv­

als, JET successfully carried out a preliminary tritium ex­

periment (PTE­1 ) in November 1991 (as already described). 
A release of fusion energy in the megawatt range in a 
controlled fusion device had been achieved for the first time 
in the world. 



The most recent experiments on JET achieved plasma 
parameters approaching breakeven values for about a sec­

ond, resulting in large bursts of neutrons. However, in spite 
of the plasma pulse continuing for many seconds after 
reaching peak plasma values, the neutron count fell away 
rapidly as impurities entered the plasma and lowered its 
performance. This limitation on the time for which the near­

breakeven conditions could be maintained is due to the 
poisoning of the plasma by impurities (the 'bloom'). This 
has further emphasised the need to provide a scheme of 
impurity control suitable for a Next Step device. 

At its meeting on 19th December 1991, the Council of 
Ministers adopted Decisions concerning the Euratom Fu­

sion Programme in the period to the end of 1994 and a 
modification to the Statutes of JET, which prolonged its 
statutory lifetime by four years until 31st December 1996. 
The extension will allow JET to implement the new Pumped 
Divertor Phase of operation, the objective of which is to 
establish the effective control of plasma impurities in op­

erating conditions close to those of the Next Step. This 
• programme of studies will be pursued before the final phase 

, ; :,of MJ D­T operations in JET. 
During 1992, a large proportion of JETs effort was 

devoted to shutdown work for the new pumped divertor 
■phase of operations. The first stage of the shutdown in 1992 
involved removal of components and replacement of faulty 
toroidal magnetic field (TF) coils. The second stage involves 
assembly of the four divertor coils and casings inside the 
vacuum vessel and this was in progress at the end of the year. 
It is believed to be the first time that a full manufacture and 
assembly of coils has been undertaken in such a confined 
space, and the work is being done to demanding standards to 
ensure the highest reliability during subsequent operations. 
Intensive design and procurement activities for the pumped 
divertor components to be installed in the third stage of the 
shutdown have continued. 

Present achievements show that the main objectives of 
JET are being actively addressed and substantial progress 
is being made. The overall aim for JET can be summarised 
as a strategy "to optimise the fusion product (n¡T¡TE). For 
the energy confinement time, τΕ, this involves maintaining, 
with full additional heating, the values that have already 
been reached. For the density and ion temperature, it 
means increasing their central values n¡(0) and T¡(0) to 
such an extent that D­T operation would produce alpha­

particles in sufficient quantities to be able to analyse their 
effects on the plasma. 

The enhancements to JET aim to build up a high density 
and high temperature plasma in the centre of the discharge 
(with minimum impurity levels) where alpha­particles could 
be observed, while maintaining an acceptably high global 
energy confinement time TE­ The mechanisms involved are 
to decouple the temperature profile from the current density 
profile through the use of lower hybrid current drive and 
neutral beam injection to ensure that, at higher central 
temperatures, the current density in the centre does not reach 
the critical value that causes sawteeth oscillations. 

This involves the following: 
a) Increasing the Central Deuterium Density nD(0) by: 

• injecting deuterium pellets and high energy deuterium 
beams to fuel the plasma centre and dilute impurities; 

• injecting pellets to control the influx of edge material; 
• stabilising the m=2, n= 1 magnetic oscillations present 

at the onset of a disruption with magnetic perturbations 
produced from a set of internal saddle coils which will 
be feedback controlled; 

b) Increasing the Central Ion Temperature, T.(0) by: 
• trying to lengthen the sawtooth period; 
• controlling the current profile (by lower hybrid current 

drive in the outer region, and by counter neutral beam 
injection near the centre) to flatten the profile; 

• on­axis heating using the full NB and ICRF additional 
heating power (24MW, ICRH, and 20MW, NB) 

c) Increasing the Energy Confinement time τΕ by: 
• increasing to 6MA the plasma current in full power, 

Η­mode operation in the X­point configuration; 
d) Reducing the impurity content, by: 

• using beryllium as a first­wall material to decrease the 
impurity content; 

• controlling new edge material by using the pumped 
divertor configuration. 

In parallel, preparations for the full D­T phase of opera­

tions have continued. In particular, JET has completed 
installation of all the main components of the active gas 
handling system and commissioning is underway. At the 
end of the shutdown, JET will be in a position to begin its 
programme of operations to demonstrate effective methods 
of power exhaust and impurity control in operational condi­

tions close to those envisaged for ITER before the final 
phase of full D­T operations. ITER relevant studies will 
provide stimulation to JET and JET's results will make an 
important contribution to the development of the ITER 
design. The following sections describe various develop­

ments underway on JET to implement these systems. 
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Current Drive and 
Profile Control 

The main objectives of current drive and profile control 
remain: 

• to suppress sawtooth activity and to benefit from 
higher core reactivity by sustaining peaked profiles of 
both density and temperature; 

• to modify local values of the current gradient and 
improve energy confinement in the plasma centre; 

• to assess the efficiency required for non­inductive 
operation of large tokamaks. 

At the 1992 IAEA Conference on Plasma Physics and 
Controlled Nuclear Fusion Research (Würzburg, Germany), 
all major experiments, including JET, presented data show­

ing that proper shaping of the plasma current leads to 
improved plasma confinement, at least on a transient time­

scale. Maintaining these improved confinement scenarios 
(high poloidal beta plasmas, central shear reversal (PEP's 
mode) in quasi­steady­state) is challenging and might lead 
to a significant enhancement of reactor operation. 

Non­inductive current drive efficiencies are of para­

mount importance in order to assess the feasibility of a 
steady­state tokamak reactor at ignition. Such estimates 
[1,2] indicate that steady­state operation is only possible if: 

• improved current drive efficiencies at high density in 
low aspect ratio tokamaks are demonstrated; 

• improved confinement properties together with stable 
high bootstrap operation are demonstrated; 

• advanced divertor technology allows low density op­

eration to be feasible. 
The main tool which is being prepared to control the 

plasma current profile in JET is the generation of non­

inductive plasma current by means of Lower Hybrid (LH) 
waves. First results with a prototype system (LO) have 
already been obtained. The full system (L1 ) will be installed 
during the 1993 shutdown. A high directivity ICRF antenna 
is also being prepared to drive a substantial amount of non­

inductive current by means of either minority current drive 
or direct electron magnetic pumping. These antennae (A2) 
will also be installed during the 1993 shutdown. Non­

inductive current drive can also be produced by neutral 
beams (NB) and by the bootstrap current. 

A large quantity of data on current drive has been 
obtained during the 1991 /2 experimental campaign, includ­

ing the achievement of: 

• 2MA full current drive discharge with LHCD in 
combination with ICRF heating; 

• discharges where the bootstrap current was up to 70% 
of the total current in ICRF heated plasma. The corre­

sponding energy confinement time was up to 1.7 times 
Η­mode scaling; 

• good control of sawteeth by producing localised mi­

nority ion current drive near the q=l surface [3]. 
These data are encouraging for profile control and current 

drive application to future large experiments. Synergistic 
effects between LH and ICRF waves might lead to improved 
current drive efficiencies. As well, the proposed scenario to 
drive the full current in a reactor can be assessed during the 
pumped divertor phase of the JET campaign. This will 
involve: 

• a seed current generated at the plasma centre by ICRF 
fast wave current drive (independent of density) or 
NBI current drive; 

• large bootstrap current, in excess of 50% of the total 
required current, generated near mid­radi 

• LH current drive generated in the outer I)lj»ma region 

ICRF Current Drive
 l oW 

During the 1991/92 experimental campaign, 
trol system was upgraded to allow the antenna 
currents of equal amplitude but arbitrary phase in a limited 
range of plasma conditions [3]. With this facility, travelling 
waves were launched into JET to perform current drive 
experiments. Fast magnetosonic waves can drive plasma 
current either by direct damping on the electrons or by 
asymmetrical heating of the minority ions. In the first 
method, the waves are absorbed at the Landau resonance and 
drive current by a combination of parallel momentum trans­

fer and asymmetric heating in a completely analogous way 
to Lower Hybrid Current Drive (LHCD). The principle 
difference between fast wave current drive and LHCD is in 
the interaction mechanism, which for fast waves is a coher­

ent admixture of Transit Time Magnetic Pumping (TTMP) 
and Electron Landau Damping (ELD). Fast wave damping 
by electrons is weak in JET but has been observed in 
experiments using phase velocities close to the electron 
thermal velocity. Substantially increased damping will oc­

cur in reactor grade plasmas, especially at the higher phase 
velocities appropriate for current drive, where the power 
deposition will be peaked on­axis regardless of the plasma 
density; the fast wave has no accessibility problems at high 
density [4]. Consequently this method is especially attrae ­
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Figliò: Sawtooth control using second harmonic fast wave 
ion current drive. 

tive for seeding the bootstrap current, which is presently 
seen as providing the bulk of the plasma current in a steady­

state tokamak. 
Experiments on ion current drive by asymmetric cyclo­

tron heating have been carried out on JET and have success­

fully demonstrated, for the first time, many of the features of 
this method [5]. The non­inductive current profile is bipolar 
and strongly localised at the resonance layer. In the experi­

ments, the current was driven close to the q=l surface in 
order to affect the stability of the sawteeth. With waves 
directed in a clockwise direction (viewed from above the 
tokamak), the sawteeth were destabilised becoming higher 
in frequency and smaller in amplitude. With waves travel­

ling anticlockwise, stability was increased and monster 
sawteeth were produced. Similar behaviour was found with 
both fundamental minority and second harmonic ICRF 
heating. An example of the latter is shown in Fig.216. With 
a phase of 90° between current straps, the sawtooth period 
was changed by a factor of five as the direction of the waves 
was reversed by changing the sign of the phasing. With 135° 
phasing, the sawteeth were unaffected and provided a refer­

ence case since the directivity of the antenna was much 
weaker than for φ = 90°. This correlation between the 
sawtooth stability and the wave direction has been modelled 
theoretically [6] on the basis of magnetic shear stabilisation 
of the resistive kink instability, which is thought to be 
responsible for the sawtooth crash. 

A characteristic feature of fast wave ion current drive, 
expected theoretically, is an optimum fast ion energy at 
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Fig217: Fast wave non­inductive current profile superimposed 
on the ohmic current density profile. 

which the current per unit power is a maximum. Experimen­

tal evidence for this was obtained by scanning the RF power. 
Travelling waves in the anticlockwise (stabilising) direction 
created monster sawteeth for power levels between 2.5MW 
and 5MW. Above 5MW, the sawtooth period decreased 
with increasing power. A scan of minority concentration at 
fixed power (5MW) also showed a decrease in the stabilising 
effect as the minority density was raised, again as expected 
theoretically. 

Theoretical calculations of the non­inductive current 
have been made using ray tracing and 2­D bounce averaged 
Fokker­Planck codes. A typical current density profile is 
shown in Fig.217 superimposed on a JET ohmic current 
profile. Clearly the RF driven current will substantially 
modify the current density profile and even produce a 

a) Ceramic support at lower field point 
' b) Septum 
c) Flat bed model for low power tests 

d) 1 Strap high 
voltage model 

Circulating power in 
fast wave current drive 

Fig.218: A2 antenna module showing current strap geometry, 
Faraday shields and disruption protection resistors. 



DEVELOPMENTS AND 1 

3 
■Ξ. 
E 

t 
o 
í 
o 
a. 

0.50 

0.45 

0.40 

0.35 

0.30 

0.25 

0.20 

0.15 

0.10 

0.05 

0 

E (keV) 
10050 20 10 5 

η — ι — ι r 
LHCD 
L1 launcher 

A, ICRF antenna 
monopole 

\ Aj ICRF antenna 
yA- φ=40° 

\ 
\ 

A, ICRF antenna 
φ=40° 

Fig.219: Comparison of Nlt spectra from the Al andA2 
antennas and the Lower Hybrid launcher. 

positive gradient at the q=l surface. Perturbations of about 
100kA/m2 can either cancel or double the local shear pro­

duced by the ohmic current, depending on the wave direc­

tion. Such changes can account for the observed changes in 
sawtooth stability on the basis of resistive kink mode theory. 

The new A2 antenna [7] will bring several improvements 
to both the electron and ion fast wave current drive schemes 
as well as to the synergism with LHCD [8]. These antennae 
will be mounted in adjacent pairs to give four phased current 
straps instead of two, with the toroidal spacing between 
straps similar to that in the Al design as shown in Fig.218. 
As a result the k;/ wavevector spectrum will be a factor 2­3 
narrower than for the Al as shown in Fig.219. For 90° 
phasing, the peak power occurs close to k„ = 4m" ', as in the 
A1 design but, for equal total radiated powers, the maximum 
spectral power density is increased twofold. For the electron 
current drive scheme, this means that twice as much power 
is available to accelerate the electrons of interest. This will 
be particularly effective in synergism experiments, where 
success depends on damping the fast wave on electrons 
driven by lower hybrid waves, a condition which requires 
the best possible overlap of the N;/ spectra of the ICRF and 
LHCD launchers. The maxima of the Al and A2 spectra 
coincide with the LHCD spectrum for a phasing of=40° and 
in this situation, the A2 antenna should be twice as efficient 
as the A1 in accelerating the LHCD superthermal electrons. 

The A2 system will also be fitted with a power compen­

sator between the outer lines of each set of four, as shown in 

P, = P2 = P3 = P4 
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Fig.220: Schematic of a four­strap A2 antenna, generators, 
transmission lines, power compensator and tuning elements. 

Fig.220. Due to the coupling between the antenna straps, 
phasings used to launch travelling waves necessarily pro­

duce a power flow from one side of the antenna to the other, 
as indicated. Without a compensator, the generators need to 
be run at unequal power levels to produce equal currents in 
the straps as required for good directivity. This is particularly 
true at low plasma coupling resistance. Thus, the maximum 
power available is limited in just the situation where the 
antenna directivity is maximum, since at low coupling the 
plasma tends to filter out unwanted high kz components due 
to image currents. 

The power compensator counters the power coupled 
across the array by transferring power between the end 
feedlines at a location close to the tuning stubs. There is no 
need to compensate the inner lines since the inner straps are 
essentially transparent to the power flow. The compensator 
consists of a 3dB coupler with adjustable capacitors on two 
of the four ports to control the magnitude and direction of the 
power flow. 

The system has been designed in collaboration with Oak 
Ridge National Laboratory (ORNL), USA, under a JET­

USDoE agreement. In this collaboration, JET has the use of 
extensive ORNL modelling tools and ORNL will partici­

pate in RF physics and technical experiments at JET. These 
tools include two models of the A2 antennae [9]. One model 
treats the array as cascaded coupled transmission lines with 
each segment of a strap coupled to the corresponding 
segment of the other straps. A more sophisticated model 
takes the complex geometry into account by including the 
effect of coupling between straps, between different sec­

tions of the same strap and between the straps and the 
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Fig.221: Effect of the power compensator to increase the total 
power capability in current drive phasing mode. 

connecting links. A 2­D magnetostatic code is used to 
calculate the mutual and self­coupling coefficients. The 
more complex model has been particularly successful in 
reproducing the measured coupling coefficient (Si2) of a 
two­strap array representing half of the A2 antenna. In JET, 
a third model is under development which solves the full 
electromagnetic problem in a simplified geometry but in­

cludes the coupling to the plasma. The presence of plasma 
both reduces the coupling and filters out the unwanted high 
k// components due to image currents. 

The impedance matrix at the input to the antenna, given 
by these models, is used as the load in a simulation of the 
power delivery system comprising the generators transmis­

sion lines, power compensator, variable capacitors and 
tuning elements (trombones and stubs). This simulation 
calculates the values of the capacitors for equal powers from 
the generators and equal antenna currents at the lower strap 
ground connections, and also derives the trombone and stub 
lengths for matching to the generators. One of the first results 
of this code was that the present trombones were too short 
(0.5m) to obtain matches over the whole frequency and 
phasing ranges. Consequently, trombones with a range of 
1.5m are being ordered. The effectiveness of the power 
compensator is shown in Fig.221, where the maximum 
power with and without the compensator is plotted against 
the phase difference between straps. A factor two increase in 
power can be gained by using compensation at π/2 phasing. 
There is little advantage in adding compensators to the inner 
straps and the compensator is unable to operate at 60° and 
120°. In these cases, the phase difference between the outer 
line voltages is 180° and 0°, respectively, so that there is no 
power flow through the compensator. 

The new system is designed to operate with an upgraded 
version of the A1 automatic phase, amplitude and matching 
control circuits. An additional servo is required to maintain 
equal generator powers by tuning the variable capacitors, 
but this will operate on a relatively slow time­scale since the 
priority will be to achieve a match, albeit with a transient 
unbalance of the generator powers. 

Design of the A2 antenna has been completed. A model 
of one quadrant has been extensively tested at high RF power 
and has been shown to sustain 20s pulses at 50keV. Manu­

facture of the antennae is well advanced with the prototype 
due for delivery in February 1993. The first production unit 
will be delivered in February 1993 and completed in May. 
The high power model tests show that the most critical 
components in the antennae are the resistors, which restrict 
disruption currents flowing in the screens. Tests of indi­

vidual resistors for RF losses and eddy current losses showed 
that beryllium oxide resistors could withstand 20% more 
current than the alumina resistors chosen initially. Such 
beryllium resistors are being fitted to the A2 antennae. 
Measurements using Rogowski coils on a full scale low 
power model show much lower resistor currents. 

Four new transmission lines and modifications to 16 
existing lines are being made to accommodate the new A2 
antennae. The conical ceramics in the A1 vacuum transmis­

sion lines have been replaced by ceramics inside the antenna 
and these have been positioned so that the RF electric field 
on the surface of the ceramics is always perpendicular to the 
ambient tokamak magnetic field in order to reduce high 
voltage breakdown. The removal of the conical ceramics 
makes the transmission lines more open to the torus which, 
in general, will produce a better vacuum in the transmission 
lines but at a cost of increased sensitivity to changes in the 
vessel pressure, for example during gas fuelling. 

Lower Hybrid Current Drive 
The prototype Lower Hybrid Current Drive (LHCD) system 
operated during the 1991/1992 experimental campaign. The 
campaign has enlarged the existing database providing a 
firmer basis to earlier results. Flux saving experiments 
during the current ramp­up in the 7MA experiments were 
also performed at the end of the experimental period. The 
main characteristics of the LHCD system are listed in Table 
XXI [10]. The prototype system has most of the main 
technical features of the complete system, which is being 
tested in the first half of 1993 and will be installed on JET at 
the end of the 1993 shutdown. 
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Fig.222: Influence of the magnetic field and of the plasma 
density on the radial profiles of fast electrons. 

The Lower Hybrid campaign during the last operational 
period was characterised by two main lines of activities [2]. 
The first activity was assessing the LHCD system perform­

ance level in terms of current drive, flux saving and current 
profile control capability, to provide a database for realistic 
extrapolations for current drive and active current profile 
control experiments during the pumped divertor phase and, 
on a longer time­scale, to reactor applications. The second 
line of activity has concentrated on the characterisation of 
the fast electron population to investigate current drive 
physics issues, such as the dependence of lower hybrid wave 

Fig. 223: LH power during ramp­up of a 7MA discharge. Launcher 
position has followed closely the last closed flux surface. 

penetration upon global plasma parameters and wave spec­

trum, and the comparison with theoretical and computa­

tional models. The main diagnostic tools during the cam­

paign were the magnetic diagnostics, providing information 
on the loop voltage and plasma internal inductance, the 
electron cyclotron emission (ECE) diagnostic and the fast 
electron Bremsstrahlung (FEB) cameras, the latter devel­

oped specifically for Lower Hybrid operation. 
Most of the Lower Hybrid campaign was carried out in 

conjunction with Ion Cyclotron Resonance Frequency (ICRF) 
[11] operation, to provide a high electron temperature plasma 

Table XXI 

Frequency 
N. of Klystrons 
(launched) Power (max) 
Launcher waveguides 
Multijunction phasing 
Central N„ 
Range in Nff 
Width of Ν,, spectrum 
Phase accuracy 
Directivity 
Density limit 
Power Handling 
(Estimated) driven current 
(in ICRF heated plasmas) 

at ne = 2x 1019n­3 

at ne = 4 χ IO19 m­1 

■ Parameters of the JET LHCD system 

Prototype 

3.7 GHz 
8 
3.5 MW 
128 
90° 
1.8 
1.4­2.3 
0.4 
10° 
70% 
8x lö^m­3 

4 ­ 5 kW cm2 

2 MA 
(1 MA) 

Final 

3.7 GHz 
24 
10 MW 
384 
90° 
1.8 
1.4­2.3 
0.2 
10° 
80% 
8xl02°m­3 

4 ­ 5 kW cm­2 

(5 MA) 
(2.5 MA) 
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Fig.224: Experimental and simulated non­thermal ECE spectra 
for a full current drive pulse. 

target to increase the current drive efficiency. This scenario 

has allowed identification of a synergistic effect between 

ICRF and LHCD systems, which led to record current drive 

efficiencies of up to 0.45 χ lO^m^A/W. 

The main results achieved with the prototype LHCD 

system and implications for future operation are as follows: 

• Fast electron profiles, observed experimentally, are 

qualitatively in agreement with theory [12]. Fast elec­

tron penetration increases with magnetic field and 

decreases with electron density and broadening of the 

launched wave spectrum. The measured effect is 

systematically enhanced with respect to theoretical 

predictions. These results are summarised in Fig.222; 

• Full current drive in almost steady­state conditions has 

been achieved in limiter and double­null (DN) plas­

mas [13]. At low electron temperature of Τ ~ IkeV, 

0.4MA was driven by LH alone with 1.5MW of 

coupled power. At higher temperatures of Τ ~ 5keV, 

during the application of ICRF, 2MA was maintained 

in a limiter, low beta plasma, at plasma densities of nc 

~ 2.5 χ 10" m 3 and 2.8T toroidal magnetic field. Close 

to 2MW of LH power have been coupled to a 1 MA DN 

Η­mode discharge, in conjunction with 3M W of ICRF, 

maintaining the full plasma current for 4s with 40% 

bootstrap contribution; 

• Flux savings of ~ 2V­s resulted from application of 

~ 1.5MW of LH power during the low density current 

ramp­up phase of 7MA limiter plasmas [14], allowing 

an extension of the current flat­top by 2s to a total of 

9s. In these discharges, the active launcher position 
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Fig.225: Current drive efficiency versus plasma pressure. 

control was used with a preprogrammed waveform, 

allowing the launcher to track the plasma surface for 

optimum coupling, as shown in Fig.223. Flux savings 

of up to 5V­S have been achieved with 1MW LH 

pulses of 50s duration during the 2MA one­minute 

long pulses at a toroidal field of 1.9T [ 15]. Upgradings 

to the LHCD position control system are being imple­

mented, which will allow direct feedback to the launcher 

position from the measured reflection coefficient; 

• Synergistic effects between ICRF and LHCD have 

been observed, where LH induced fast electrons are 

further accelerated in the presence of the ICRF wave 

up to energies ­400 to 500keV, well in excess of the 

parallel Landau damping resonance energy of­1 OOke V 

foralaunchedN^­1.8 [16]. This result is substantiated 

by FEB measurements of the photon temperature 

obtained in the range 100 to 300keV, which show a 

photon temperature increase from 60 to 140keV when 

3MW ICRF was added to 2.3MW LH in a limiter 

1.5MA plasma at 3.3T toroidal field and 2.4xl019m3 

central electron density. The synergy was further 

confirmed by tangential soft X­ray viewing line meas­

urements. Combined analysis of FEB and ECE data 

have shown [17] that the plasma current is driven by 

a fast electron population with an average density of 

3.5 χ lO^m3 and energies in excess of 300keV, 

characterised by temperatures of 800 and 80keV, 

respectively, in the direction parallel and perpendicu­

lar to the total magnetic field. These results are sum­

marised in Fig.224; 
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Fig.226: Comparison between demonstrated and extrapolated 
current drive efficiencies. PCD refers to the required power for a 

reactor (as defined in Ref [I]). 

• The Lower Hybrid wave­plasma coupling has been 
studied in limiter and DN plasmas, with the edge 
plasma parameters associated with L­ and H­mode 
and with different positions of the launcher with 
respect to the toroidal limiters and neighbouring 
ICRF antenna [18]. The power reflection coefficient 
increases quadratically with parameter d/Ltf

l/2, where 
d is the radial plasma­launcher distance and Lfl is the 
connection length of the magnetic field line. Reflec­

tion coefficients below 5% have been achieved, in 
agreement with theoretical expectations. A reflec­

tion coefficient of ~ 1 % has been achieved in DN 
plasmas where the connection length exceeds of 30 
m and the shallow density gradient facilitates the 
launcher positioning at the optimum electron den­

sity of ~101S m­'; 
• The current drive efficiency γ = nRI/P has been 

deduced taking into account the ICRF contribution 
to fast electrons, estimated at up to 18% of the total 
ICRF power, and the amount of bootstrap current 
generated. The efficiency increases with electron 
temperature, and values up to γ> 0.4 χ 1020m 2A/W 
have been obtained during synergistic conditions. 
Within the range of plasma parameters, the LHCD 
system has operated so far in JET ( n ^ 3 χ IO19 m', 
Β > 2.8 Τ), γ does not depend upon plasma pressure. 

Fig.227: View of the LI launcher mouth. 

as shown in Fig. 225. This result is important for 
reactor extrapolation studies, where efficiency val­

ues ranging between 0.6 and 1.5 χ IO20 m2 A/W are 
required at plasma densities of ~ 1020 m \ depending 
upon the value of the poloidal β and consequently 
the amount of bootstrap current which can be gener­

ated by other heating mechanisms. As shown in 
Fig226, LHCD has the highest efficiency to date 
among the various CD methods, comparable to the 
extrapolated value for a 20keV average electron 
temperature ITER tokamak [ 1 ]. If a 20% recirculating 
power fraction to the CD system is assumed, as a 
realistic figure in terms of reactor economics, it is 
seen that an efficiency of γ~ 2 χ IO20 m2 A/W would 
be required at an operating density of 2 χ 1020 m3. 
High field, high aspect ratio regimes would be 
favourable in this respect, but the present database is 
not sufficient to identify an operation regime for 
ITER [2]. Further experiments, in particular, taking 
advantage of synergistic effects, should explore this 
possibility. 

The LI launcher for the final LHCD system has been 
modified to take into account the new pumped divertor 
geometry. Manufacture and assembly of the launcher was 
completed during 1992. The full assembled launcher is 
shown in Fig.227. The grill comprises 384 waveguides each 
9 χ 72 mm, as shown in Fig.228. The phase distribution at the 
grill has been measured for each multijunction module and 
found to be within ± 10° of the nominal values. The launcher 
is now installed in the vacuum vessel and undergoing high 
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Fig.228: View of the LI launcher prior to its installation in the 
Testbed. 

power RF testing under vacuum. This test assembly which 
shows the 48 waveguide vacuum windows is shown in the 
section on ICRF Heating and Lower Hybrid Current Drive 
Systems. This launcher will be able to match the lower 
elongation "fat" plasma divertor configuration on JET, but 
it is unlikely that good coupling could be achieved in the 
highly elongated "thin" plasma. 

The conventional launcher design presents a number of 
technical limitations which are associated with difficulties 
found in the conditioning and in its power handling 
properties. Alongside the coupling difficulties in a high 
power loading reactor environment, these aspects call for 
alternative launcher concepts to be considered. A concep­

tual solution has been under study at JET based on the new 
"hyperguide" concept [19]. The particular design is a 
TE012 overmoded waveguide ~ 5 m long with high power 
transmission capability. These results are confirmed by 
numerical calculations. The hyperguide can be operated 
with good vacuum conditions allowing avoidance of elec­

tron resonance zones, where breakdowns are more likely 
to occur. Such a system in JET is compatible with the 
present LH vacuum vessel and LI end plate. This alterna­

tive does not address the problem of the coupler to the 
plasma, and could accommodate either a short conven­

tional waveguide mouth or a quasi­optical coupler. 
Experience with the prototype LHCD system has indi­

cated that the handling capability of the multijunction type 
launcher is difficult and the conditioning to full power 
operation a time consuming activity, with an average 
generator power increase of ­75 kW per 100 JET pulses. 

New loads are now being tested and will be installed in the 
Torus Hall on the fourth port of the 3dB hybrid junctions 
feeding two multijunctions from each klystron line, to 
implement HF baking facilities in vacuum at high reflec­

tion coefficient. Upgrading in the launcher position con­

trol, in particular, the implementation of a feedback sys­

tem on the reflection coefficient, will also contribute to the 
plant power handling capability during operation. 
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Pellet Injection 

After the return of the ORNL launcher (see Torus Systems 
section) and the cancellation of a repetitive high-speed 
Advanced Pellet Launcher (APL) for budgetary reasons, 
JET plans to employ two high-speed single-shot pneumatic 
(formerly called "prototype") pellet launchers and a me­
chanical pellet centrifuge for the next experimental cam­
paign. Detailed descriptions of the performance and design 
features of these devices were given in previous Progress 
Reports. Therefore, only a brief account will be given, 
combined with a more detailed description of the progress of 
work. Fig.229 shows a diagram of the planned centrifuge 
installation in the Torus Hall alongside the pellet injector 
box (PIB). In the rear, the two high-speed launchers can be 
seen with their respective two-stage guns supported by a 
large beam. Preparation work for their implementation on 
the torus is detailed in the Torus Systems section of the 
Report. 
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Fig.230: Exploded view of the cryostat cold box of the JET high­speed pellet launcher. 

The High­Speed Pneumatic 
Prototype Launcher 
This launcher is to accelerate sabot supported 6mm deute­

rium pellets to speeds up to 4kms"' by using two­stage light 
gas gun driver technology (3m long, 60mm ID pump tube 
and a 0.6kg titanium piston) for deep to central plasma 
fuelling purposes. Sabots are small plastic pistons, set be­

hind the deuterium pellets to protect them from the hot 
driving gas. These sabots, needed for pellet velocities in 
excess of about 3 kms"1 and being accelerated with the pellet, 
are made from two halves of equal mass, which will split 
after leaving the barrel due to aerodynamic forces and can be 
eliminated from the pellet path by a shear cone. Pellets are 
formed by cryo­condensation into bushings ­ ca 20mm long 
barrel sections ­ which are pre­loaded with bursting discs 
and sabots. The cryo­condensation is performed outside the 
gun breech in a cryostat with the capability of forming in one 
thermal cycle and then storing ten pellets in their bushings, 
which can be moved one per tokamak pulse into the breech 
immediately before the shot. This is carried out by means of 
a transport chain as shown schematically in Fig.230. 

The high­speed launcher did not achieve its performance 
goals to be implemented on the torus in time for the previous 

experimental campaign, due to technical difficulties with 
the cryostat part of the launcher. Commissioning work, 
carried out at the pellet injection testbed, has proven the gun 
performance to be satisfactory apart from an occasional 
problem. If the piston, being pushed back after a shot by gas 
fed to the second stage via the barrel, does not end up at rest 
at its exact foreseen position at the first­stage entrance valve 
due to the dynamics of this process the timing in the two­

stage gun process is influenced and the amount of foreland 
gas may be too small to warrant the safe reflection of the 
piston in the front of the pump tube. Such an event deforms 
the piston and jams it in the pump tube (the pump tube can 
be recovered by honing only after the piston is machined 
out). The piston is now equipped with a CoSm magnet and 
its exact position can now be monitored outside the pump 
tube, and interlocking with this magnet signal measurement 
will now prevent the seizure of the piston. 

The major stumbling block was the lack of performance 
of the cryostat failing to permit accelerated pellets and 
finally even sabots. The commissioning process has turned 
out to be very tedious. This is due to the fact that, in the 
complex sequence of forming and transporting pellets and 
firing them, a verification of a successful launch is only 
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possible by the final in­flight photography and (destructive) 
target impact documentation. In addition, modifications to 
the cryostat which need to be made in the commissioning 
usually require a very time consuming dis­assembly and re­

assembly of the LHe cryostat, with the added complexity of 
also being a mechanical gear box. One of the major pieces 
of repair work was the replacement of the rigid chain 
members (between the bushing holders) and their chain 
wheels by stainless steel rope sections and newly designed 
transport wheels and bearings. Careful and painstaking 
analysis had revealed that the accuracy requirements for the 
chain to place the bushings within 50|im into the breech axis, 
so that the self­alignment of conical breech parts could then 
assure the perfect (within 20|im) alignment during the shot, 
could not be guaranteed by the old system due to mechanical 
over­determination and subsequent progressive deteriora­

tion of the systems accuracy. Failure of the chain transport 
to meet this requirement resulted in a breech alignment 
mismatch, which destroyed pellets and sabots when they left 
the bushing during the shot. In addition, this in tum led to 
wear of the barrel breech parts, which were to assure the 
alignment, under the very high forces ( 15kN actuator force 
enhanced during the two­stage gun pulse, in which the 
second­stage driver gas acts on the free upstream barrel end, 
to 35kN on areas less than 1cm2) necessary to seal the two 
breech gaps. The modifications have now been carried out 
and commissioning operation is being continued. 

In testbed operation, the control and data acquisition 
system, was changed over to the new UNIX based control 
system; although being one of the first subsystems to be 
converted only a few occurences interfered with launcher 
operation and the controls are now reliably in place. 

Two of the prototype launchers, the second being a mirror 
image of the first, are under preparation for the next experi­

mental period to be installed side by side at the rear of the 
Pellet Injector Box (PIB) in the Torus Hall. The two­stage 
gun of the second launcher is commissioned and the cryostat 
is in a late state of assembly (with the modifications resulting 
from the commissioning of the first one being carried over 
to it immediately). 

The Pellet Centrifuge 
The pellet centrifuge will deliver long strings, approaching 
1 minute in duration, of 2 and 3mm pellets at repetition 
frequencies of up to 40s ' with velocities between 50 and 
600ms '. This will provide shallow fuelling with minimum 
recycling beyond the separatrix for the di vertor plasma in the 

next experimental programme phase. Each size of deute­

rium ice pellet will be launched from an individual extruder 
unit into the central part of the centrifuge rotor, the stop 
cylinder ensuring the proper starting conditions for the pellet 
on the rotor arm. The design of centrifuge rotor and stop 
cylinder follow very closely the centrifuge developed for 
ASDEX Upgrade (ΓΡΡ Garching, Germany), who also ad­

vise under contract. The extruder is of a new design by JET 
to provide the much larger number of pellets per pulse. It is 
also novel, in the sense that in the final version, it will attempt 
to cool the deuterium ice dynamically from the 14°K (at 
which ice is extrudable), to 7°K, at which it should be 
accelerated, during the extrusion process.. 

The major procurement contracts concern the vacuum 
vessel (simultaneously at 23bar pressure vessel to contain 
possible hydrogen deflagration), the pellet centrifuge rotor 
mounted on top of a turbopump rotor, and parts of the 
cryopump. These contracts have been placed and delivery 
(somewhat delayed) is now scheduled for early 1993. The 
cryopump let to smaller contracts for the LHe and LN2 
reservoirs, LHe quilted panels (already delivered), LN2 
baffles and thermal shields will be assembled at JET. The 
extruder units, providing the pellets to the stop cylinder/rotor 
section of the centrifuge, have been conceptually designed 
and the various qualifications of manufacturing methods for 
the cryogenic extruder sections (friction welding of SS ­ Cu 
transitions, e­beam welding and spark erosion cutting) are 
being carried out. Trials with the bread­board version (inclu­

sive of the respective electronics) of the chopper magnet ­
which cuts the extruded ice column in portions of pellet size 
at a rate of up to 40s1 are well advanced. Contracts for: the 
track ­ guiding pellets in a slightly curved arc to the torus; 
target volume section of the vacuum vessel; auxiliary Roots 
blower sets for deuterium pumping from the target volume 
during routine pellet commissioning and helium compres­

sion at the extruder helium outlet; are in preparation. 

Tritium Handling 

Following the extension of the Project to the end of 1996, the 
Active Gas Handling System ( AGHS) will be required to be 
fully operational before the start of the full D­T phase of JET 
scheduled for 1996. 

The installation of the systems in the Active Gas Han­

dling (AGH) building has been completed (Fig.231 ). The 
function of these systems is to collect exhaust gases from the 



Fig.231 : The Active Gas Handling System 
torus, to remove impurities and to separate pure deuterium 
and tritium so that it can be stored for re-injection through 
neutral beam, pellet or torus gas introduction as required 
(Fig.232). Significant progress in commissioning during 
1992 was made in: Exhaust Detritiation, Gas Chromatogra­
phy and the Analytical Laboratory. In addition, a series of 
tests and modifications to improve the performance of the 
Cryodistillation System (CD) was carried out. 

Exhaust Detritiation 
Initially tested in 1991 after installation, the Exhaust 
Detritiation system (Fig.233) met its specification regarding 
water retention in adsorbers. Minor excursions afteradsorber 
regeneration were eliminated by modification of the regen­
eration sequence. The performance of the catalytic 
recombiner for methane (CH4) gas was tested: at various 
temperatures, 1% CH4 was injected into the full exhuast 
detritiation design air flow of 500m3h ' for the duration of 1 
minute. At the end of each CH4 pulse samples were taken at 
the ED outlet and analysed by gas chromatography (GC-AN). 
CH4 combustion started at approximately 250°C catalyst 
temperature in agreement with the manufacturers data for a 
gas mixture of 0.3% CH4,3%02,1 %C02 95.7% N2, combus­
tion was nearly complete at a catalyst temperature of 350°C, 

Building and enclosed lines from the torus. 
achieving > 99.7% combustion of CH4. The recombiner was 
designed for and operated at a temperature of 500°C and 
thereby has been shown to have a sufficient safety margin for 
combustion of (tritiated) methane. Furthermore, improve­
ments for the exhuast detritiation system have been identi­
fied for implementation in 1993: an additional water con­
denser should reduce drier loading and a new regeneration 
method should achieve 100% humidity removal from 
adsorbers. 

Gas Chromatographic System 
The Gas chromatographic system is designed for separation 
of D-T mixtures with a throughput of 20 moles per day 
(Fig.234). The separation of the hydrogen isotope mixtures 
consisting of the six hydrogen molecules H2, HD, HT, D,, 
DT and T2 into pure product streams T2, D2 and H, can be 
carried out in a displacement gas chromatographic system. 
The column packing employed is 18 % (weight) palladium 
deposited on porous Al20r The isotopie dependence of the 
solubility of hydrogen in palladium is the physical origin for 
the isotope separation. Due to the fact that the heavier 
hydrogen isotopes prefer to stay in the gas phase in compari­
son to the lighter ones when in contact with palladium, the 
heavier isotope will pass faster through the column packing 
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Fig.232: Block diagram of functions of Active Gas Handling System 

F'ig.233: Exhaust detritiation system Fig.234: Gas chromatography equipment 



CO 
c 
O) 

s 
φ 
E 

i 
ü 

He+T 
fraction 1 ! 

Pure T2 

fraction 2 

! fraction 3 

¡ Pure D2 

! fraction 4 

a) 

fraction 5 

H2 
fraction 6 

Time (a.u.) 

D, b) 

He 

H2 
jon.vxa 

Fig.235: (a) Expected katharometer signal; and 
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than the lighter ones, which are more often absorbed into the 
palladium packing and therefore delayed. 

Separation runs with the system have been performed 
in the following way: a certain amount of hydrogen gas 
mixtures (up to about 5 moles) can be introduced into the 
hydrogen free, helium filled columns. Pure H2 gas is used 
to displace the hydrogen mixture through the Pd­packing. 
The gases which leave the columns can be measured by 
katharometers. Fig.235(a) shows the expected 
katharometer signals [4], and Fig.235(b) shows the ex­

perimental values. With the exception of the missing T2 
signal (because no tritium was used in these tests) the two 
curves are similar. The conclusion is that the system 
works well and the interfractions of mixed gases He and 
D2 or D2 and H2 are very small, an indication for sharp 
separation. 

The first runs were performed semi­automatically and 
with a gas mixture of 50% protium and 50% deuterium. 
Further commissioning will be undertaken with other gas 
mixtures, including tritium. Finally, the system will be 
tested for its full design performance, ie the fully automatic 
separation of pure T2 and D2 from H/D/T mixtures. 

Analytical Laboratory 
An Analytical Laboratory was designed as a central facility 
for the Active Gas Handling (AGH) System with the pur­

pose of analysing all gas species exhausted by JET and 
treated in the different subsystems of the AGH plant. 

A special gas Chromatograph was bui It by CFFTP, Canada, 
for the detection of the six hydrogen molecules, helium, 
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Fig.236: Gas chromatography output signals 

carbon monoxide, carbon dioxide, methane and higher 
carbon hydrides, nitrogen oxygen and water. The separation 
of the gas species is carried out via commercially available 
packed columns. Two flow proportional counter detectors 
(FPCDs), one thermal conductivity detector (TCD) and one 
flame ionisation detector (FID) are used. 

A series of tests were carried out to confirm that the 
required performance was achieved. This included the use 
of a small quantity of tritium. Figure 236 shows the 
response of the gas Chromatograph system after the injec­

tion of the following gas mixture: 0.96% He, 1.41% H2, 
0.81% HD, 0.82% HT, 0.13% D2) 0.28% DT, 0.16% T2, 
rest Ne and very low level of impurities: CO, CH4 and 
CO2. All gas species are detected and separated clearly 
with the exception of Ne, which is used as the carrier gas. 
CO, CH4 and CO2 were not introduced during the produc­

tion of the gas mixture but are known to be created during 
longer storage periods of tritium in stainless steel contain­

ers due to reaction of the atomic tritium with oxygen and 
carbon in the steel. The FPCDs are very sensitive instru­

ments and can analyse tritium concentrations down to the 
ppb range. They can also be used to determine the amount 
of tritiated methane and tritiated higher hydrocarbons. 
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Table XXII 
JET Programme Schedule: 1989 ­ 1996 

1989 1990 1991 

Full Power 
Studies in Present 

Configuration ρη: j 

I 

1 1 Shutdown 

PTE: Preliminary Tritium Experiment 

1992 1993 1994 1995 1996 
Pumped Divertor Configuration 

Divertor Characterisation ' Full Tritium Compatibility 
pjp 2 '

 P n a s e 

i 
A i L JG93.138/1 

• Pumped Divertor & 

RF Modifications 
• Pumped Divertor Modifications 

• Modifications for Tritium Operations 

The FID can analyse methane and higher hydrocarbons, as 
well as CO and CO2, when a catalyst for conversion to 
methane is used in front of the FID. The TCD is used for 
the determination of the gas species with higher concen­

trations (up to 100%). 
A detailed description of the design and the performance 

of the GC­system has been published [2]. 

Safety Approval for Tritium Operation 
All the Design Safety submissions for the Active Gas 
Handling System have been issued to the Safety and Reli­

ability Directorate (SRD) of the UKAEA. Apart from minor 
issues which can readily be resolved, the design of the 
system has been accepted as meeting the UKAEA standards. 
Effort is now concentrated in producing the justification 
documents which will permit active commissioning to be­

gin. As well as providing an overall assessment of the 
accidental risk from the plant, these will deal with issues of 
operational safety management. 

For the torus systems, SRD have specified that a rigorous 
hazard analysis methodology should be used to identify any 
hazards arising from the design and operation of the machine 
in the D­T phase. Work has started with a series of Hazard 
and Operability studies (HAZOPs) which will be used to 
identify those systems which require a detailed safety justi­

fication involving Failure Mode and Effect Analysis (FMEA) 
and Fault Tree analysis. 

In accordance with the Authorisations issued by the 
Department of the Environment, careful monitoring of the 
effect of the Preliminary Tritium Experiment in November 
1991 has continued. This confirms that the experiment has 
had negligible environmental impact. 

References 
[ 1 ] F Botter, J Gowman, J L Hemmerich, Β Hircq, R Lässer, 

D Leger, S Tistchenko, M Tschudin: Fusion Technology 
14,562(1988) 

[2] R Lässer, Β Grieveson, J L Hemmerich, R Stagg, Τ 
Dowhyluk, K Torr, R Massey, Ρ Chambers: JET Report 
JET­P(92)78 

Future Plans 
The JET Programme is divided into phases governed by the 
availability of new equipment and fitting within the ac­

cepted life time of the Project. Phase I (Ohmic Heating 
Studies) was completed in September 1984, and Phase II 
(Additional Heating Studies) in October 1988. Phase III 
(Full Power Optimization Studies) ended in February 1992. 
The scientific aims of Phase III were to obtain maximum 
performance in limiter configuration (currents up to 7MA) 
and to optimize X­Point Operation (currents up to 6MA) 
including a comparison of Η­modes in X­point configura­

tion using beryllium (lower X­point) with carbon (upper X­

point) dump plates. The programme to 1996 is shown in 
Table XXII. 

JET future plans are dominated by the insertion of a 
new phase of the Project (Phase IV: Pumped Divertor 
Configuration and Next­Step Oriented Studies). This phase 
is subdivided into a Divertor Characterization Plasma and 
a Full Tritium Compatibility Phase. The final Full Tritium 
Compatibility Phase, is now scheduled to start in 1995. 
This new phase has now been formally approved and has 
extended the lifetime of the Project by four years up to the 
end of 1996. 
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The aim of the new phase is to demonstrate, prior to the 
introduction of tritium, effective methods of impurity con­
trol in operating conditions close to those of a Next-Step 
Tokamak with a stationary plasma (10s-lm) of 'thermonu­
clear grade' in a single-null axisymmetric pumped divertor 
configuration. This configuration can only be achieved in 
JET by using divertor coils internal to the vessel. 

Following the approval by the JET Council of the step­
wise approach to the introduction of tritium in advance of the 
full Tritium Phase, a first preliminary tritium experiment 
(PTE1) was carried out and successfully completed in 
November 1991. A second tritium experiment (PTE2) is 
scheduled for the first half of 1994 at a point, yet to be 
determined, when divertor operation has been well estab­
lished, but in time to allow the necessary period of radioac­
tive decay before the following shutdown. The information 
derived from these preliminary tritium experiments will 
provide a safer approach to the full tritium phase and will 
help to optimize the active handling and waste management 
arrangements. 

More information on the future phases of the Project are 
indicated below. 

New Phase (first part): Pumped Divertor 
Configuration Phase IVA 
(Divertor Characterization Phase) 
(February 1992 - December 1994) 
In February 1992, the Project entered an extended shutdown 
to install the components relevant to the new pumped 
divertor. This will be concluded by the end of 1993. This is 
involving intensive in-vessel work to install the following 
equipment: 

• lower divertor structure with Mark 1 carbon target 
plates (inertially cooled); 

• pumping chamber and cryopump; 
• internal divertor coils and necessary power supplies; 
• poloidal limiters; 
• new ICRF heating antennae (A2); 
• full lower hybrid current drive (LHCD) system with 

its modified launcher; 
• divertor diagnostics; 
• high-speed pellet launcher (for plasma core injection); 
• centrifuge pellet launcher (for plasma edge injection); 
• disruption control system using internal saddle coils. 

The single-null X-point pumped divertor configuration 
should enable JET to progress towards extended high power 
operation with 40MW additional heating using neutral beam 

and ICRF power (e.g. plasma currents of 6MA for up to 3s, 
3MA for up to 5s). The control of disruptions using saddle 
coils system and the control of sawteeth using the full power 
LHCD systems should also be studied. 

Experiments during the subsequent operating period in 
1994 will concentrate on establishing and characterising 
plasma behaviour in the pumped divertor configuration. 
The programme will focus on: 

- establishing reliable operation in the new configura­
tion; 

- studying the control of impurities, plasma density and 
exhaust, and power loading on the target plates; and 

- assessing power handling using the full range of 
ancillary equipment. 

The centrifugal pellet injector will be used for repetitive 
fuelling. In addition, the prototype fast pellet injector will 
deliver one pellet per tokamak discharge. 

At the end of the shutdown, the RF capabilities of JET 
will have been enhanced significantly with the installation of 
the A2 RF antennae and of the full LI LHCD launcher. The 
exploitation of these systems in a range of heating and 
current drive scenarios will also be an integral part of the 
programme during this phase. 

CFC carbon divertor target plate tiles will be installed for 
the first period of operation with the Mark I divertor (iner-
tially-cooled plates). This will allow initially a more rapid 
characterisation of plasma behaviour and build-up of high 
performance in the divertor configuration particularly at low 
density. When pumped divertor operations are well estab­
lished, a decision will be taken on whether to replace the 
CFC tiles with beryllium tiles during a short intervention. 

A second Preliminary Tritium Experiment (PTE2) is 
provisionally scheduled to take place (subject to the nec­
essary formal approvals) about halfway through the oper­
ating period. A decision whether or not to proceed with 
this experiment, together with its timing and objectives, 
will be taken at a later date in the light of the early 
experience of operation in the new pumped divertor con­
figuration. Account will also be taken of the evolving 
R&D needs of the overall European Fusion Programme. 

At this stage, it appears likely that PTE2 could also 
involve a full scale application of the tritium handling 
system at JET. Such a demonstration well in advance 
would help to optimise the active handling and waste 
management arrangements for full D-T operations at JET 
and would be of importance in establishing technological 
aspects of the Next Step. 
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Preparations for D-T operations will continue during 
this period, including finalisation of remote handling tests 
and commissioning of the Active Gas Handling System 
with tritium (subject to consent by the approving bodies). 

New Phase (second part): Pumped 
Divertor Configuration - Phase IVB 
(Full Tritium Compatibility Phase) 
(January 1995 - December 1996) 
This phase will start with a major shutdown scheduled for 
early-1995. The main in-vessel task will be to install the 
Mark II (actively cooled) divertor. As presently conceived, 
this would involve replacing the inertially-cooled divertor 
target plates with actively-cooled hypervapotron elements, 
which should allow the divertor to accept the incident power 
level from operation with full plasma heating in steady state. 
In addition, it should be possible to install other enhance­
ments aimed at improving performance in the new configu­
ration or for the D-T experiments (e.g. enhanced pellet 
injection or fuelling system, modification to LHCD or 
additional heating systems). In parallel, ex-vessel activities 

would focus on bringing all the systems and subsystems to 
full tritium compatible status. 

Operations would resume in mid-1995 and the use of 
tritium would start near the end of 1995, subject to the 
approval of the JET Council and to the necessary official 
consents. Decisions on the precise programme of experi­
ments during this phase will be taken at a later date, in the 
light of experience during the characterisation phase (in­
cluding the possible PTE2) and of the Fusion Programme 
needs at that time. The general plans envisage the re-
establishment of pumped divertor operation and experi­
mental progress towards reliable steady-state operation at 
high heating power. The experimental programmes will 
be directed at the physics of alpha-particle production, 
confinement and heating. Key additional information will 
be generated from the experience of tritium operations on 
a reactor relevant scale - tritium retention, remote mainte­
nance and plasma diagnostics with large neutron and 
gamma backgrounds. This experience of D-T operation in 
a reactor relevant scale tokamak should provide informa­
tion essential for ITER design and construction. 
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JET Task Agreements 1992 

APPENDICES 

Title Associations 
(JET Responsible Officer) 

Duration of Agreement 

RF HEATING DIVISION 

LOWER HYBRID CURRENT DRIVE ON JET EUR-CEA 
• Exchange of knowledge CADARACHE 
• Design and construction of special items (CEA/TA4) 
• High power tests (J. Jacquinot) 

Now Completed. 
The prototype launcher 
built by CEA has been 
installed and operated 
successfully 

LH AND ICRF EFFECTS ON JET EUR-UKAEA 
• CD efficiency including transport CULHAM, UK 
• Synergistic effects between FWCD and LHCD (J.Jacquinot) 
• Modulated heating modelling 
• Minority CD experiments 
• Effect on RF CD on MHD stability 

In Progress: detailed 
comparison with JET 
experiments on LH 
and FW synergy, fast 
electron transport and 
minority CD 

EXPERIMENTAL DIVISION I 

EDGE PLASMAS & PLASMA SURFACE CULHAM, UK 
INTERACTIONS (CUL/TA2) 

(P.E.Stott) 

Started July 1992 

PLASMA WALL INTERACTIONS GARCHING, GERMANY 
(ΙΡΡ/ΠΓΑ2) 
(P.E.Stott) 

Started Jan. 1984 

NEUTRON PRODUCTION RELATED SWEDEN 
PHYSICS AND ASSOCIATED (NFR/TA1 ) 
DIAGNOSTICS (P.E.Stott) 

Started Jan 1984. 

PLASMA SURFACE INTERACTIONS SWEDEN 
(NFR/TA 1) 
(P.E.Stott) 

Started July 1987 



Title Associations 
(JET Responsible Officer) 

Duration of Agreement 

NEUTRON PRODUCTION RELATED 
PHYSICS 

HARWELL, UK 
(HAR/TA1) 
(P.E.Stott) 

Started Jan. 1984, 

NEUTRON PRODUCTION RELATED 
PHYSICS AND ASSOCIATED 
DIAGNOSTICS 

FRASCATI, ITALY 
(ENEA/TA3) 
(P.E. Stott) 

Started Jan. 1986, 

MICROWAVE REFLECTOMETRY 
& EDGE FLUCTUATIONS 

CIEMAT, SPAIN 
(CIEMAT/TA1) 
(P.E. Stott) 

Started Dec. 1991 

EXPERIMENTAL DIVISION II 

BULK IMPURITY PHYSICS AND 
IMPURITY RELATED DIAGNOSTICS 

EUR-IPP 
GERMANY 
(P.R. Thomas) 

Started Feb. 1983 

SPECTROSCOPIC MEASUREMENTS 
INTERPRETATION AND IMPURITY 
ANALYSIS 

EUR-CEA 
CADARACHE, FRANCE 
(P.R. Thomas) 

Started July 1984 

IMPURITIES AND OTHER TOPICS EUR-AEA 
CULHAM, UK 
(P.R. Thomas) 

Started June 1987 

THEORY 

ANALYSIS OF LOCAL TRANSPORT EUR-UKAEA 
IN JET AND COMPARISON WITH CULHAM, UK 
THEORETICAL MODELS (F. Tibone) 

Started Jan. 1991 
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Appendix II 

List of Articles, Reports and Conference Papers 
Published in 1992 

1. The JET neutron emission profile monitor. 
Adams J M Jarvis Ο Ν Sadler G J Syrne D Β Watkins Ν 
Joint European Torus (JET). May 1992. Preprint 
JET­P(92)27. (submitted to Nuclear Instruments 
and Methods). 

2. ELM precursors in JET. 
Ali­ArshadS Campbell D Colton A CripwellPdeKock 
L KramerGJ NaveMFF NeillGF 
Papers submitted to the 19th European Conf. on Control­

led Fusion and Plasma Physics, Innsbruck, 1992. Preprint 
JET­P(92)37,pp.l57­162. 

3. Generation of signals for disruption precursor control. 
Ali­Arshad S Morris A W Nicholson Ρ Trotman D L 
Vickers A J 
JET papers presented to Course and Workshop on Diag­

nostics for Contemporary Fusion Experiments, Varenna, 
Italy, 27 August ­ 6 September 1991. 

4. DIOSCUR­divertoroptimizatìonandsteadycurrentstudy 
of a tokamak aimed at steady state operation with reactor 
relevant plasma parameters. 
Alladio F Tanga A et al 
Fusion Engineering. 14th U2EE/NPSS Symp., San Diego, 
1991.2 vols. Piscataway, IEEE. 1992. p.426. 

5. MHD limiting phenomena in high performance JET 
plasmas. 
Alper Β Edwards A W Gill R D Pasini D Smeulders Ρ 
Papers submitted to the 19th European Conf. on Control­

led Fusion and Plasma Physics, Innsbruck, 29 June ­ 3 July 
1992. Joint European Torus (JET). May 1992. Preprint 
JET­P(92)37, pp.223­228. 

6. The tritium clean­up experiment in JET. 
Andrew PL Aldwell­Nichols C J Coad J Ρ Dietz Κ J 
Ehrenberg J Goodall D Η J Hemmerich J Horton L How 
J Lasser R Lomas Ρ Loughlin M McCracken G M 
Peacock A Saibene G Sartori R Thomas Ρ Winkel Τ 
JET papers submitted to 1 Oth Int. Conf. on Plasma Surface 
Interactions, Monterey, USA, 30 March ­ 3 April 1992. 
Joint European Torus (JET). May 1992. Preprint JET­

P(92)32,pp.l27­149. 

7. Interpretation of deuterium pumping by plasma­ facing 
beryllium surfaces. 

Andrew PL Peacock A Τ Pick M A 
JET papers submitted to 10th Int Conf. on Plasma Surface 
Interactions, Monterey, USA, 30 March ­ 3 April 1992. 
Joint European Torus (JET). May 1992. Preprint JET­

P(92)32,pp.l69­185. 

8. Derivation of nuclear parameters for delayed neutron 
measurements of neutron yields for D­T plasma operation 
at JET. 
Angelone M 
Joint European Torus (JET). 1992. Preprint JET­P(92)28. 
(submitted for publication in Fusion Technology). 

9. Axisymmetric toroidal equilibrium with incompress­

ible flows. 
AvinashK Bhattacharyya S Ν Green Β J 
Plasma Physics and Controlled Fusion vol.34 no.4 April 
1992pp.465^73. 

10. Confinement of high performance JET plasmas. 
Balet Β CordeyJG Stubberfield Ρ M Thomsen Κ 
Controlled Fusion and Plasma Physics. 18th European 
Conf, Berlin, 3­7 June 1991. Contributed papers. Geneva, 
European Physical Society. 1991. pp.I­9 ­1.12. 

11. Determination of local transport coefficients by heat flux 
analysis and comparisons with theoretical models. 
Balet Β CordeyJG Stubberfield Ρ M 
Plasma Physics and Controlled Fusion vol.34 no.l Janu­

ary 1992 pp.3­31. 

12. Heat transport with strong on/off­axis heating. 
Balet Β Boucher D CordeyJG MuirDGNeudatchinS 
V Schmidt G 
Papers submitted to the 19th European Conf. on Control­

led Fusion and Plasma Physics, Innsbruck, 29 June ­ 3 July 
1992. Joint European Torus (JET). May 1992. Preprint 
JET­P(92)37,pp.l39­144. 

13. Heat transport with strong off­axis heating. 
Balet Β CordeyJG Muir D G Schmidt GL 
Nuclear Fusion vol.32 no.7 July 1992 pp. 1261­1264. 
(Preprint JET­P(92)04). 

14. Particle transport during the tritium experiments in JET. 
Balet Β CordeyJG JonesTTC König R Marcus F Sadler 
G Stubberfield Ρ M von Hellermann M 



Papers submitted to the 19th European Conf. on Control­

led Fusion and Plasma Physics, Innsbruck, 1992. Joint 
European Torus (JET). Preprint JET­P(92)37, pp.49­54. 

15. The design features of secondary containments for the JET 
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