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FOREWORD

beam injection heating. At low current, quasi-steady
state stable operation has also been produced with high
normalised plasma pressure, H-mode confinement and
significant bootstrap current fraction (the so-called
advanced tokamak mode of operation). Confinement
studies in ELMy H-modes (including similarity
experiments with ITER) have shown the need to provide
more aceurate data on the H-mode threshold power and
on transport scaling close to the threshold and at high f3.

Improved plasma shaping has allowed long ELM-
free H-modes (up to 1.2s) to be produced with plasma
currents up to 4. 5MA. A neutron yield of 4.7x10"
neutrons per second in deuterium (a new JET record)
and fusion triple product (nTt )>8x10""m~keVs™,
(which i1s within 10% of the previous best), were
achicved at 3.8MA current and 3.4T toroidal field and
with [8MW of neutral beam injection. In addition. the
plasma cnergy recached 13.5MJ (the highest energy
recorded in a JET plasma).

Whereas hotion H-modes at low plasma current and
low toroidal field reached a normalised beta () of
about 2.5, high performance hot ion H-modes were
limited to [SN of about 1.8, well below the Troyon limit
(f,=2.8) by a varicty of magnetohydrodynamic (MHD)
instabilities. The termination of the high performance
phase was delayed by reducing the NB heating power
in order to maintain MHD stability. In this way, the
neutron rate and the stored plasma energy remained
high and steady for up to [s.

Other experiments of significance to ITER included
studies when the JET toroidal field ripple was varied.
This indicated that magneticripple in the ITER relevant
range of 0.1% to 2% at the plasma edge should not
affect energetic particle confinement in ITER. In
addition, Alfven Eigenmodes have been externally
cxcited using the saddle coils and non-linear beat
waves. Most relevant for ITER is the identification of
the kinetic Alfven Eigenmode with very weak damping.

The campaign with CFC tiles was successtully
completed in mid-March and was followed by a
shutdown in which the CFC tiles were replaced by
beryllium, whichis atarget material favoured by ITER.
A wide range of experiments were performed to assess
the performance of beryllium as a divertor target tile
matcrial and to compare it with CFC. JET is the only
machine in the world. which is capable of undertaking

such a comparison. The main outcome was that, under

normal operating condition, the CFC and beryllium targets
result in very similar plasma behaviour and have
comparable power handling characteristics. Experiments
were also performed to test whether the beryllium targets
would ‘self-protect’, by evaporating beryllium, leading
to high radiation from the plasma and reduced heat
fluxes, when subjected to significantly higher heat
loads than normal. Significant surface melting but only
moderate ‘self-protection’ was observed at equivalent
ITER power loads.

The neutral beam injectors operated reliably and
routinely delivered close to their maximum power
throughout the campaign. These reached power levels
of up to 20.4MW, and at these levels, the Octant No.4
injector contributed a world record 12.6MW for a
single injection port. The ion cyclotron resonance
frequency (ICRF) generators coupled up to I5MW
power to the plasma. and high density, high power
plasmas (>10MW) showed a soft transition to the H-
mode, with small ELMs and high confinement. Lower
hybrid (LH) frequency heating achieved arecord power
of 7.3MW to the plasma. This was used to fully drive
aplasmacurrentof 3MA, to produce reversed magnetic
shear configurations, to control sawteeth and to soften
the termination of hot-ion ELM-free H-modes.

Following completion of the experimental campaign
in June 1995, a shutdown started for the installation of
the 'more-closed’ Mark ITA divertor and modification
of the ICRF antennae. The shutdown is scheduled for
completion in March 1996. At the start of the shutdown,
a detailed inspection showed that in-vessel components
were in good condition with no significant damage except
for the deliberately induced beryllium target plate melting.

The first stage of in-vessel work in the shutdown to
replace the Mark I divertor was the strip out of
components. This was completed ahead of schedule.
The next stage involved the installation of the modules
ot the Mark Il divertor supportstructure. This structure,
about 6 metres in diameter and with a weight of 7
tonnes, was assembled to an accuracy of within 0. lmm.
This was aremarkable engineering achievement within
the confined space of the JET vacuum vessel.

Since the Mark II divertor will become radioactive
during its use with tritium plasmas, it has incorporated
an important and novel feature in its design: it has been
engineered to allow replacement of the divertor target

structure by full remote handling techniques. To validate



the capability of the remote handling approach, part of the
Mark II divertor target plates will be installed by remote
handling inearly 1996. Successful trials have been carried
out on a mock-up arrangement and results have provided
a high degree of confidence that target plate exchange
with an active machine can be achieved in a reasonable
time-scale. It will be the first time that such a complex
remote handling operation has been performed on an
active machine, providing most valuable engineering
experience for the finalisation of ITER design.

For late 1996/ early 1997, planning is underway for
a limited period of D-T operation (DTE-1, producing

20

up to 2x10*" neutrons), which will demonstrate long
pulse fusion power production (fusion amplification
factor, Q>1 with more than 10MW of fusion power for
a few energy replacement times). These experiments
will also make important contributions to D-T physics
(including H-mode threshold, ELM and confinement
behaviour in D-T, and some D-T specific radio
frequency heating studies) which JET alone can provide
in an ITER relevant divertor configuration. DTE-1
should allow the original four areas of JET work to be
completed and would provide timely input to the ITER
EDA. It would also address the important technology
issues of reactor relevant tritium processing and remote

handling. In particular, it would demonstrate the ability
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of the Active Gas Handling System (AGHS) to process
tritium while supporting a reacting tokamak plasma.
The commissioning of the AGHS subsystems continued
successfully during 1995.

The proposal for extension of the JET Programme to
the end of 1999, supported by the JET Council, is
awaiting formal approval by the Council of Ministers.
The programme would include studies aimed at
providing data in support of the ITER divertor, while
satisfying the requirements of high performance D-T
operations. The subsequent programme would progress
to divertor/plasma optimisation studies before a more
extensive period of D-T operation (DTE-2)in 1999. In
DTE-2, D-T plasmas would be studied with substantial
alpha-particle heating, capitalising on the performance
improvements achieved in preceding experimental
campaigns. DTE-2 experiments could produce up to
5x10%' neutrons, but efforts would be made to reduce
activation while still satisfying JET s role in supporting
ITER and the World Fusion Programme.

JET isstill making substantial advances in its scientific
and technology programme. With the continued dedication
of the staff, I am confident that the Project will meet the
challenges ahead and will continue to provide crucial
information to ensure that fusion will be an important

source of energy for future generations.

77 T Mon B

Dr M Keilhacker
Director
April 1996
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Introduction, Background

and 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 con-
tains 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 1995 Report provides overview
summaries of scientific and technical advances made
during the year, supplemented by detailed cross-refer-
ences to the more important JET scientific and technical
articles produced during the year. The final part of the
Report briefly sets out developments underway to further
improve JET’s performance and plans for future experi-

ments 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;

(i1) 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
inJET. 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 been
modified to achieve 7MA. This current is produced by

transformer action using the massive eight-limbed






Experiments have been carried out mainly using
hydrogen or deuterium plasmas, although during 1991,
experiments were performed in helium-3 and helium-4
and a preliminary experiment was performed using 10%
tritium in deuterium. In the final stage of the programme,
itis planned to operate with deuterium-tritium plasmas so
that abundant fusion reactions occur. The alpha-particles
liberated from the reactions should produce significant
heating of the plasma. During this phase, the machine
structure will become radioactive to the extent that any
repairs and maintenance would have to be carried out
using remote handling systems.

To reach conditions close to those relevant to a
fusion reactor, plasma densities of ~102%m-3 at tem-
peratures of 10-20keV would be needed. Even with
plasma currents up to 7MA in JET, this would be
inadequate to provide the temperature required using
ohmic heating alone. Consequently, additional heating
is required and two main systems are being used at
JET, as follows:

* Injection into the plasma of highly energetic neutral

atoms (Neutral Injection Heating);
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* Coupling of high power electromagnetic radiation
to the plasma (Radio Frequency (RF) Heating).

In 1991, the lifetime of the Project was extended to the
end of 1996 to allow JET to implement a new Pumped
Divertor phase of operation. This would assist the aim of
establishing in deuterium plasmas “reliable methods of
plasma purity control under conditions relevant for the
Next Step Tokamak™. During 1992/93, an axisymmetric
pumped divertor was installed inside the vacuum vessel,
together with all necessary auxiliary equipment.

The new plasma shapes of the divertor configuration
required a complete redesign of the vacuum vessel first
wall to accommodate the relevant plasmas. Upon com-
pletion, the inside of the vessel had been almost com-

pletely rebuilt and JET was effectively a new machine.

Project Team Structure
The Project structure adopted, for management purposes,
is divided into three Departments (see Table II):

* Torus and Measurements Department;

» Heating and Operations Department;

* Administration Department.

Table Il
JET Departmental and Divisional Structure

Co-ordinating Staff Unit: J-P Poffé

Data Analysis and Modelling Division: J.G. Cordey

Next Step Unit: B. Tubbing

Divertor Interface Unit: C. Lowry

DIRECTOR:
M. Keilhacker

Deputy Director:
A. Gibson

Directorate

Counsellor: G. Vlases

Chief Engineer: E. Bertolini

Torus & Measurements Department Heating & Operations Department Administration Department
Associate Director & Head of Department: Associate Director & Head of Department: Associate Director & Head of Department:
A. Gibson J. Jacquinot G.W. O’'Hara
Deputy Head of Department:
E. Bentolini
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In addition, some scientific and technical duties are
carried out within the Directorate and in Supporting
Units.

The main duties of the Administration Department
have been described in previous JET Annual Reports.
This Reportconcentrates on progress made in the scientific
and technical areas during 1995, To aid this description,

the functions of these Departments are described below.

Torus and Measurements Department

The Torus and Measurements Department has overall

responsibility for the performance capacity of the ma-

chine: this includes enhancements directly related to this

(excluding heating) and the long term planning associ-

ated with integration of these elements to achieve ulti-

mate performance. The Department is also responsible
for: fusion technology requirements for the active phase
including tritium handling and processing; for construc-
tion and operation of necessary measurement diagnostic
systems and the interpretation of experiment data; and for
data systems comprising data control, acquisition and
management. The main functions of the Department are:

* to design, procure and implement enhancements to

the JET device;

* to provide and maintain clean conditions inside the

vessel which lead to high quality plasma discharges;

* to conceive and define a set of coherent measure-

ments;
* to be responsible for construction of necessary
diagnostics;

* 10 be responsible for diagnostics operation, quality of
measurements and definition of plasma parameters;

* to organise and implement data acquisition and
computing;

* todesignand develop remote handling methods and
tools to cope with JET requirements;

* o design and construct facilities for handling tri-
tium and for waste management.

The Department consists of five Divisions and three
Groups (Machine Assembly. Diagnostic Engineering and
Data Management):

(a) First Wall Division, which is responsible for the vital
arca of plasma wall interactions. Its main tasks in-
clude 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 pump-
ing devices. The area of responsibility encompasses
the mechanical integrity of the vacuum vessel as a
whole and the development and implementation of
mechanical and Remote Handling techniques;

(b) Fusion Technology Division, is responsible for all
nuclear engineering aspects of this Project includ-
ing tritium and gas handling, vacuum systems,
waste management and regulatory approvals;

(c) Control and Data Acquisition System Division
(CODAS), which is responsible for the implemen-
tation, upgrading and operation of computer-based
control and data acquisition systems for JET;

(d) Experimental Division 1 (ED]), which is responsi-
ble for specification, procurement and operation of
about half the JET diagnostic systems. ED1 under-
takes electrical measurements, electron tempera-
ture measurements, surface and limiter physics and
neutron diagnostics;

(e) 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, inter-
ferometry, the soft X-ray and neutral particle analysis.
The structure of the Torus and Measurements Depart-

ment to Group Leader level is shown in Fig. 2 and the list

of staff within the Department is shown in Fig. 3.

Heating and Operations Department
The overall responsibility of the Heating and Operations
Department is for the efficient and effective day-to-day
operation of the machine. In addition, the Department has
responsibility for plasma heating and auxiliary equip-
ment and related physics; the design and operation of
power supplies as well as contributing to the execution
and evaluation of JET’s experimental programme. The
main functions of the Department are:
* preparing and co-ordinating operation of the machine
across Departments and Divisions;
* heating and current drive and analysis of its effects
in the plasma;
. plaéma fuelling, including pellet injection;
* designing and employing power supplies for ensur-
ing etficient operation and control of the machine.
The Department consist of two Groups (Machine Op-

erations and Machine Services) and four Divisions:
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Divertor and Wall Group
H. Altmann

First Wall Remote Handling Group
M. Pick A. Rolfe

First Wall Installation Group
G. Celentano

Neutron Diagnostic Group
O.N. Jarvis

Experimental | Microwave Diagnostic Group
P.E. Stott D.V.Bartlett

Plasma Boundary Group
G. Matthews

Spectroscopy and
Impurity Physics Group
R. Giannella

Charge Exchange
Spectroscopy Group

Experimental I M. von Hellermann

P.R. Thomas

Particle Dynamics Group
A. Gondhalekar

Soft X-Ray Analysis Group

R.D. Gill

Department Head
A. Gibson

Vacuum Systems and

Development Group -
J.L. Hemmerich

Active Gas Handling Group
Fusion Technology R. Lasser ,
A.C. Bell

Tritium Safety Group
A.C. Bell

Waste Management Group
A.D. Haigh

Machine Assembly Group and
Shutdown Manager
B. Ingram

Diagnostic Engineering Group
S. Scott

Data Management Group
R. Ross

Control Group
C.A. Steed

" Computer Group
CODAS H.E.OQ. Brelen

V. Schmidt

Data Acquisition Group
E.M. Jones

Electronics and
Instrumentation Group
K. Fullard

JG96.94/2

Fig.2: Torus and Measurements Department, Group Structure
(December 1995)




C. Earl

C. Hancock

B. Ingram

Mrs. P. Longworth
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TORUS AND MEASUREMENTS DEPARTMENT

Head of Department: A. Gibson

J. Lundquist

J. Reid

Mrs. J. Roberts
R. T. Ross

FUSION TECHNOLOGY DIVISION

Head: A.C. Bell

S. Bryan

P. Brennan

C. J. Caldwell-Nichols
C. Caltaghan

Mrs. J. Campbell

N. Green

A. Haigh

J. L. Hemmerich
D. Holland

H. Jensen

Mrs. M. E. Jones
J. F. Jaeger

FIRST WALL DIVISION

Head: MLA. Pick

H. Altmann

P. Brown

T.V. Businaro
R.A. Cusack

G. Cclentano
Mrs. D. Cranmer

E. Deksnis
C. Froger

L. Galbiati
F. Hurd
Mrs. [. Hyde

P. Sagar
Miss. D. Samuel
S. Scott

R. Lisser
J. Lupo

J. Mart

A. Miller
G. Newbert
J. Orchard

G. Israel
M.A.Irving
L.P.D.F. Jones
J.F. Junger
A.B. Loving

CONTROL AND DATA ACQUISITION SYSTEMS DIVISION

Head: V. Schmidt

M. B. Baronian
Mrs. A. M. Bellido
H. E. O. Brelen
W. J. Brewerton
T. Budd

P.J. Card
J. J. Davis
S. Dmitrenko
S. E. Dorling
K. Fullard

EXPERIMENTAL DIVISION I

Head: P. E. Stott

S. Ali-Arshad
D. Bartlett

H. Bindslev
B. W. Brown
S. Clement

J. P. Coad

J. Ehrenberg
J. Fessey

C. Gowers
P. J. Harbour
J. Hoekzema
M. Hone

1. Hurdle

O. N. Jarvis
M. Loughlin

EXPERIMENTAL DIVISION 11

Head: P.R. Thomas

B. Alper

P. Beaumont
Mrs. K. Bell
G. Braithwaite
P. Breger

A. Edwards

R. Giannella

R. Gill

A. Gondhalekar
L. D. Horton
A. Howman

H. Jickel

E. M. Jones
F.J. Junique
N. G. Kidd
J. G. Krom
C. Perry

F. B. Marcus
G. Matthews
G. Neill

P. Nielsen

H. Oosterbeek
Mrs N. Povey
R. Prentice

R. Kénig

P. Morgan
C. Nicholson
R. Reichle
R. Robins

P. Smeulders

R. Smith
A. Tiscornia
C. Wilson

R. Pearce
Mrs J. Pointer
K. D. Walker
R. Warren
T. Winkel

B. Macklin
A. Nowak
J. Palmer
A. Peacock
T. Raimondi

C. A. Steed
C. Terella

G. Wolfers
I. D. Young

P. Roberts
G. Sadler
A. Stevens
D. Summers
P. Tegg

P. van Belle
J. Vince

M. Stamp

S. A. Staunton-Lambert
W. Studholme

M. von Hellermann

B. Viaccoz

R. Webb

Fig.3: Project Team Staff in the Torus and Measurements Department
(December 1995)
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(a) Operations Division plays amajorrole in the efficient

planning and execution of JET’s experimental pro-
gramme and in the integration of existing orimminent
systems into an effective experimental programme.
In addition, it is responsible for effective methods of
fuelling the plasma including the development of
methods based on solid high speed hydrogen pellets;
development of new plasma wall conditioning tech-

niques; plasma control systems; development of

IROPUCTION, BACKGROUND AND SUMMARY

disruption control methods; training of operations
staff; and monitoring of machine operations;

(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. The
Division is also responsible for all cryo-systems and
also participates in studies of physics of neutral beam
heating;

Machine Operations Group
P. Chuiion

Machine Services Group
N. Dolgetta

Plasma Fuelling Group
P. Kupschus

Physics Operations Group
P.J. Lomas

Operations Plasma Configuration Group
A. Tanga D.J. Campbell

Operations Support Group
J. How

Physics Group
D.F. Start

Antenna Systems Group

Deputy Head

E. Bertolini Radio Frequency
C. Gormezano RF Power Group

A. Kaye

T. Wade

Department Head
J. Jacquinot

Profile Control Group
F. Soldner

Operations Group
T.T.C. Jones

Engineering Group

Neutral Beam
Heating Testbed Group

D. Stork H.D. Falter

M.J. Watson

Cryogenics Group
W. Obert

Magnet Systems Group
J. Last

Additional Heating Power

Magnet and R. Claesen

Power Supplies Power Distribution and
E. Bertolini Services Group

Supplies Group

L. Zannelli

Tokamak Magnet Power
Group
M. Huart

JG96.94/4

Fig.4: Heating and Operations Department, Group Structure
(December 1995)
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V. Bhatnagar
C. Birks

M. Bolton

P. Chuilon
N. Dolgetta

HEATING AND OPERATIONS DEPARTMENT

Head of Department: 1. Jacquinot

Deputy Head of Departiment: E. Bertolini

T. Dale

R. Greenfield
M. Hughes

M. Macrae

S. McLaughlin

MAGNET AND POWER SUPPLIES DIVISION

Head: E. Bertolini

A. Barnard
T. Bonicelli
D. Chiron
R. Claesen
E. Daly

P. Doyle

C. Folco

J. Goft

D. Graham
M. Huart

F. Jensen

J. Jeskins

J. R. Last
H. McBryan

OPERATIONS DIVISION

Head: A. Tanga

D.J. Campbelt
S. Cooper

M. Gadeberg
J. How

M. Johnson

P. Kupschus
M. Lennholm
P.J. Lomas
T. Martin

NEUTRAL BEAM HEATING DIVISION

Head: D. Stork

A. Bickley

A. Browne

C. D. Challis

J. F. Davies

A. Dines

H. P. L. de Esch

D. Ewers

H. Falter

D. Godden

L. Hackett

Mrs. S. Humphreys
T.T.C. Jones

R. Meadows W. Smith

C. Rayner K. Taylor

B. Regan J. Watt
Miss. V. Shaw B Workman
J. McKivett P. Presle

V. Marchese S. Shaw

G. Marcon A. Tesini
Mrs. H. Marriott J. van Veen
G. Murphy C. R. Wilson
P. Noll L. Zannelli
R. Ostrom

S. Puppin R. Sartori

L. Rossi B. Schunke
G. Saibene A.C.C. Sips

A. Santagiustina

RADIO FREQUENCY HEATING DIVISION

Head: C. Gormezano

S. C. Booth

M. Brandon

G. Cottrell

P. Crawley

Mrs. R. Deitrich
T. Dobbing

D. T. Edwards
A. Franklin

P. Finberg

M. Gammelin
M. Graham

R. Horn

M. Tabellini

F. Long A. I. Parfitt
D. Martin R. Parkinson
C. Mayaux D. Raisbeck
Mrs. D. Noyes L. Svensson
W. Obert I. Waterhouse
S. Papastergiou M. J. Watson
A. Kaye F. Soldner

J. Plancoulaine D. F. Start

F. Rimini C. Steele

P. Schild M. Timms
M. Schmid T. Wade

A. Sibley

Fig.5: Project Team Staff in the Heating and Operations Department (December 1995)

(¢) Radio Frequency Heating Division, which is respon-

JG96.94/5

(d) Magnet and Power Supplies Division is responsible for

sible for the design, construction, commissioning and
operating RF heating and current drive systems dur-
ing the different stages of its development to full
power. The Division is also responsible for the TAE
cxcitation system and also participates in studies of

the physics of RF heating:

the design, construction, installation, operation and main-
tenance of the electromagnetic system and plasma con-
trol. The area of responsibility encompasses the toroidal,
poloidal and divertor magnets, mechanical structure;
and all power supply equipment needed for magnets,

plasma control, additional heating and auxiliaries.
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Fig.6: Directorate and Support Units, Group Structure
(December 1995)

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

In addition, both Departments are involved in:

» execution of the experimental programme;
* interpretation of results;

* making proposals for future experiments.

Directorate

Within the Directorate, there are three technical units, one

Division and a Chief Engineer, reporting directly to the

Director. The main responsibilities are as follows:

(a) The Co-ordinating Staff Unit is responsible for the
availability of a comprehensive health physics and
safety project organisation; and for the provision of
centralised engineering supportservices. It comprises
four Groups:

* Health Physics and Safety Group;
* Quality Group;
 Technical Services Group;

* Drawing Office.

(b) The Data Analysis and Modelling Division is responsi-
ble for the provision of software for the acquisition and
processing of the data from JET diagnostics; for con-
firming the internal consistency of the processed data
and assembling itinto public databases; and the develop-
ment and testing of theoretical models against JET data.
In addition, the Division 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.

It comprises four groups:

* Analytic Theory Group;

» Simulation Group;

* Data Processing and Analysis Group;
* Diagnostic Software Group.

(¢) The Next Step Unit is responsible for co-ordinating
contributions from JET to the European effort in
supportofthe ITER-EDA. This responsibility includes
drawing up proposals, initiating relevant work
programmes on JET and taking part in their execution

and evaluation.
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(d) The Divertor Interface Unit is responsible for assess-
ing the impact of developments in the experimental
programme and operation on the design requirements
for JET divertors. This includes a high level of partici-
pationinthe JET experimental programme ondivertor
physics, themomechanical analysis of plasmainduced
loads on the divertor, and the definition of advanced
divertor concepts.

In addition, there is a Chief Engineer, who reports to
the Director, and is responsible for ensuring the overall
coherence of technical aspects of JET operations.

The structure of the Directorate to Group Leader level
is shown in Fig.6 and the list of staff in these areas is

shown in Fig.7.

Report Summary

The firstsection of this Report provides a brief introduction

and background information relevant to the Report. The

second and third sections set out an overview of progress
on JET during 1995 and with a survey of scientific and
technical achievements during 1995 sets these advancesin
their general context. This summary is specifically
cross-referenced to reports and articles prepared and
presented by JET staff during 1995.

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

In addition, Appendix I contains a list of work topics
which havebeen carried out under Task Agreements with
various Association Laboratories. A full listisincluded in
Appendix Il of all Articles, Reports and Conference papers
published by JET authors in 1995. Copies of particular
papers can be obtained from JET Publications Office.
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Technical Achievements during 1995

Introduction
JET started 1995 in the middle of the Pumped Divertor

Characterisation Phase. This phase had begun in Febru-
ary 1994 and ended in June 1995. During this period, the
Mark I pumped divertor was very effective and allowed
a broad-based and highly ITER-relevant research pro-
gramme to be pursued. The 1995 experimental campaign
addressed the central problems of the ITER divertor:
efficient dissipation of the exhausted power, control of
particle fluxes and effective impurity screening. It started
the year with using carbon fibre composite (CFC) tiles in
the vessel as the power handling material.

The campaign with CFC tiles was successfully com-
pleted in mid-March and was followed by a shutdown of
22 working days in which the CFC tiles were removed
and replaced by beryllium. In addition, a prototype sepa-
rator for the ion cyclotron resonance frequency (ICRF)
antenna was installed and eighteen French Horn cooling
pipes were strengthened and replaced. The efficiency of
the in-vessel work was improved with the effective use of
the in-vessel training facility and the use of an observa-
tion platform, adjacent to the torus access cabin, to allow
Responsible Officers to control the in-vessel work via
closed circuit video cameras.

Following this shutdown, experiments were performed
to assess the performance of beryllium as a divertor target
tile material and to compare it with the CFC tiles. In
response to the ITER Joint Central Team, beryllium
melting was induced at ITER-relevant heat fluxes to see
whether a protective radiative shield was established.

In June 1995, a shutdown started for the installation of
the Mark IIA divertor and the modification of the ICRF
antennae. The shutdown is scheduled to finish in March
1996. At the start of the shutdown, a detailed inspection

showed that in-vessel components were in good condi-
tion with no significant damage except for the deliber-
ately induced beryllium target plate melting. The first
phase of in-vessel work in the shutdown was the strip out
of components. This work, which included the removal of
the ICRF antennae for modification, was completed ahead
of schedule.

The installation of the Mark II support structure con-
stituted a major development in JET. This support struc-
ture is designed to allow JET to investigate a wide variety
of divertor geometries by the installation of different tile
carriers. These carriers can include the necessary diag-
nostics and can be attached to the support structure easily,
quickly and with high precision. The diagnostics are
simply plugged into the support structure. The whole
procedure is designed to be possible by remote handling.

This phase of in-vessel work involved installation of
the modules of the Mark II divertor support structure,
which is about 6 metres in diameter and has a weight of
7 tonnes. This was assembled on time and to an accuracy
of within 0.1mm. The ICRF antennae, modified to im-
prove the coupling of ICRF power to the JET plasma,
were then reinstalled. At the end of the year, work to
install other in-vessel components was continuing.

Preparations are also continuing for the next period of
D-T operation (DTE-1), which is scheduled for the end of
1996. Work is also continuing on the procurement of the
ITER specific Mark II Gas-box divertor target assembly,
which is due to be installed by remote handling in 1997.

The Remote Tile Exchange, during which the Mark
IIA tile carriers will be exchanged for the Mark II Gas-
box tile carriers, will be the first fully remote task under-

taken on JET and the most significant fully remote han-
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dling task undertaken on any fusion device in the world.
Accordingly, extensive preparations are being made for
the proving of equipment function. performance and
reliability together with the derivation and development
of task procedures and operator training.

The following sections detail the main technical

achievements made during 1995.

First Wall Systems

Introduction

The main activities associated with First Wall systems
during 1995 were related to: the procurement and prepa-
rations for and implementation of the shutdown to install
the Mark 11 Support Structure and Mark IIA Divertor Tile
Carriers; preparations for the fully remote replacement of
Mark I1A Divertor Tile Carriers with the Mark II Gas-
Box tile carriers immediately after the Deuterium-Tri-
tium Experiment (DTEI); and, in addition, completion of
the Mark II Gas-Box Divertor design. In addition to
preparations for and execution of the major planned Mark
11 Installation Shutdown which started in June 1995, two
additional vessel interventions were also carried out.

The installation of the Mark II support structure
constitutes a major development in JET. This support
structure is designed to allow JET to investigate a wide
variety of divertor geometries by the installation of
different tile carriers. These carriers can include the
necessary diagnostics and can be attached to the sup-
portstructure easily, quickly and with a high precision.
The diagnostics are simply plugged into the support
structure. The whole procedure is designed to be pos-
sible by remote handling.

The Remote Tile Exchange, during which the Mark
ITA tile carriers will be exchanged for the Mark II Gas-
box tile carriers, will be the first fully remote task under-
taken on JET and the most significant fully remote han-
dling task undertaken on any fusion device in the world.
Accordingly. extensive preparations are being made for
the proving of equipment function, performance and
reliability together with the derivation and development

of task procedures and operator training.

interventions in the Vessel during 1995

Two short in-vessel interventions, one of which had been
previously scheduled, were carried out during 1995,
followed by the main shutdown to install the Mark II

divertor structure.

Intervention to Repair GDC Electrodes

The unscheduled shutdown took place in February 1995
and was due to problems arising from the bending of
Glow Discharge Cleaning (GDC) electrodes. This was a
short four day shutdown performed in full pressurised
suits and based on three shifts per day. The in-vessel
radiation level at the beginning of the intervention was
130+7uSv/hour.

The repair procedure for the GDC electrodes consisted of
removing the spiral coil of the GDCelectrode and reconnect-
ing the current feed to the electrode back plate. The interven-
tion was used to carry out some additional work including:
removal from the divertor of the tip of the plasma boundary
probe which had broken during a disruption; cleaning of
three beryllium evaporator heads at Octants Nos. 1,5 and 7;
surveys and inspections of numerous in-vessel components;

and some minor repairs to damaged diagnostics.

Intervention for Tile Exchange

The scheduled intervention took place in March 1995.

The purpose of this shutdown was primarily to exchange

the carbon fibre reinforced carbon (CFC) divertor tiles to

beryllium tiles. An additional task was to install an
antenna separator between a pair of RF antennas at

Octants No. 6/7. The shutdown started on the 17 March

and ended on the 12 April. It was based on three shifts per

day for six days per week with work proceeding in full
pressurised suits. The radiation level at the start of the
shutdown was 165uSv/hour. The installation work was
performed as planned and with no unexpected problems.

Detailed in-vessel inspections revealed only relatively
minor problems:

* Some ICRH antennae upper protection rails had bent
towards the plasma by about 17mm;

* Ceramicdiscs and ceramic spacers on 18 positions out
of 96 on the so-called French Horns had cracked or
were missing. There was also some deposition of
beryllium metal onto these ceramics. A temporary
repair was carried out by removing the affected sup-
ports and refurbishing them in the J1A Beryllium
Handling area;

* Several diagnostic activities were carried out during
this shutdown:

- Kal Lost Alpha-particle system was installed in
Octant No.7 MHP;
- RF antenna separator/rail current shunt installed;

- Inner Wall Guard Limiter current shunts installed;



























Magnet System

Maintenance and Installation

Theinstallation of the TF ripple bus-bars from Building J1P,
through the Basement to the Torus Hall to re-connect the TF
power supplies to the TF coils, started in late-1994, and was
completed by February 1995. This allowed the ripple experi-
ment to be performed toward the end of the 1995 campaign.

In view of the DTE] programme, it was decided to
replace all the Rafix quick release water connectors on coils
P1 and P2 by screwed connectors, as these would be more
reliable. All parts have been ordered for the modifications to
Coil P1 but for Coil P2 a suitable welding technique to attach
the new couplings must be established.

The number of turns on the poloidal coils (P2 and P3) are
regularly changed to enable different plasma shapes to be
achieved. These turn changes are made at link boards
mounted on the magnetic circuit limbs and also on the coils
themselves. It had been recognized that turn changes during
operating sessions cannot be avoided during DTE1 and
radiation levels at the coils are expected to be too high for
convenient access. In fact, turn changes need to be per-
formed immediately, without waiting a week or more to see
the radiation level decay to acceptable level for hands-on
intervention in the Torus Hall. Therefore, new bus-bars have
been designed to enable Coil P2 turns to be changed at new
link boards in the Basement and Coil P3 turns to be changed
atexisting link boards in the Torus Hall. The radiation levels
at these link boards will be low.

The inductance of all 32 toroidal field (TF) coils is
routinely measured at the beginning and end of each shut-
down to detect inter-turn faults. The inductance measure-
ments, performed at the start of the 1995 shutdown showed
no problems, i.e. the measurement confirmed that no electri-
cal faults were present in the coils. These measurements will

be repeated before operation is resumed.

Machine Instrumentation and Protections

Although JET is already considered a well instrumented
machine, engineering experience gained in the 1994-95
campaign, on such new phenomena as toroidal asymmetries
of vessel forces and forces higher than expected in some in-
vessel components, suggested the addition of further instru-

mentation on the machine for monitoring and protection.

Divertor Coils In-vessel Instrumentation
The following divertor in-vessel instrumentation was
installed during the year:

- TECHNICAL ACHIEVEMENTS DURING 1995

* Rogowski coils on D1, D2, D3 and D4: designed to
measure the coil ampere-turns. The Rogowski coils
are helically wound cable in stainless steel cases and
will be used for coil protection;

e Thermocouples on D2, D3 and D4 clamps (5 off):
intended to assist evaluation of thermal conditions in
the new divertor configuration;

* Vertical flux loops on DI and D4: to enable the radial
forces on D1 and D4 to be measured. Vertical flux loops
are already installed on coils D2 and D3 for magnetic
diagnosis and will be used for force calculation;

» Radial flux loop on D4: to replace a loop on Coil D4
which failed. In the original divertor installation ra-
dial flux loops were installed on all coils to calculate

vertical forces.

Improved Coil Protection System (CPS)

In 1995, the main objective was to rationalise and im-
prove the magnet protection system. This consisted of
mainly hardwired protection installed over the years and
of the relatively new CPS software system. Hardwired
systems are therefore being progressively transferred to
CPS to avoid duplication and enable better processing
and flexibility. The hardwired systems will be maintained
until the new systems are fully operational.

Protection systems transferred to CPS during the 1995
shutdown include TF transverse force protection, TFampere-
turn protection (Rogowski), over-current and I*t protection
forall magnetcircuits and earth leakage protection. New coil
protection algorithms are also being introduced. To carry the
increased load, new signal processing electronics and a new
CPU are being installed. A CPS development system for

testing new software has been built.

Improved Machine Diagnostics

New vacuum vessel measurements are required to diag-

nose newly discovered vessel movements. The following

improvements are underway:

* New displacement measurements at the following
vacuum vessel ports: inner, intermediate, main vertical
and main horizontal ports;

* Acceleration and force measurements at main
horizontal ports;

* Improved processing of vacuum vessel vertical
restraint forces.

This increase in signals has necessitated a new cubicle

in Building J1D, incorporating similar processors to CPS.
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Magnet Power Supplies

Disruption Feedback Amplifier

Due to the damaged upper saddle coils, the Disruption
Feedback Amplifiers were used on the lower saddle coils
only. Full performance was obtained with the amplifiers
on these coils but without plasma or toroidal field. In the
presence of plasma, the maximum current could not be
applied as the forces on the coils would be excessive if
subjected to adisruption. The maximum current obtained

with plasma was 2.5kA for 0.5s.

Saddle Coil Crowbar

The crowbars were designed to short-circuit the saddle
coils in the presence of disruptions or of internal faults in
the coils. During early operation, the current measured in
the crowbar reached values of 6kA during disruptions.
However, the damage seen in the lower saddle coils
would need induced currents during disruptive events
larger that 10kA. These currents are not dangerous for the
crowbar but the same current is flowing in the saddle coil.
This current combined with the magnetic field resulted in
excessive forces being applied to the coils. Simulations
showed that by introducing a resistor of 100-200mW in
series with the crowbar, the current would be limited to
acceptable levels while the increase of the voltage against
ground remained within the isolation test levels of the
coils. Resistors of 100m& 2 were installed, and operation
continued with this configuration for the remainder of the

operational period.

Additional Heating Power Supplies

The additional heating power suppy systems include
neutral beam. ion cyclotron radio frequency and lower
hybrid power supplies, and there are also discharge clean-

ing power supplies.

Neutral Beam Power Supplies

Although the Neutral Beam Power Supplies now operate

most reliably the need forimprovements, although minor,

remains and some were implemented during 1995:

» At the start of 1995 an additional protection circuit
was added to the Grid | protection systems. This
circuit compares the voltages of two different voltage
dividers and terminates the pulse if the difference is
more than a predetermined value. In this way, a
complete new protection for the output voltage was

implemented. It acts as if a different voltage divider
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was used for the protection and for measurement and
control circuits;

* There was adriftand an offset in the measurement and
control chain. For this reason, potentiometers were
changed by fixed resistors. Older type resistors have
been changed with more accurate and stable ones;

* During the campaign, some instabilities were ob-
served during voltage ramp-up. The complete control
loop modifications were simulated and implemented,
first in the testbed for checking and testing, and
subsequently on all protection systems;

* A new monitoring system is being installed for the
filaments of the ion sources. The original system only
monitored for open-circuit. However, the more dan-
gerous fault is ashort-circuit between the filament and
the ion source bucket. The new circuit incorporates
the monitoring function for both possible faults;

¢ Qccasional voltage dips were experienced in the rec-
tifier output voltage for the Grid | power supply at the
start of the pulse. When this ocurred, the voltage
across the regulating tetrode became too low and the
pulse was terminated. Recent measurements on the
PINI and the ion dump have shown that the original
specifications can be relaxed, i.e. a voltage dip of 15%
for 50ms is allowed in the PINI voltage at the start of
the pulse. Testing of a new circuit which incorporates
the allowance for a 15% dip is now in progress. This
will eliminate the cause of premature pulse termina-
tion, leading to more reliable operation of the system.

* During the shutdown, all protection systems are being
tested on dummy load, the calibration and control loops
are checked upto full performance. The SF6 towers were
opened and checked, a few connectors were replaced.
The pressure relief valves on the SF6 towers were moved
from Building J1H to the Basement in preparation of the
DTE experiment. A pressure monitoring system was
installed between the two bursting disks; this will give an
early indication of any problem with the bursting disk

nearest to the SF6 tower.

lon Cyclotron Resonance Frequency
Heating Power Supply

The ICRF power supplies continue to operate without
major problems. Routine maintenance is performed at
regular intervals. The power supplies are used during
operation with the RF generator connected to the antenna

and during the shutdown with the RF generator connected



Table Il - Expenditures on Electricity in 1995

Units ECU/ ECU®
(kWh) kWh®"
National Grid® - - 119,273
National Power 10,558,580 0.056 552,449
Southern Electric 31,511,380 0.053 1,680,452
AEA Culham 4,291,585 0.053 227,692

(1) average unit cost including all charges
(2) including all other charges in addition to the unit charge
(kWh) (I ECU = £0.8488)
(3) connection charges
to a dummy load. As far as the power supplies are
concerned, both operational modes are similar, so that

these supplies are operated almost continually.

Lower Hybrid Current Drive Power Supplies

Operation of these power supplies is following similar lines
- as the ICRF power supplies. These are used either with the
klystrons connected to the launcher or to the dummy load
almost on a continual basis. Routine maintenance is per-
formed at regular intervals but no major changes have been

necessary since their early commissioning.

Glow Discharge Cleaning Power Supply

The Glow Discharge Cleaning Power Supply was used
extensively during operation, for the cleaning the vessel
wall. Atthe start, cleaning was only carried out atlow voltage
(300V) and low current (2A). Later, some experiments were
undertakentocheck thecleaningefficiency athigher voltages
(600V). Atthese voltages, instabilities on the current and the
voltage were observed. Consequently, the control loop inthe
power supply was modified after which operation at high

voltage was possible without further problems.

Power Distribution

No major installations at 33kV and/or at 11kV were
foreseen in 1995. Therefore, work mainly dealt with
design, construction and installation of new plants at

415V, repairs/modification and routine maintenance.

Service, Design and Installation Work

Electrical supplies at 415V were provided for the new
Health Physics Laboratory, the Beryllium Handling
Facility, the Metallurgy Laboratory, the In-vessel Electri-
cal Distribution, and the TAC. Other important jobs were

TECHNICAL ACHIEVEMENTS DURING 1995

the re-location of the 300k VA Cryogenic Section Board,
the IVIS Control cubicles and the installation of a 60k VA
UPS in Building J1S. In addition, there were a large
number of ‘minor’ installations, for a total number of 500
jobs. Most of them were concerned with cable installa-
tion: about 70km of cables of various functions and size
were installed during the shutdown.

In preparation for DTEI, an accurate revision of cable
blocking in all Basement and torus cable penetrations, to
allow adequateradiation shielding, has been an important

task associated with cable pulling.

Design Work

A large number of New Projects have been implemented

during 1995, and have required extensive design work.

Significant examples were:

» PDFA Power Filters: design of the layout, including
forced air cooled resistors, tuned filter assembly, control
and instrumentation and support steel structure;

* PVFA System: design of snubber assembly, reposi-
tioning of DCCT’s, modification of dummy load;

* Study for TF Enhancement to 4T: design of the civil
work for the new transformer assembly;

¢ Study for NB Enhancement: design of power supplies

schematics and plant layout.

Maintenance

In addition to the shutdown routine maintenance, the

following main maintenance tasks were performed:

¢ Overhauling of the three 400kV-300MVA (pulse)
transformers, including the automatic tap changer, the
test of oil samples and the test of the fibre optic links;

* Overhauling the 3.3kV and the 36kV distribution sys-
tems, including HV cubicles, switchgear and cable
terminations;

* Complete servicing and oil testing of three 36kV/
415V/3.5MVA transformers for the PINI auxiliary

power supplies.

Supply of Electricity

Electricity is supplied to JET at 400kV (main tokamak DC
pulsed loads) and at 1 1kV (AC auxiliary loads), by means of
four contracts: with National Grid and with National Power
for the supply at 400kV, Southern Electricity and Culham
for the supply at 11kV (the latter is used as a back-up during
maintenance or failures of the JET 132kV/11kV Substa-
tion). The bills for the supply of electricity in 1995 are shown
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in Table I11. (It should be noted that the first six months only

were operational months).

Machine Services
Some major modifications in the cooling system have taken
place during the 1995/96 shutdown, with particular rel-

evance 1o the safety and reliability for the D-T operation.

The PF-TF Water-Freon Management
System Re-build

The system controls all the main sequence of operations,
encompassing and backing the operation of most systems
cooling loops, and coordinating their protections.

The system has been re-built, and relocated. The 15 year
oldelectronics including the PLC were replaced. The system
interface to C1SS (Central Interlock Safety System) was also
changed to meet safety requirements for the D-T phase, and
the control enhanced to include new remotely controlled
isolation valves. The cubicles, previously located in the
Basement plant-room, where access during the D-T phase
would be severely restricted, were moved to a new location
in the 6MW Chiller building. This entailed wiring the
cubicles to the plant via new cables. The re-build was

completed in December 1995.

Remote Isolation Enhancement

The PF system was enhanced by fitting pneumatic actua-
tors to the isolation valves of the cooling loops of the PF
system. Twenty valves, which were up to the previous
period of operation of manual type, have been modified
to be remotely operated, and also five new isolation
valves were fitted into the system for the same purpose.
The isolation of any of these loops, in case of leaks or any
other reasons, could be easily performed without requir-
ing access to restricted areas, and they will be controlled

via the PF-TF management cubicles.

TF Pumps Magnetic Drive Modifications
The TF Freon motor pumps have been moditied to include
a seal-less magnet drive coupler. In the past, the pump seal
was a hydraulic oil seal and this caused some problems as in
various instances oil would be lost in the freon, or freon
would diffuse in the oil in some quantities. This problem
must be addressed prior to the active D-T phase.

The magnetic drive coupling intrinsically seals the
pumped fluid from the surroundings, and does not require

a seal between impeller shaft and volute case of the
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pumps. However, it requires internal cooling for the
shroud interposed between the magnet connected to
the motor, and the magnet connected to the impeller
shaft, as it is subjected to eddy currents.This was
already a feature of the Divertor Freon pumps, but
these are of considerably smaller size and of standard
production. The magnet coupling drive for the TF pumps
had to be especially designed as a retrofitting on the
existing pump, due to their unusual large size and flow/
pressure characteristic curve.

The development had to overcome problems related to
the ceramic bearings. The silicon-carbide bearings had to be
changed during the development, while the shaft bearings
were changed to tungsten-carbide. Different cooling paths
for the internal cooling were also tested to achieve the
required flow. Following the modifications on all the three
pumps, tests were carried out on the freon system at JET in
Augustand October. All the tests were successful. Flowmeters
and thermocouples and instrumentation of the pumps inter-

nal cooling were also wired to the new cubicle.

Sampling of Cooling Fluids

Four sampling boxes were installed, to allow the simple
retrieval of samples of PF and PINIs, Octant Nos.4 and 8,
water, and the TF-Divertor freon. This allows the moni-
toring of the progressive activation of the freon and
contamination by tritium in the demineralised water,
during the active D-T phase.

The system relies on a sequence of automated valves
and on a trickle flow of the fluid through the sampling
box. This avoids draining dead legs in the circuit where
the validity of the sample would be doubtful, and it will

be simple and safe.

In-vessel Components Drained

Woater Tank

A new holding tank (of ~4m?) has been installed in the
Basement South Trench. This will hold the water drained
under any circumstances, including protection activated
drain, and water of in-vessel cooled components, accord-
ing to the requirements for the active phase. This will
allow sampling of the water before being discharged
through the Waste Management active drain. Routed to
this tank are also the drains of the PINI and NIB systems,
under controlled discharge, and the SF6 tower bursting
disk and pressure relief exhaust. The SF6, which would

also become activated during the D-T phase, if released,



would then be directly routed, through the tank vent, to
the environmental stack and discharged, without con-

taminating the Basement.

Nitrogen Gas Distribution
Enhancement

The nitrogen gas distribution system consists essentially
of two lines, one at 4barsg and the other at 1.3barsg
supplying a number of users. In the past, it was not
possible toisolate the line to each user, nor was it possible
to account for the gas usage.

In the shutdown, isolation valves and gas mass
flowmeters were fitted to each of the six user lines and, a
new line has been installed dedicated to the venting of the
vacuum vessel. A new cubicle, located in the West Wing,
was built for the instrumentation electronics and interface
to CODAS. This will allow remote monitoring, from the
Building J2 Control Room, of the status of the distribu-
tion, detection and assessement of leaks or malfunctions.
A new hardwired low pressure protection, for the venting
of the vessel, has also been installed, set to close the

pertinent flow valve.

Engineering Analysis

With the installation of the single-null pumped divertor,
JET became even less symmetric (above and below the
mid-plane of the machine). In addition, the experimental
programme required alarge variety of scenarios to optimise
physics performance. Therefore, more emphasis was given

to the engineering analysis.

Engineering Aspects of 1994/95 Operations

A specific objective of the engineering analysis of operation

work is to study the plasma instability and disruption effects

and their mechanical consequences, to assess the reliability
of the machine in the light of higher performance.

New problems were encountered during divertor
operation:

» The vertical position of the plasma is more difficult to
stabilise, mainly due to the smaller plasma size and
the resulting reduction of passive stabilisation by wall
currents, but also due to the fact that larger equilib-
rium field gradients are needed for the desired divertor
configurations;

* The magnetic configuration with single X-point is
strongly up/down asymmetric. As a consequence,

rapid disturbances like giant ELMs and giantsawtooth
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relaxations often led to loss of stabilisation so that
the plasma moved vertically by typically 1m before
disrupting. This kind of VDE can cause particularly
large dynamic vertical forces at the torus. Forces up
to about 8MN had been anticipated during divertor
design for an upward VDE of a strongly elongated
6 MA plasma;

The new in-vessel components are exposed to eddy
and halo current loads, arising from fast plasma cur-
rent variations during the energy quench and the
current quench and from VDEs. In some cases, these
loads were higher than expected and caused damage
to some of these components. The non-uniformity of
halo currents may have enhanced local forces;
During 1995, a new and unexpected disruption-re-
lated phenomenon was observed and measured for the
first time. This was the sideways displacement of the
whole vacuum vessel (i.e. is a lateral movement in the
horizontal plane). Many previous disruptions have
been re-examined, including ‘pre-divertor’ opera-
tion, and some similar, although less significant, events
have been found. In JET (and in other tokamaks), the
existence of small deviations of the mechanical re-
sponse of the vessel and of the magnetic measure-
ments during disruption from the assumed toroidal
symmetry has been accepted for long time, but this
latest finding highlights a completely new aspect of
the non-symmetric behaviour of plasma induced cur-
rents and forces. Pulse No. 34078, with plasma cur-
rent 3.5 MA, resulting in a vertical instability/disrup-
tion, is a typical example. It shows both the trend of
the global axisymmetric parameters and also the larg-
est recorded sideways displacement of the vessel.
This was an average displacement of 5.6mm (in the
direction from Octant No. 5 to Octant No. 1) accom-
panied by a force reaction at the MVP in the same
direction of ~550kN. Taking into account the dynamic
effect of the huge mass of the vessel, this meant that a
horizontal pulse of more than one hundred tonnes must
have been applied to the structure. The typical trends of
the plasma current I, the displacements of its centroid
and the total vertical force measured at the vessel sup-
ports are shown in Fig.21. This total force does not
directly represent the electromagnetic forces acting on
the vessel, butindicates the effect of these forces through
the dynamic response of the vessel, (ie, the inertial and

constraint spring effect).
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antennae have been replaced and bump limiters have
been installed. Finally the reciprocating probe has
been replaced with a boron nitride one, which has a
very good thermal shock resistance;

* In 1995, a new template for technical documenta-
tion was introduced (TCD-IVA Technical Control
Document - In Vessel component Assessment).
The aim of this document is to formalise the analy-
sis of any component installed inside the machine,
with the purpose of evaluating its electro-mechani-
cal performance and permissible operating range.
Any TCD-IVA highlights clearly the list of physics
and engineering assumptions considered in the cal-
culation (which often are critical to reach reason-
able conclusions), as well as the list of Responsible
Officers for the assessment. So far, a few dozen
components have been covered by a TCD-IVA
document, including diagnostics (reciprocating
probe head. 1VIS probe), parts of the divertor (like
the Mark Il module-vessel junctions) and other
major components; extensive work for example,
has been undertaken on the lower saddle coils and

on the modified poloidal limiters.

Machine Instrumention

Analysis of the events of the the 1994/95 campaign
suggested that more instrumentation was needed on
the machine for a better understanding of the effects of
these events on the vacuum vessel structure and for
machine protection. Unfortunately, there is no access
to the vacuum vessel main body. Therefore, the new
instrumentation, with few exceptions, is mainly
related to the vessel ports and to the in-vessel
components.

The instrumentation of the torus and of the TF and PF
coils comprises about 950 signals in the Mark I phase and
about 1220 signals in the Mark Il phase. Of particular
interest are measurements of halo currents. During the
Mark 1 phase. the top/bottom toroidal field difference
could not be used to derive the total poloidal halo current
as currents in the target obscured the evaluation. A TF
probe has now been installed above the target base plate
in Octant No.4 so that an evaluation of the total halo
current should be possible. Moreover, poloidal currents
in the target can now be derived from the top/bottom TF
differences at Octant Nos.3 and 7 after correction by the

current in the target plate.
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Neutral Beam Heating

Overview

During 1995, the Neutral Beam Heating system and other
associated systems again played a fundamental and suc-
cessful role in the JET Programme.

The Operations and Cryogenics groups had an intense
operational campaign up to mid-June followed by the shut-
down during which extensive maintenance and improve-
ment activities were carried out. During the operational
campaign, the injectors performed with high reliability and
availability (atthe 90% level ineach case). Thelarge injector
cryopumps were routinely operated with close to 100%
reliability and the new Pumped Divertor (PD) and LHCD
cryopumps were also most reliable.

The Engineering Group had a heavy commitment in
the shutdown period, procuring and installing new Iner-
tial Calorimeters for the beamline and extensions to the
Duct Scrapers. Conversion of the Positive Ion Neutral
Injector (PINI) beam sources for final tritium operation
was also underway. The Engineering and Operations
groups were also involved in the construction of the new
gas introduction system for the PINIs in D-T operation.

The Testbed Group continued the characterisation of
PINIs and their conditioning and progress was made in
the area of high heat flux element testing and beryllium
power handling.

In addition, there was considerable activity in design
proposals and prototype tests for a possible enhancement
to neutral beam power on JET. This proposal is described

in a separate section.

Neutral Beam Operations
NBI Performance, Reliability, and
Contribution to the JET Programme
Neutral beam injection (NBI) was used on nearly every
operational day of the 1995 experimental campaign.
Whilst the number of pulses with neutral beams during
1995 was less than in 1994, due to the shorter duration of
the campaign, the proportion (63%) was the highest of
any operating period. The level of NB usage in 1995 is
compared with other years in Table IV, which also
indicates the number and proportion of intermediate
power (>10MW) and high power (>15MW) NB pulses.
The basic configuration of the two injector boxes in
1995 was similar to 1994. One box was equipped with

eight ‘high voltage’ (three-grid or triode) Positive Ion
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hydrogen minority ICRH have been combined with I 7MW
of neutral beam injection to give a total additional heating
powerof 32MW into a 2.5MA radiative divertor plasmas.
H-modes with RF only have been produced for plasma
current up to SMA and record electron temperatures, up

to 15keV have been achieved.

Control Electronics

Some key components of the new electronics control
system were identified not to perform according to speci-
fications and have severely limited the ICRF plant capa-
bility. Significant effort has been devoted to identifying
these problems and to establishing proper solutions.

The replacement of the electronic phase and frequency
control module (PFCM) was delivered in February 1995,
and gave a dramatic and immediate improvement in the
operation of the RF amplifiers with the new A2 antennae.
The first design produced outside JET had a substantial
problem with the feedback loop controlling the operating
frequency and its phase. The incorrect operation of the
loop caused sidebands and false locking of the oscillator
which substantially reduced the output power that could
be obtained on plasma. The new electronic module, of
novel design, is immune to false frequency locking and
accurately controls the output phase of the RF amplifiers.
It has allowed the RF Plant to couple 16.5MW limited by
voltage on the antenna. In addition, it is now possible to
reliably condition the RF antennae to exceed 30kV with-
out spurious tripping.

In March 1995, a new design of electronic amplitude
and phase detection module (APDM) was delivered and
installed giving improved control of the phase and ampli-
tude. By converting the RF signals into two quadrature
digital streams and using a digitally stored look-up table,
the amplitude and phase information could be produced
with minimal noise and drift. Just before each pulse, the
detectors were zeroed and any residual DC-offsets re-
moved. This has cured the long-term drift in the previous
design, which necessitated checking of each individual
detector circuit (a total of 192). Accurate frequency
filtering allows the RF generators to be staggered in
frequency reducing the cross coupling interference to the
arc detection or tripping circuits.

Edge Localised Modes (ELMs) occurring mostly dur-
ing neutral beam heated plasmas present a large load
change to the RF amplifier. These occur with <100ms rise

time, last for several tenths of milliseconds, cause a large
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mismatch, trigger the arc detection circuit and cause

tripping of the RF power. As the original suppression

period was fixed at 20ms, the RF power is substantially
reduced when long duration high frequency ELMy peri-
ods occurred. To combat this problem, several solutions

were implemented using a fast digital output from the D

light emitted at the plasma periphery (diagnostic KS3):

« at the end of the ELM period, restart the RF power
immediately;

» at the start of the ELM period, momentarily desensi-
tize the arc detection circuit;

* using the automatic matching error signals, identify
the high impedance load and momentarily desensitize
the arc detection circuit.

The new electronic circuitry was designed, built and
installed at JET in April and gave good results during
heating of ELMy plasmas.

During the shutdown, three new electronic modules
associated with the amplitude control, tetrode protection and
timing are being rebuilt, incorporating further enhance-
ments and additional control facilities. These changes will
allow efficient antenna conditioning by using an automatic
power reduction system when frequent arcing occurs. De-
signed and built in-house, the twelve prototype modules
were tested five months after the start of the shutdown and
incorporate advanced programmable logic systems allow-
ing for future flexibility in operation. Changes to the RF
generators, required for the new modules, have been com-
pleted and commissioned and the sixty production units are
due for delivery in January 1996.

A major change to the RF plant computer control and
operation (CODAS) is planned towards the end of 1995.
This will lead to the following benefits:

* improvements to the coupling resistance feedback
system (plasma positioning controlled by RF);

» control of launched RF power;

» real time control of RF power;

» swiftchangesallowing antenna conditioning between
pulses.

Previously generated in local CODAS equipment,
amplitude and phase waveforms for the RF plant will now
be generated by a central source, the RF Local Manager
(RFLM) using the VME standard. These analogue wave-
forms will be distributed to each RF generator over fibre
optic links. Directional coupler signals are sent back to
RFLM for real time calculation of coupling resistance,

output and launched power.
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Table VIil:
Lower Hybrid System on JET

Table VII:

Hydraulic Stub Design and Performance Parameters

Spring rate 1400N/m

Steady (vacuum) load 350N

Moving mass I5kg

Stroke 70mm

Capacitance 20-300pF

Acceleration 50ms?

Velocity [.5ms’!

Positional accuracy 0.5mm

Response time <50ms

Duty 30mm amplitude 0.5Hz
for 1000s

Space envelope 235mm diam. in line
with stub

Operating pressure 210bar

Cylinder size 40mm bore x 28mm rod

Fluid volume inside loop  0.27

Loop gain [79s!

Closed loop resonance 46Hz

Velocity error [.8mm

plete system of 72 stubs for a system of 36 antennae on
ITER have been defined, and the cost estimated.

In comparison with a electric servo-motor driven sys-
tem, the hydraulic drive potentially offers faster response,
but with increased complexity of plant and associated

maintenance requirements.

Lower Hybrid System

Lower Hybrid power up to 7.3MW has been coupled to
plasmas, using 8.2MW of generator power. Long pulses up
to 13s duration with high power at a level of 6 MW have been
applied. A maximum energy of 67MJ was transferred to the
plasma. A high availability of the LHCD system was main-
tained through a routine maintenance program and regular
conditioning of the klystrons and the launcher. Experiments
focused on profile control experiments with LHCD off-axis
current drive. The LH power deposition profile was studied
for a wide plasma parameter range in experiments and
modelling studies. Sawteeth were suppressed in high power
ICRF and NB heating phases with preceding LHCD. The
performance of hot-ion H-modes was improved with LHCD
profile control. Indischarges with negative central magnetic
shear, improved confinement was obtained during strong

central electron heating with LHCD.

LHCD System
An overall view of the LHCD system is shown in Fig.55

including the power plant, the transmission line and the

Plant

Frequency
Number of klystrons
Power (generator)
Pulse duration
Duty cycle
Efficiency

Phase control
Phase accuracy
Maximum VSWR
Transmission line
Length

Insertion loss
Launcher

Number of waveguides

Dimensions of waveguides

Position control
Radial movement
Radial stroke
Baking temperature
Pumping

Total weight
Coupling control

Woave spectrum
Maximum
Full width

3.7GHz
24

12MW, (15MW)
20s, (20s)

1130

42%

|0kHz

10°

1.8

40m

IdB

grill type, 48
multijunctions (copper
coated stainless steel)
384 (12 rows x 32
columns)

height: 72mm,

width: 9mm,

wall: 2mm

hydraulic actuators
5ms2, 33mms"!

210mm

450°C

cryopump, 85 000 /s
15tonnes

launcher position
control

plasma position control
local gas puff

N|| =1.4-2.3, adjustable
AN, = 0.46

launcher. The JET LHCD system consists of 24 klystrons
feeding a phased array of waveguides mounted on the main
horizontal port of Octant No.3. At the rear of the launcher,
the power from the klystrons is split by a hybrid junction and
transmitted through flexible waveguide elements that allow
the launcher to move radially. At the back plate of the
launcher vessel are 48 windows. These have two ceramic
discs with a pumped interspace to provide the double con-
tainmentrequired for tritium operation. The launcherhouses
48 multijunction assemblies. These split the power in one H-
plane and 6 E-plane junctions and have mechanical phase
shifters to produce a slow travelling wave across the grill
mouth. The main parameters of the LHCD system are given
in Table VIIL

The electron density at the grill mouth must be about

1x10*¥m™ for the LH wave to propagate into the plasma.
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Pump Local Controi Unit
Ro?m panel (Analogue System) N ™
| FU | (Moog vaive)
A
HCU J1H Scaling card
™ ss-PLC (Rc Values) g
_‘ v CODAS
' g 1 (Data Acquisition)
CODAS > Control card
(J2 C.R.} >
CODAS — : - ‘—> PPCC
— (Timing Signals Waveforms) > Rc Feedback card
PPCC
(Flag)
L Servo Cylinders
ow Leg Cylinders
Launcher
JG96.100/13c

Fig.56: Position control schematic.

different areas of the grill, to provide homogeneous
coupling;

» real time control of the loop voltage and the internal
inductance by feedback control of the LH power with
upgraded systems for signal processing and with new

fast algorithms.

Position Control

To obtain the best coupling for the LHCD launcher, the
distance between the grill mouth and the last closed
magnetic surface must be controlled. For this reason, the
radial position of the antenna can be varied during a
plasma pulse under a feedback control based on the value
of the reflection coefficient. Figure 56 shows a schematic
of the position control system. The position of the launcher
is controlled by three hydraulic systems. The first one,
called Offset Circuit, compensates for the atmospheric
pressure load against the evacuated vessel. The second,
called Legs Circuit, controls the position of a movable
buffer (called Legs), which enables the positioning of the
antenna within a range deemed safe for operation. The
third, called Servo Circuit, moves the launcher to a given
position either outside a pulse or within a pulse under
feedforward or feedback control.

During plasma shots, the LHCD antenna can be moved
radially forward up to +30mm, relative to the poloidal limiter
position. The launcher follows a position waveform with or
without additional feedback on the reflection coefficient

which allows a movement of *20mm around the pre-

programmed position waveform. The bandwidth of the
hydraulic control system is 1-5-Hz. The reflection coeffi-
cient has been kept constant at the requested value between
2-10%. During the shutdown, the Launcher Position Control
System has been upgraded, so that the Control Unit, is on a

digital system to improve performance and flexibility.

Coupling

The power that can be coupled to the plasma depends
critically on the reflection coefficient seen at the input of
the launcher. The reflection coefficient is determined by
the density immediately in front of the grill. This density
in turn is determined by the distance from the launcher to
the plasma Last Closed Flux Surface (LCFS), and the
density decay length in the scrape-off layer. The density
decay length in the scrape off layer is determined by the
connection length for the field lines in front of the launcher.
Figure 57 shows the measured reflection coefficient ver-
sus the launcher-plasma distance, illustrating how the
reflection coefficient depends exponentially on this dis-
tance, and how the density decay length is influenced by
variation in the plasma configuration.

Another factor that influences the density decay length
in the scrape off layer and hence the coupling is edge
confinement (whether the plasma is in H-mode or in L-
mode). When the plasma is in H-mode, the coupling is
degraded compared to the L-mode coupling illustrated in
Fig.57, corresponding to the density decay length being

reduced by several mm. ELMs during the H-mode result
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