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Foreword 

This is the thirteenth JET Progress Report, which 
provides an overview summary and puts into context 
scientific and technical advances made on JET during 
1995. This Report presents 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 
aims, the Report contains a brief summary of the 
background of 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 
responsibilities for machine operation and 
improvements are carried out and the scientific 
programme is executed. 

At the start of 1995, JET was in the middle of the 
Pumped Di vertor Characterisation Phase. This phase had 
begun in February 1994 and ended in June 1995. The 
objective of this phase was to establish reliable methods 
of plasma purity control and plasma exhaust in operational 
conditions relevant for the Next Step tokamak. For this 
purpose, a pumped divertor which allowed the test of 
various configurations had been installed. The geometry 
of the divertor is an important aspect in achieving these 
objectives, and tests on the first divertor configuration 
(Mark I) were carried out during this period. The Mark I 
pumped divertor was most effective and allowed a broad-
based and highly ITER-relevant research programme to 
be pursued. The 1995 campaign addressed the central 

problems of the ITER divertor: efficient dissipation of the 
exhausted power; control of particle fluxes; and effective 
impurity screening. The excellent power handling 
capability of the divertor target was essential to these 
studies and justified the care taken in its design. At the 
start of the year, Carbon Fibre Composite (CFC) tiles 
were used in the vessel as the power handling material. 

The use of the divertor cryopump has had particular 
advantages in both vessel conditioning and plasma 
performance. It has allowed good density control and 
facilitated the production of long, clean, stationary 
ELMy Η-mode plasmas with electron density, effective 
ionic charge, radiated power loss and stored plasma 
energy remaining constant for up to 20s (about 40 
energy confinement times). The cryopump, with argon 
frosting, has also pumped helium in L- and H-mode 
plasmas. There was no evidence for the accumulation 
of helium in the central plasma. 

ELMy Η-mode plasmas with steady conditions for 
many energy confinement times are considered the 
most credible mode of operation for ITER and these 
were studied at high power up to the full 6MA current 
capability of JET. ELMy Η-modes with combined 
heating powers up to 32MW and detached divertor 
plasmas and radiative power exhaust (the operating 
regime foreseen for ITER) have been found to reduce 
the power loading to the targets, but at the expense of 
main plasma confinement and purity. 

At 6MA current (a world record in a divertor plasma), 
Η-modes were obtained with up to 18MW of neutral 
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beam injection heating. At low current, quasi-steady 
state stable operation has also been produced with high 
normalised plasma pressure, Η-mode confinement and 
significant bootstrap current fraction (the so-called 
advanced tokamak mode of operation). Confinement 
studies in HLMy Η-modes (including similarity 
experiments with ITER) have shown the need to provide 
more accurate data on the Η-mode threshold power and 
on transport scaling close to the threshold and at high β. 

Improved plasma shaping has allowed long ELM-
free Η-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 (ηΤτ|:)>8χ 1 ()2"m 'keVs '. 
(which is within 10% of the previous best), were 
achieved at 3.8MA current and 3.4T toroidal field and 
with I 8MW of neutral beam injection. In addition, the 
plasma energy reached 13.5MJ (the highest energy 
recorded in a JET plasma). 

Whereas hot ion Η-modes at low plasma current and 
low toroidal field reached a normalised beta (βΝ,) of 
about 2.5, high performance hot ion Η-modes were 
limited to βΝ of about 1.8, well below the Troyon limit 
(β =2.8) by a variety 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 Is. 

Other experiments of significance to ITER included 
studies when the JET toroidal field ripple was varied. 
This indicated that magnetic ripple in the ITER relevant 
range of 0.1 % to 2c/c at the plasma edge should not 
affect energetic particle confinement in ITER. In 
addition. Alfven Eigenmodes have been externally 
excited 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 successfully 
completed in mid-March and was followed by a 
shutdown in which the CFC tiles were replaced by 
beryllium, which is a target material favoured by ITER. 
A wide range of experiments were performed to assess 
the performance of beryllium as a divertor target tile 
material 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 15MW 
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 a record power 
of 7.3MW to the plasma. This was used to fully drive 
a plasma current of 3M A, 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 IIA 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 
of the Mark II divertor support structure. This structure, 
about 6 metres in diameter and with a weight of 7 
tonnes, was assembled to an accuracy of within 0.1 mm. 
This was a remarkable 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 
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the capability of the remote handling approach, part of the 

Mark II divertor target plates will be installed by remote 

handling in early 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 

up to 2xl02(l neutrons), which will demonstrate long 

pulse fusion power production (fusion amplification 

factor, Q> 1 with more than 1OMW of fusion power for 

a few energy replacement times). These experiments 

will also make important contributions to D-T physics 

(including Η-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 

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 

5xl021 neutrons, but efforts would be made to reduce 

activation while still satisfying JET' s role in supporting 

ITER and the World Fusion Programme. 

JET is still 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. 

/ft.fcœ* 
Dr M Keilhacker 

Director 

April 1996 
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INTRODUCTION, BACKGROUND AND SUMMARY 

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; 
(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 been 
modified to achieve 7MA. This current is produced by 
transformer action using the massive eight-limbed 
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Fig.l: 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, Fya 
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 

magnetic circuit, which dominates the apparatus (see 
Fig.l). A set of coils around the centre limb of the 
magnetic circuit forms the primary winding of the 
transformer with the plasma acting as the single turn 
secondary. Additional heating of the plasma is provided 
by 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 acomplex 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. 
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Experiments have been carried out mainly using 

hydrogen or deuterium plasmas, although during 1991, 

experiments were performed in helium­3 and helium­4 

and a preliminary experiment was performed using 10% 

tritium in deuterium. In the final stage of the programme, 

it is planned to operate with deuterium­tritium plasmas so 

that abundant fusion reactions occur. The alpha­particles 

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 ~1020m"3 at tem­

peratures of 10­20keV 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); 

• 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 II 

JET Departmental and Divisional Structure 

Co­ordinating Staff Unit: J­P 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 

X 
Torus & Measurements Department 

Associate Director & Head of Department: 

A. Gibson 
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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 Report concentrates 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 Depar tment 
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; 

• to be responsible for diagnostics operation, quality of 
measurements and definition of plasma parameters; 

• to organise and implement data acquisition and 
computing; 

• to design and develop remote handling methods and 
tools to cope with JET requirements; 

• to 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 

area 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 (EDI), which is responsi­
ble for specification, procurement and operation of 
about half the JET diagnostic systems. EDI 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; 

• plasma fuelling, including pellet injection; 
• designing and employing power supplies for ensur­

ing efficient 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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Department Head 
A. Gibson 

First Wall 
M. Pick 

Experimental 1 
P.E. Stott 

Experimental II 
P.R. Thomas 

Fusion Technology 
A.C. Bell 

CODAS 
V. Schmidt 

Divertor and Wall Group 
H. Altmann 

Remote Handling Group 
A. Rolfe 

First Wall Installation Group 
G. Celentano 

Neutron Diagnostic Group 
O.N. Jarvis 

Microwave Diagnostic Group 
D.V.Bartlett 

Plasma Boundary Group 
G. Matthews 

Spectroscopy and 
Impurity Physics Group 

R. Giannella 
Charge Exehange 

Spectroscopy Group 
M. von Hellermann 

Particle Dynamics Group 
A. Gondhaiekar 

Soft X-Ray Analysis Group 
R.D.Gill 

Vacuum Systems and 
Development Group -

J.L. Hemmerich 

Active Gas Handling Group 
R. Lässer . 

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 
H.E.O. Breien 

Data Acquisition Group 
E.M.Jones 

Electronics and 
Instrumentation Group 

K. Fullärd 
JG96.94/2 

Fig.2: Torus and Measurements Department, Group Structure 
(December 1995) 
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C. Earl 
C. Hancock 
B. Ingram 
Mrs. P. Longworth 

TORUS AND MEASUREMENTS DEPARTMENT 
Head of Department: A. Gibson 

J. Lundquist 
J. Reid 
Mrs. J. Roberts 
R. T. Ross 

P. Sagar 
Miss. D. Samuel 
S. Scott 

R. Smith 
A. Tiscornia 
C. Wilson 

FUSION TECHNOLOGY DIVISION 
Head: A.C. Bell 

S. Bryan 
P. Brennan 
C. J. Caldwell-Nichols 
C. Callaghan 
Mrs. J. Campbell 
N. Green 

A. Haigh 
J. L. Hemmerich 
D. Holland 
H.Jensen 
Mrs. M. E. Jones 
J. F. Jaeger 

R. Lässer 
J. Lupo 
J. Mart 
A. Miller 
G. Newbert 
J. Orchard 

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

FIRST WALL DIVISION 
Head: M.A. Pick 

H. Altmann 
P. Brown 
T.V. Businaro 
R.A. Cusack 
G. Celentano 
Mrs. D. Cranmer 

E. Deksnis 
C. Froger 
L. Galbiati 
F. Hurd 
Mrs. I. Hyde 

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

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

CONTROL AND DATA ACQUISITION SYSTEMS DIVISION 
Head: V. Schmidt 

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

P. J. Card 
J.J . Davis 
S. Dmitrenko 
S. E. Dori ing 
K. Fullärd 

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

C. A. Steed 
C. Terella 
G. Wolters 
I. D. Young 

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 
I. Hurdle 
O. N. Jarvis 
M. Loughlin 

F. B. Marcus 
G. Matthews 
G. Neill 
P. Nielsen 
H. Oosterbeek 
Mrs N. Povey 
R. Prentice 

P. Roberts 
G. Sadler 
A. Stevens 
D. Summers 
P. Tegg 
P. van Belle 
J. Vince 
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(a) Operations Division plays a major role in the efficient 
planning and execution of JET's experimental pro­
gramme and in the integration of existing or imminent 
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 
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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; 

Deputy Head 
E. Bertolini 

Department Head 
J. Jacquinot 
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A.Tanga 
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C. Gormezano 

Neutral Beam 
Heating 
D. Stork 

Magnet and 
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Fig.4: Heating and Operations Department, Group Structure 
(December 1995) 
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Fi g. 5: Project Team Staff in the Heating and Operations Department (December 1995) 
JG96.94/5 

(c) Radio Frequency Healing Division, which is respon­
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 
excitation system and also participates in studies of 
the physics of RF heating: 

(d) Magnet and Power Supplies Division is responsible for 
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 support services. 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 it into 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. 

(c) The Next Step Unit is responsible for co-ordinating 
contributions from JET to the European effort in 
support of the 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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Fig.7: Project Team Staffiti Directorate and Support Units (December 1995) 
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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 di vertors. This includes a high level of partici­

pation in the JET experimental programmeon divertor 

physics, themomechanical analysis of plasma induced 

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 first section 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 advances in 

their general context. This summary is specifically 

cross­referenced 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 have been carried out under Task Agreements with 

various Association Laboratories. A full list is included in 

Appendix II 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-

II 
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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 II Support Structure and Mark IIA Divertor Tile 
Carriers; preparations for the fully remote replacement of 
Mark IIA Divertor Tile Carriers with the Mark II Gas-
Box tile carriers immediately after the Deuterium-Tri­
tium Experiment (DTE 1 ); and, in addition, completion of 
the Mark II Gas-Box Divertor design. In addition to 
preparations for and execution of the major planned Mark 
II 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
port structure 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 
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
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±7|iSv/hour. 

The repair procedure for the GDC electrodes consisted of 
removing the spiral coil of the GDC electrode 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. 

/ntervent/on 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 165p£v/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; 

• Ceramic discs 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; 

12 
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Fig.8: Video communication System between in- and ex-vessel 

- KC1-D Vertical Force Flux Loop at Octant No. 3 
repaired; 

- KE4 upper moveable mirror replaced with a smaller 
mirror; 

- periscope mirror and LHCD periscope window 
cleaned of a coat of beryllium; 

- KY4-D Langmuir probe replaced; 
- In-Vessel Inspection System lights cleaned; 
- Lower saddle coils inspected by a 6mm video scope 

and small pieces of aluminium foil and ceramic 
debris retrieved. 

Shutdown for Mark II Divertor Installation 
In June 1995, installation of the Mark II Divertor started. 
The shutdown 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 
145μ8ν/ΙιουΓ. 

All the work performed in the vessel had previously been 
tried in the In-Vessel Training Facility, where the workers 
had been trained to perform the work according to developed 
procedures. An important improvement was a newly devel­
oped video-communication system between in- and ex-
vessel (see Fig.8). The system permits the supervision of the 
in-vessel work by the Responsible Officer from the obser­

vation platform outside the beryllium and radiation control­
led areas. The use of an in-vessel mobile auto-focus camera 
with zoom control and view finder allowed inspection of 
welds (including inspections by the required third party 
inspectors) and the recording of the weld inspection on 
video-tape. 

Additional tasks were included in the shutdown pro­
gramme to improve JET performance or to address opera­
tional aspects identified during the last campaign. These 
included: 
• Upper and Lower saddle coil systems to be stabilised 

and strengthened; 
• Inner Wall Guard Limiters moved towards the wall to 

increase plasma volume; 
• RF antennae removed from the vessel and refur­

bished. New upper and lower protection and separatrix 
mounted between each pair of antennae to improve 
performance; 

• Reconfiguration of the Poloidal Limiter straight beams 
to improve coupling with the RF antennae; 

• New fixtures for Poloidal Limiter tiles to meet RH 
requirements; 

• Additional Shine-Through Protection Tiles and Rein­
forcing Ring Protection Tiles; 

• Improved Gas Shields; 
• Installation of new and replacement of several diag­

nostics inside the vessel; 
To accommodate these additional activities the shut­

down was extended to the end of March 1996 (initially it 
was planned to be completed by the end of 1995) and 
organised on the basis of three shifts per day for six days 
per week. 

The success of the design, manufacturing and prepara­
tion and installation programme of the Mark II Support 
Structure was highlighted by the installation of the ring in 
the vessel which began on 30th October and proceeded 
according to plan ending 15 working days later. When the 
final in-vessel joint was made, it confirmed that the ring 
was correctly positioned in the vessel to better that 0.1 
mm (Figs.9 and 10). 

A particular feature of this shutdown was the extensive 
involvement of remote handling systems in the prepara­
tion and assembly operations. The Articulated Boom and 
special tooling were used to remove and later install many 
components both within and outside the torus. At the end 
of 1995, the shutdown was progressing well and accord­
ing to schedule. 
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Fig. 9: Mark 11 Support Structure being installed in the vessel Fig. 10: Mark 11 Support Structure being installed in the vessel 

Preparation of In-Vessel Components 
Mark II Support Structure 
The contract for the manufacture of the Mark II Sup­

port Structure was placed in 1994. The complexity and 

magnitude of the contract resulted in most ofthat year 

being required for the organisation of the contract, the 

development of the manufacturing and machining cy­

cle including the pre-assembly and final machining 

operations, the inspection schedules as well as produc­

tion of prototypes. The actual manufacturing of the 

major components started in late 1994 and was com­

pleted by September 1995. 

The main steps in the manufacturing cycle of the 

Support Structure (see Figs. 11 and 12) aimed at 

Fig. 11: The Mark II Support Structure being surveyed using the Computer Aided Theodolite (CAT) system at the manufacturers 
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Fig. 12: The completed Mark II Support Structure 
at the manufacturers 

achieving the required geometrical accuracy and 
facilitating the precise in-vessel installation, can be 
summarised as follows: 
• Machining and deep drilling 72 plates and ring 

sectors from solid material followed by the brazing 
or electron beam welding of lids to give rigidity to 
the structures; 

• Pre-assembly of the three main parts (base plate, 
inner ring and outer ring) to form three closed rings 
each machined as one piece. A special "plateau" 
was produced to support and set the rings during the 
machining and subsequent assembly operations 
Final machining of the reference rails and module 
joint dowel system was carried out with the modules 
assembled; 

• Assembly of the three individual rings to form one 
complete circular structure on the "plateau". After 
this operation, the structure was split into 
individual modules (24 in number) and each mod­
ule was completed by fitting louvres, hinges, 
nozzles, etc; 

• Re-assembly of the overall Mark II Support Struc­
ture using the final fasteners and dowels and fol­
lowing the same procedure as that developed for 
the actual installation into the JET vessel; 

• A hot leak test was undertaken of each module. 
The successful hot leak test carried out on each 

module confirmed the clean metallurgical structure of 
the Alloy-600 specially developed to produce plates 
and forgings able to satisfy the stringent JET require­
ments with regard to leak tightness and mechanical 
strength. The material was supplied according to JET 
specifications. 

JG95.339C/12 

Fig.l 3: The Mark Π A Tile Carrier Assembly 

After delivery to JET, the 24 modules passed through 
a preparation phase in which all the remaining features 
were fitted such as: the gas introduction system, the 
electrical grounding straps, diagnostics, the welding 
preparation of the water cooling pipe, the internal 
cabling and plug and socket system, the bump stop 
supports, etc.. 

Mark IIA Tile Carriers, Tiles 
and other Components 
The Mark HA Tile Carriers (Fig. 13) were completed to 
the high tolerance requirements of JET. Also, the 480 
target tiles, later to be attached to the carriers, and 
which are made of carbon-carbon fibre composite 
material were machined to very high precision (50|im) 
with virtually no scrapped tiles. These tiles are 
carefully designed to withstand a high power load 
conducted by the plasma along magnetic field lines, 
whilst shielding all corners and edges from direct heat 
loading. 

Additional components ready for installation in the 
vessel after the Mark II support structure, are the 
Coil 1 cable conduit and the Outer Protection Tile 
Carriers. This conduit protects a cable loom which 
links all the diagnostic plugs, sockets and cables to the 
various electrical feedthroughs. This allows for diag­
nostics to be plugged into the vessel by remote han­
dling techniques. The outer tile carriers provide a 
protection to the transition from the divertor structure 
to the outer wall components. 

In addition: 
a) The water cooling pipes, "French Horn", support 

system were refurbished to take account of higher 

15 



TECHNICAL ACHIEVEMENTS DURING 1995 

Outer tile 
carrier 

Base tile 
carrier 

Structure 
inner ring 

Plug location 

Structure 
outer ring 

Plug location- structure 
baseplate 

Fig. 14: Model of the Mark II Gas-Box Divertor 

than expected loads and to increase the insulation 
levels against electrical breakdown. Brackets were 
strengthened and ceramic components were replaced 
by plasma sprayed metal parts; 

b) The Inner Wall Guard Limiters (IWGL) were modi­
fied to move the top corner 35mm away from the 
plasma. This involved removing the top half of the 
beam, and manufacturing new components to support 
the protection tiles: 

c ) The previously damaged Upper Inner Saddle Coil was 
modified to remove the conductors and to move the 
protection tiles back by 30mm to allow more space for 
the plasma and to blend in with the curvature of the 
IWGL. The Upper Outer Saddle Coil had additional 
brackets and tiles fitted at sector C; 

d) The Shine-through Protection was extended to cover 
a 25% larger area around the existing protection by 
fitting additional tiles, brackets and supports; 

e) The Beryllium Evaporators were modified to allow 
the replacement of the head by remote handling from 
inside the torus; 

I') The Bypass Gas Shielding around the divertor was 
extended to cover the open ports on the inner wall, the 
gap between the Coil 1 and inner support structure 
ring, and reduce the clearances around the Protection 
Carrier gas shields. This component should help to 
decrease the amount of gas leaking back into the 
plasma volume from behind the divertor target; 

g) Instrumentation has been added to a number of 
components to measure voltage drops along conductors 
with a view to estimating the corresponding induced 
currents. These components include the structure 

modules, earth straps and saddle coil supports. 
Thermocouples have been attached to each structure 
module and carriers to monitor the bulk temperature 
during bake-out and operation; 

h) Braze development of Be to CuCrZr for NET/ITER 
was continued following the success of the InCuSil 
ABA induction brazing developed in Neutral Beam 
Division. Continuing work is aimed at the develop­
ment of brazes that do not produce long lived, high 
activity isotopes under neutron bombardment. 
CuMnSn brazes have been developed which show 
promising results compared with the InCuSil. Further 
work continues to optimize the braze conditions and 
compositions. 

The Mark II Gas-Box Divertor 
The Mark II Gas-Box Divertor is the structure, which is to be 
installed in the Martk II support structure during the 1997 
Remote Tile Exchange shutdown. 1995 saw the finilisation 
of the design of the Gas-Box Divertor and the ordering of the 
CFC material required for the tile carriers and tiles. 

The novel feature of the Gas-Box Divertor is the first use 
of CFC material for structural purposes in JET. The primary 
reason for this choice of material is the relatively high heat 
flux (< 2MW/m2) falling onto some structural components 
from the radiating gas target plasma (Fig. 14). 

Detailed mechanical stress calculations including 3D 
finite element calculations were performed, which predict 
adequate reserve factors for the structural CFC components. 
A series of experiments to test the predictions and to deter­
mine some of the uncertainties in the calculations: 
( 1 ) the accurate value for the allowable primary stresses; 
(2) the stress-intensification factors for CFC (anisotropic) 

materials; 
(3) detailed nature of the contact between surfaces. 

To overcome the difficulty of calculating thermal stress 
in CFCs and predicting the failure of the CFC components, 
results will be taken of material screening tests of materials 
exposed to high heat fluxes using the Neutral Beam Testing 
Facility. Typically, septum ribs of the Gas Box Divertor will 
take heat loads of < 2MW/m2 and exposed areas of the side 
earner ribs a flux of < 8M W/m2. 

High heat fluxes are expected to the various tiles of the 
gas box configuration that are not structural parts. Com­
putations show that for a wide range of plasma parameters 
fluxes of up to 18MW/m2 are expected for non-radiating 
divertor plasmas in the gas box. It is expected that even 
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Fig. 15: The In-Vessel Training Facility 

for 10MW/leg total conducted power, the Gas-Box 
Divertor will allow 3 - 6s of operation before the surface 
temperature reaches 1600°C. 

In-Vessel Training Facility 
The In-Vessel Training Facility (see Fig. 15), was 

continually kept up-to-date and used extensively and 
effectively for: 
• the training of in-vessel workers; 
• to develop and test all in-vessel procedures; 
• to develop and test all handling and installation tools; 
• to check details and interfaces of new components; 
• for remote handling trials and the training of remote 

handling operators. 

Preparations for Remote Installation of 
Mark II Gas-Box 
Remote Handling Trials in the 
In-Vessel Training Facility 
A full scale mock-up testing programme has started to 
prepare the equipment and operators for the fully remote 
exchange of Mark II tile carriers. The programme in­
cludes the testing and proving of the task feasibility both 
under normal operating conditions and under failure case 
conditions. This mock-up programme, executed in the In-
Vessel Training Facility, has been a major part of the 

Fig. 16: Boom and Mascot operating in the 
In-Vessel Training Facility 

Remote Handling work during 1995 in preparation for the 
planned fully remote installation in February 1996 of 36 
of the 144 Mark IIA tile carriers in the vessel during the 
Mark IIA Divertor Installation Shutdown. 

These mock-up trials have resulted in the development 
of an operational procedure for the installation of all tile 
carriers in Octants No.5 and 6. These locations are close 
to where the Boom enters the torus and, therefore, present 
the greatest difficulty for access. The strategy for tool 
deployment has been proven and all of the "teach files" 
for the Mascot servo-manipulator positioning with the 
Boom have been derived and validated. Figure 16 shows 
the Mascot operating on the end of the Boom within the 
In-Vessel Training Facility 

Remote Handling Equipment Reliability 
The reliability and availability of Remote Handling equip­
ment is critical to the success of any remote operation. 
During 1995, as a result of 1000 hour reliability trials in 
1994 and the introduction of Operating and Fault Report­
ing procedures, modifications to remote handling equip­
ment have been implemented. The Boom and Mascot 
system's availability are now continuously monitored 
and all RH equipment faults are formally reported, re­
viewed and acted upon. 

A study of the worst case failure modes for the equip­
ment to operate inside the torus was performed revealing 
the necessity for some minor design modifications to the 
Articulated Boom mechanical hardware which are now 
being implemented. A detailed fault tree analysis of the 
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Fig. 17: Mark IIA tile carrier tool attached to its carrier 

Boom was derived. This has resulted in improved meth­
ods of fault detection and isolation. 

Articulated Boom 
The Articulated Boom was used during the Mark IIA 
Divertor installation shutdown to remove the RF Anten­
nae, poloidal limiters and saddle coil sections and subse­
quently to install the Mark II Divertor support structure 
modules, poloidal limiters and RF antennae. For the 
remainder of 1995, the Boom was installed on the In-
vessel Training Facility and operated with Mascot as part 
of the full size mock-up trials for remote removal of Mark 
IIA tile carriers. 

As reported in 1994, the Boom control system can be 
improved by the use of torque loop feedback and it is the long 
term aim to implement such a control strategy. To assist with 
this development a full mathematical model of the control 
system dynamics was derived by personnel at Ecole 
Polytechnique Federale de Lausanne and validated at JET. 

Manipulators 
The Mascot IV servo-manipulator has been extensively used 
during the full size mock-up trials for remote removal of 
Mark IIA tile carriers. There have been no major modifica­
tions or problems with Mascot IV during 1995. The long 
term programme of work to upgrade Mascot IV to 35kg 
capacity per arm has continued and prototype gearboxes 
have been designed and procured. The new control system 
concept has been extensively tested and developed. 

Fig. 18: Remote Handling Control Room - Boom workstation 

Remote Handling Special Tools 
At the beginning of 1995, special tile handling tools de­
signed and developed by the Remote Handling Group were 
used to remove all 4000 Mark 1 Divertor carbon tiles and to 
replace them with beryllium tiles of the same type and size. 
During the Divertor shutdown, special RH tools have been 
successfully used in-vessel and ex-vessel to cut and then 
weld numerous components mounted on the torus. 

The fully remote replacement of Mark IIA tile carriers 
with Mark II Gas-Box tile carriers has required the design 
and development of a new suite of special handling tools. 
A unified concept for handling tile carriers has been 
derived, which applies equally to handling Mark IIA and 
to the Mark II Gas-Box carriers. Tooling for the Mark IIA 
carriers has been fully developed during 1995 and has 
been tested and proven by fully remote use in the full scale 
In-Vessel Training Facility-up programme. Figure 17 
shows a Mark IIA outer tile carrier tool attached to a 
carrier. The tooling not only allows the lifting and ma­
nipulation of the carrier but also provides the location and 
alignment of adjacent carriers and acts also as a mobile 
carrier for wrenches. The Mark II Gas-Box tile carrier 
tools have been designed and will be manufactured and 
tested during 1996. 

Remote Handling Control Room and 
Man-Machine Interface 
The Remote Handling Control Room has been refur­
bished and commissioned with PC-based control stations 
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operating under Windows NT and communicating via 
Ethernet and point-to-point serial links. Figure 18 shows 
the overall control station for one RH activity. The 
control Room has been set up to facilitate the operation of 
three activities in parallel (e.g. in-vessel, ex-vessel and 
the Tile Carrier Transfer Facility operations). 

The PC based control stations provide Man-Machine 
Interfaces (MMI) specified, designed and programmed 
by JET. In order to provide MMI's which are flexible for 
development, readily adopted and understood by opera­
tors and able to be programmed in a systematic way a 
wide market survey was conducted of SCADA (Supervi­
sory, Control and Data Acquisition) software packages 
and have selected a software platform appropriate for our 
purposes. This platform is now being used to generate the 
new MMI for the Tile Carrier Transfer Facility and will 
eventually be used for all other MMIs. 

All remote handling operations are supported by ex­
tensive use of a computer generated real-time 3-D display 
of the task environment. These virtual reality displays are 
created by the KISMET software package provided by 
the Kernforschungsanlage Karlsruhe, Germany, and are 
installed on Silicon Graphics workstations. During 1995, 
there was extensive effort to create a detailed and accurate 
KISMET representation of the in-vessel environment 
using the JET configuration control reference models 
stored in the Drawing Office CATIA system 

Remote Handling Viewing System 
To obtain a general view of remote handling in-vessel 
operations, it had been intended to deploy the In Vessel 
Inspection System (IVIS) viewing probes. These probes 
are designed and are very effective for inspecting the 
torus under vacuum and high temperature conditions. 
However, the mock-up tests found the system not to be 
suitable for operational purposes during remote handling 
procedures. Accordingly a new system comprising four 
colour cameras mounted on pan/tilt heads with zoom and 
other optic controls was devised, tested and found accept­
able. Each unit is housed within a contamination protec­
tive dome and will be deployed by the Mascot at the start 
of the intended in-vessel operations. 

Miniature cameras attached to the Mascot wrist by 
flexible mounts have proven invaluable during the task 
In-Vessel Training Facility-up trials and these cameras 
have now been fully integrated into the Remote Handling 
viewing system. 

Fig. 19: Short Boom in the Assembly Hall 

Remote Handling Tile Carrier 
Transfer Facility 
The Remote Tile Exchange concept requires the transfer 
of tile carriers and tools into and from the torus through 
the Octant No.l main horizontal port. This transfer task 
and the placing of tile carriers in a transport container is 
to be undertaken fully remotely by means of a new Tile 
Carrier Transfer Facility which will be installed and 
operated at Octant No. 1 The facility comprises a so called 
Short Boom with an end-effector and tools housed within 
a sealed enclosure for contamination control but with 
interface doors for man-access and tile carrier storage/ 
transfer containers. Figure 19 shows the Short Boom 
which was manufactured and delivered during 1995. 

The contamination control enclosure and the end-
effector have been designed in detail and are being 
assembled to be ready for commissioning and testing in 
the Torus Hall during 1996. The control system has been 
designed and is now being manufactured. 

Power Supplies and 
Magnet Systems 
The purpose of the JET electromagnetic system is to 
establish, maintain and control the tokamak magnetic 
configuration (Fig.20). It includes: the toroidal coils, 
which establish the toroidal magnetic field; the poloidal 
coils PI, acting as primary winding of the tokamak 
transformer, the coils P2, P3 and P4 to control plasma 
radial position, vertical position and shape; and the divertor 
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I 
Fig. 20: Cross-section showing the toroidal, poloidal and 

divertor coils. 

coils D1, D2. D3, D4, to establish and control the divertor 
configuration. The shell mechanical structure resists the 
large forces generated by the interaction of the currents in 
the toroidal coils and the poloidal magnetic fields. To 
perform their functions, the coils are energised by suit­
able power supplies. Voltages and currents of the poloidal 
coils 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 ion 
cyclotron radio frequency (ICRF) systems for plasma 
heating, and the lower hybrid current drive (LHCD) 
system for plasma current profile control. 

The total installed DC power exceeds 1500MVA, 
capable of delivering a peak power above 1000MW and 
an energy per pulse above 10,000MJ. More than half of 
the power and of the energy is taken directly from the UK 
National Grid at 400kV, while the rest is provided by two 
vertical shaft flywheel generators. Consequently, a major 
feature of JET is the 400kV-36kV distribution system. 
Auxiliary AC power is supplied by the 20MVA, 1 lkV/ 
3.3W/415V distribution system. 

The activities of the first half of 1995 were focussed on 
the operation of these systems to meet the requirements of 

the experimental programme. New operating scenarios 
were assessed and implemented in the new Mark I 
divertor configuration. The second half of 1995, was 
devoted to shutdown activities, including maintenance 
and repairs, upgrading of existing systems and imple­
mentation of new systems, as determined by opera­
tional experience. 

Plasma instabilities, leading to fast plasma vertical dis­
placement events (VDE's) usually followed by plasma 
disruptions, can generate large forces on the vacuum vessel 
and on in-vessel components. It had always been assumed 
that these forces were toroidally symmetric, and so the main 
concern were the total forces on the vessel. In June 1994, in 
early operation with the pumped divertor (Mark I), that 
toroidal asymmetries of the force distribution were clearly 
noticed. A year later, a new topology of such forces was seen, 
leading to sideways movements of the vessel of several 
millimetres. These events were detailed due to the existing 
extended machine instrumentation. 

These events, raised additional concern on the integ­
rity of the machine and on the design of a tokamak fusion 
reactor, such as ITER. Measurements were performed on 
other machines around the world in similar divertor 
configurations and the asymmetric behaviour of forces 
and vessel movements were confirmed. It is believed that 
the main contribution to these asymmetries is linked with 
non-uniform distribution of halo currents. While the 
plasma behaviour leading to these phenomena is not 
clearly understood, ITER designers are now taking these 
new events into consideration to substantially modify the 
design of the vacuum vessel (compared with the Interim 
Design Report delivered in June 1995). JET has dedi­
cated a substantial amount of work during 1995 to 
perform engineering analysis on the electromechani­
cal system, to the design new vessel supports and to the 
upgrading of the machine instrumentation and of the 
machine protection system. 

In view of the impending extension of the JET Joint 
Undertaking to the end of 1999, studies have been initi­
ated of possible extensions of the performance capability 
of the machine: these are an increase in toroidal field to 4T 
for ~10s; and a power enhancement of the heating sys­
tems (both ICRF and NBI). Studies were undertaken in 
the second half of 1995 in these two areas, both requiring 
new power supplies. In addition, for the proposed toroidal 
magnetic field enhancement to 4T, extensive structural 
analysis work has been performed to support the case. 
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Magnet System 
Maintenance and Installation 
The installation 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 DTE1 programme, it was decided to 
replace all the Rafix quick release water connectors on coils 
PI and P2 by screwed connectors, as these would be more 
reliable. All parts have been ordered for the modifications to 
Coil Ρ1 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 
at existing 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: 

• Rogowski coils on Dl, 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; 

• 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 Dl and D4: to enable the radial 
forces on Dl 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, TF ampere-
turn protection (Rogowski), over-current and Ft protection 
for all magnet circuits 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 a disruption. 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 1 Ok A. 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 ΙΟΟηιΩ were installed, and operation 
continued with this configuration for the remainder of the 
operational period. 

Additional Heat ing 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 for improvements, although minor, 
remains and some were implemented during 1995: 
• At the start of 1995 an additional protection circuit 

was added to the Grid 1 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 

was used for the protection and for measurement and 
control circuits; 

• There was a drift and 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 isa short-circuit between the filament and 
the ion source bucket. The new circuit incorporates 
the monitoring function for both possible faults; 

• Occasional voltage dips were experienced in the rec­
tifier output voltage for the Grid 1 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 up to 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 J1Η 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. 

Ion 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 
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Table III - Expenditures on 

National Grid(3) 

National Power 

Southern Electric 

AEA Culham 

Units 
(kWh) 

-

10,558,580 

31,511,380 

4,291,585 

Electricity 

ECU/ 
kWh'" 

-

0.056 

0.053 

0.053 

in 1995 

ECU<2> 

119,273 

552,449 

1,680,452 

227,692 

( I ) 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. At the start, cleaning was only carried out at low voltage 
(300V) and low current (2A). Later, some experiments were 
undertaken to check the cleaning efficiency at higher voltages 
(600V). At these voltages, instabilities on the current and the 
voltage were observed. Consequently, the control loop in the 
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 1 lkV 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 

the re-location of the 300kVA Cryogenic Section Board, 
the I VIS Control cubicles and the installation of a 60kVA 
UPS in Building J IS. 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 DTE 1, an accurate revision of cable 
blocking in all Basement and torus cable penetrations, to 
allow adequate radiation 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 11 kV (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 1 lkV (the latter is used as a back-up during 
maintenance or failures of the JET 132kV/llkV Substa­
tion). The bills forthe supply of electricity in 1995 are shown 
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in Table III. (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 to 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 
old electronics including the PLC were replaced. The system 
interface to CISS (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 modified 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 

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 earned out on the freon system at JET in 
August and 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 
W a t e r Tank 
A new holding tank (of ~4m3) 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, 
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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 to isolate 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 a large variety of scenarios to optimise 
physics performance.Therefore, more emphasis was given 
to the engineering analysis. 

Engineering Aspects of 1994I9S 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 giant sawtooth 

relaxations often led to loss of stabilisation so that 
the plasma moved vertically by typically 1 m 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, but indicates the effect of these forces through 
the dynamic response of the vessel, (ie, the inertial and 
constraint spring effect). 
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Pulse No: 34078 
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Fig.21 : Vertical Displacement Event (VDE) and description 
of Pulse No. 34078. 

These events have been observed due to the extended 

measurements available on vessel displacement and forces. 

Analysis of Forces and Stresses on 

the Vacuum Vessel 

To evaluate the dynamic stresses associated with these 

phenomena, a large F.E. shell model, representing 180° 

of the torus, has been obtained by mirroring and rotating 

the existing half­octant model, and includes 120,000 

degrees of freedom. 

The model has been used to evaluate the stresses on the 

vessel during the VDE of Pulse No. 34078. At the time of 

peak displacement, when the support reaction equili­

brates dynamically the inertia forces on the vacuum 

vessel, the most stressed area at the Main Vertical Ports 

(MVP) is the corner at the base of the port, with a Von 

Mises stress of about 90MPa, well below the yield limit 

of 240MPa. The effects of this new load on the machine 

do not add to those of the more usual axisymmetrical 

"rocking" motion, which happens in a different location 

and on a faster timescale. On the Main Horizontal Ports 

(MHP). the maximum stress of 140MPa (yield limit 

240MPa) was found to be at the base of the ports (Fig.22). 

The analysis has been repeated with the revised vessel 

dynamic supports. The results indicate that the extent of the 

sideways motions, as well as the magnitude of the peak stress 

at the base of the MVPs, would be reduced by a factor of 3 

(i.e. to 30MPa(Fig.23)). Instead the stresses at the base of the 

MHP would be reduced from 140MPa to IOOMPa. 

Fig.22: Stress distribution in the vessel for Pulse No. 34078. 

New Dynamic Supports of Vacuum Vessel 

Even if the stress level on the structure in the worst case 

recorded so far appears to be low, it should be noted that 

the conditions needed for a sideways event to happen are 

not fully understood and no scaling laws are available to 

forecast its magnitude in future operations. Moreover, the 

real danger represented by a large sideways displacement 

is likely to lie in the possibility of hammering or pulling 

off of some of the myriad of components connected to the 

vessel or, even worse, of crashing one of the vertical ports 

against the mechanical structure. Therefore, to ensure the 

safety of operations it has been decided to review the 

design of the vertical brakes, the MVP dampers and to 

implement a new set of vessel restraints, specifically 

designed to limit sideways motions. 

It is expected that the implementation of the above 

measures will reduce the extent of sideways motions, as 

well as the magnitude of the peak stresses at the MVP, in 

excessofa factor of 3. The vessel is restrained in toroidal 

direction by the struts connected to the MVPs and by the 

NB injectors, through the rotary valve cases. To avoid 

damage to this structure, new hydraulic supports on the 

MHP's have been designed and are being manufactured. 

These should absorb most of the horizontal load, causing 

the stresses to be distributed much more uniformly across 

each Octant. 

In­vessel C o m p o n e n t s 

During the early part of the 1994/95 campaign, some in­

vessel components had proven to be unable to withstand 

the forces generated by VDE's events. Although, the 
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Fig.23: Stress distribution with revised vessel supports. 

reasons for these events is not completely understood the 
engineering analysis supported by field measurements 
during plasma operation, allowed appropriate remedial 
action to be taken to avoid such occurrences in future 
operations. These weaknesses did not show in the main 
body of the first wall structure and, in particular in the 
divertor structure. 
• The failure of the saddle coils in September 1994 only 

affected the upper ones, which were disabled (Fig.24). 
A detailed analysis of their mechanical behaviour has 
been carried out by means of a FE model. Induced 
current pulses of about 15kA lasting for a few milli­
seconds, would be sufficient to cause substantial 
permanent deformations of the L-shaped joint of the 
coi 1 bars. Further analysis showed that the most stressed 
sections of the coils were at the brackets clamping the 
bottom of the vertical links to the outer wall of the 
vessel, and the cantilevered L-shaped horizontal bars; 
the whole assembly of the vertical bars, however, was 
dangerously floppy because of the very low stiffness 
of the laminated links between segments. The analy­
sis of oscillatory modes indicated the presence of 
several resonating frequencies in the desired operat­
ing range, up to about 1 kHz. The mechanical response 
to the harmonic loading during normal operations 
would be very high, owing especially to the low level 
of structural damping (about 5%, as confirmed by 
experimental tests on a mock-up), and this would 
imply a reduction of the operating current from the 
nominal 3kA down to 0.5kA in some frequency ranges. 
To improve the situation, it was decided to strengthen 
the coils, replacing the cantilevered horizontal bars of 
Inconel 600 with much stronger Inconel 625 parts. 
With these modifications, it has been assessed that it 
is safe to operate the coils with a much less severe 
current limitation (lkA up to -1kHz). In addition, 

Fig.24: Upper saddle coils (partial view). 

lOOmW resistors have been installed in the circuit to 
limit the value of induced currents during VDE events 
to a safe value of 6kA. 

• Two of the four beryllium evaporator heads were 
damaged in November 1994. The design has been 
modified, primarily to allow servicing by remote 
handling, techniques and the mechanical strength of 
the heads has been increased substantially by increas­
ing the thickness of the supporting CFC tube and by 
reducing the length of the slots. Moreover slots have 
been introduced in the beryllium head to reduce in­
duced currents (Fig.25); 

• The French Horn pipes, part of the cooling circuit of the 
divertor support structure, did not fail but were consid­
ered to be relatively weak. The horn supports have been 
strengthened so as to allow them to withstand the forces 
up to an induced current of ~lkA (twice the maximum 
value measured in the previous campaign); 

• Appropriate design modifications have been made on 
the structure of other in vessel components that failed 
during the 1994/95 campaign. It has been shown that 
the glow discharge cleaning electrodes would work 
even without RF assistance by means of the (weak) 
spiral rod attached to the electrode plate. Thus, all 
spiral rods have been removed. The top rails of the RF 

Be head 
Carbon fibre composite tube 

/S JG96.123/6C 

Location of failure 
Eddy current path 

Fig.25: Beryllium evaporator head. 
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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, I VIS probe), parts of the divertor (like 
the Mark II 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 II phase. Of particular 
interest are measurements of halo currents. During the 
Mark I 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. 

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 (at the 90% level in each case). The large 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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Table IV 

NBI Power Injected into JET Discharges 

Year 

1988 

1989 

1990 

1991 

1992 

1994 

1995 

No. 

pulses 

2958 

1301 

1569 

2354 

776 

2656 

1778 

No. 

with 

NBI 

993 

621 

813 

1265 

339 

1313 

1120 

% 

with 

NBI 

33.6 

47.7 

51.8 

53.7 

43.7 

49.4 

63.0 

No. 

with 

P>I5MW 

100 

99 

72 

78 

12 

325 

287 

% 

with 

P>I5MW 

10.1 

15.9 

8.9 

6.2 

3.5 

24.8 

25.6 

No. 

with 

P>I0MW 

292 

225 

211 

359 

55 

713 

631 

% 

with 

P>I0MW 

29.4 

36.2 

26.0 

28.4 

16.2 

54.3 

56.3 

Neutral Injectors (PINIs) normally operating at 140kV in 

deuterium, and the other with eight 'high current' (four­grid 

or tetrode) PINIs operating at voltages up to 85kV. The 

maximum expected power for the installed configurations 

together with the achieved power during 1995 is summa­

rised in Table V. By careful conditioning and optimisation 

of PINI parameters, the expected power was been exceeded; 

this was achieved by increasing the extracted beam current 

slightly beyond the optimum for minimum beam diver­

gence, and allowed an increase in delivered power without 

significant loss of transmission efficiency for geometrically 

well­aligned beams.The power of the high current' tetrode 

PINIs is 60% above the original injector system design 

value, but this increase was accommodated safely within the 

operating limits of critical mechanical components, such as 

aperture­defining scrapers. This was achieved by careful 

monitoring of the installed thermal instrumentation and 

optimisation of the beam alignment in particular. 

Figure 26 shows the distribution of NBI pulses as a 

function of injected power level for the 1994­5 campaigns 

combined. The level of reliability achieved during 1995 was 

typically in the range 80 ­ 90%. The reliability fraction is 

defined as the ratio of the achieved heating energy (i.e. time­

integrated power waveform) to that requested. 

NB heating is generally characterised by the fact that 

delivered power to the plasma is largely independent of 
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Fig.26: Histogram of frequency distribution of NB power 

injected into JET in the 1994/5 experimental campaign. The 

frequency at low plasma currents (I < L5MA) and high plasma 

currents (I > 3.5MA) is indicated 

plasma configuration and parameters. However, there 

are, potential limitations at very low and high values of 

plasma current and electron density. These arise from a 

variety of effects, such as: 

(a) deposition of re­ionised beam particles on unpro­

tected torus entry duct surfaces due to unfavourable 

trajectories in the poloidal near­stray field at low 

plasma current, especially in 'slim' plasma 

configurations; 

(b) saturation of the active far­stray magnetic field com­

pensation (MFC) system at high plasma current, which 

affects the un­neutralised ion beam at the PINI and 

degrades beam alignment; 

(c) excessive 'shine­through' exposure of in­vessel struc­

tures at low electron density due to insufficient attenu­

ation of the neutral beam by the plasma; 

(d) development of high neutral pressure in the torus entry 

duct under conditions of heavy gas fuelling of the 

plasma leading to increased duct re­ionisation and 

power loading. 

Table V: Installed Potential and Achieved Power to JET 1995 

Jan '95 to Mar '95 

Apr '95 to Jun '95 

Installed Potential ( M W ) 

Octant 4 Octant 8 Total 

13.0 7.6 20.6 

13.6* 7.6 21.2* 

Achieved ( M W ) 

Octant 4 Octant 8 Total 

13.1 8.1 21.2 

11.1* 7.5 18.6* 

* Note: In April 1995, the last two 'low current' tetrodes on Octant No.4 were replaced by 'high current' units. 

This power was not reliably brought into service by the end of the programme. 
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Pulse No: 35718 
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Plasma current (MA) 

Fig.27: Distribution of injected NB power against plasma 

current for the 1995 campaign discharges. 

In spite of these effects, flexible operating limits were 

defined which allowed NBI to take place in a very wide 

range of plasma scenarios, taking full advantage of the 

installed duct protection plates and in­vessel shine­through 

protection tiles and taking into account the results of a 

rigorous thermo­mechanical assessment of the exposed 

structures. Figure 27 shows the power injected in all 1995 

pulses as a function of plasma current, ranging from high 

poloidal­ß experiments at IMA through to high power, 

high current Η­modes up to 5.8MA. During the high­

current Η­mode campaign, the feedback controller trans­

fer function of the MFC system was optimised to follow 

the rapid onset of high values of far­stray field after the H­

mode transition, resulting from the change in the vertical 

field required to maintain radial plasma equilibrium (Fig.28). 

The ability to apply high­power NB power to target 

plasmas in highly shaped configurations optimised for 

MHD stability, formed in such a way as to minimise 

particle recycling at low electron density, was fundamen­

tal to the successful achievement of high fusion perform­

ance in the hot­ion Η­mode and the attainment of equiva­

lent Q m values close to unity. Conversely, in the experi­

ments aimed at demonstrating the viability of a highly 

radiative divertor plasma, long high­power NBI pulses 

were successfully delivered in high­density, heavily gas­

fuelled and impurity­seeded discharges by working close 

to. but remaining within, the trip level of the duct pressure 

interlock and by careful monitoring of the extensive array 

of thermal sensors installed in the duct protection plates. 
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Fig.28: Neutral beam active magnetic field compensation system 

performance in 5.8MA Η­mode discharge. (Pulse No.35718). The 

set­point field, which the compensation seeks to maintain, is 

shown. The trip levels (corresponding to the safe limits of the field) 

are at 1.6 and 3.6 Gauss. The effect of ELM s can be clearly seen. 

Figure 29 shows the total energy delivered to the plasma 

by NB injection for in every 1995 pulse, versus power; the 

solid line corresponds to an average pulse length of 10s 

(the beamline design value). 

New Operational Features 

During 1995, a new beam modulation interface with the 

high voltage (H V) PINI power supplies was implemented. 

In general, this allows each PINI to be switched on and off 

arbitrarily within the pre­set energisation timing window. 

The 'off' command simulates the occurrence of a HV 

breakdown, thus causing an interruption of the beam; the 

'reapplication delay' (usually 40ms) is then extended 

until the next 'on' command. This facility is used either 

by a simple pre­programmed pulse generator order to 

provide modulated beams at fixed duty cycle, or by an 

advanced Neutral Beam Local Manager (NBLM) system 

incorporating a local feedback control capability which 

minimises the time­averaged error of the delivered power 

compared with a reference waveform (Fig.30). The power 

reference can be pre­programmed or, alternatively, de­

rived from a real­time signal generated by a central 

controller used for plasma control (eg: to stabilise dia­

magnetic stored energy). Beam modulation using the pre­

programmed pulse generator was used, during a series of 

experiments with controlled toroidal field ripple. This 

provided repetitive beam pulses during a slow ramp of the 
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Fig. 29: NBI energy delivered to the plasma versus NB peak 
power for all 1995 pulses. The solid line corresponds to a pulse 
length of 10s (beamline design value). 

ripple amplitude; this technique gave the possibility to 
make measurements at many different values of ripple 
amplitude in a single discharge. Preliminary experi­
ments using NBLM were carried out in which closed-
loop feedback control of the diamagnetic stored energy 
W... was achieved. The transfer function used to cal-

D1A 

culate the power reference for NBLM, derived from 
the real-time measurement of the W„,A error, was of the 

DIA 

proportional-integral type where the numerical coeffi­
cients were obtained from simulations using a 0-D 
plasma model incorporating a global confinement scal­
ing law. This gave good controller performance in 
experiments such as where the system compensates for 
a change in confinement regime (H—>L transition) 
during the NB injection phase. 

Neutra l Beam Engineering 
Inertiat Calorimeter Development 
As mentioned in the 1994 JET Progress Report [1], the 
CuCrZr alloy used in the manufacture of the injector 
calorimeter vapotrons was, due to its cumulative cycle 
history and projected rate of use, approaching potential 
fatigue life problems. During the 1994/1995 campaign, 
7600 ASYNC shots were intercepted by calorimeters. 
Therefore, a decision was made to design a new inertial 
calorimeter, and during the shutdown, the existing 
hypervapotron calorimeters on both injector systems have 
been replaced with this new design. 
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Fig.30: Behaviour of NB power under feedback control from the 
Neutral Beam Local Manager (NBLM) system. This is programmed 
to minimise the moving average error (ΔΡ) with settable time 
constant (t) with respect to a reference demand power waveform. 

The new calorimeter elements have been designed 
to fit the existing door frame and backing structure 
with minimum additional weight (to the original sys­
tem) being a fundamental design criterion. Elements 
were manufactured from 35mm thick plates of OFHC 
copper explosion bonded to 15mm plates of 316L 
stainless steel. The beam facing copper was castellated 
into 15mm squares to a depth of 25mm to reduce the 
thermal stress and hence the bending of the element 
whilst in service. Interpulse cooling was through two 
parallel 6mm diameter gun-drilled water channels po­
sitioned in the stainless steel strongback. 

Design criteria for the inertial elements were as follows: 
• capable of handling a flux density of 20MW/m2 for Is; 
• interpulse cooling of elements ~ 4 minutes; 
• maximum deflection (7.6mm) to be no greater than 

the hy pervapotron systems; 
• minimum additional weight in order that the existing 

calorimeter frame might be utilised. 
A total of 900 Quality Class 1 welds were required for 

the refurbishment of the two calorimeter systems. 
The first of the new calorimeters was tested in high 

power pulses on the Neutral Beam Testbed. It was dem­
onstrated that the explosive bond between the copper 
armour and the stainless steel heat sink could withstand 
all foreseen power loading scenarios. The bending of the 
individual panels was measured to define safe operating 
limits for the lifetime of the bellows and the thermocouple 
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Fig. 31 : Duct Scraper Assembly showing new extension tiles. 

instrumentation were improved and calibrated. Final tests 
on the assembled calorimeter with the ion/neutral beams 
proved that the calorimeter could be loaded as expected. 

Duct Re-ionisation Protection 
There has existed a problem with the re-ionisation and 
focusing of particles within unprotected areas of the duct 
during recent experiments, associated with 'slim' plasmas 
at currents below 2M A. Additional floor and ceiling tiles 
were designed to protect these areas at both injectors. 
The new assemblies (four off) consist often copper tiles 
fixed to an inconel subframe. Several tiles have a com­
plex three dimensional shape to fit the duct exit throat 
geometry. Each tile has a blackened rear surface (vessel 
facing) to facilitate radiation cooling during the interpulse 
period. A surface temperature limit of 500°C has been 
set, which should allow a typical 10s pulse at power 
loadings in excess of 400W/cm2. An overall view of the 
complete duct protection to be installed at the beginning 
of the 1996 experimental campaign, is shown in Fig.31. 

Neutra l Beam Test Bed W o r k 
Source Conversion for Tritium Operation 
At the end of the shutdown (June 1995 - March 1996), 
all PINIs will be in the tritium configuration. The modi­
fications for tritium operation require a disassembly of 
the grid stack. Hence, a full reconditioning and charac­
terisation sequence has been performed for all converted 

100 
PINI 11A before alignment: 59kV Helium 

-100 

100 PINI 11A after alignment: 50kV Helium 

-100 

Fig.32: Beam profiles obtained on the unidirectional CFC target in the Testbed showing the beam misalignment 
(a) before and (b) after rebuilding of the PINI. The power contours are labelled in kW/cm2. 
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Fig.33: Vertical beam profiles showing the relative intensity of beams from the two PINI grid halves as the extracted current 

(perveance) is varied at fixed extraction voltage (PINI 6AT; 62kV helium beams) (I microperv = 1A­V'312) 

PINIs. Before a PINI is transferred to the injectors, it is 

first conditioned to full performance and operated at full 

performance for at least 300s in the Testbed. Addition­

ally, the grid alignment and the power loading of the 

source components and scrapers is measured. The PINI 

is also operated with the tritium gas feed lines to check the 

integrity of this gas feed from ground potential. Finally, 

beam width and alignment are checked. Only after a PINI 

has reached specification is it released for installation on 

a injector. This thorough and time consuming testing 

procedure is one major reason for the high reliability and 

availability of the neutral injection system. 

Improvement of Plasma Source Uniformity 

The possibility of obtaining two dimensional high resolu­

tion power density profiles from a PINI on a unidirec­

tional CFC calorimeter target (first mentioned in the 1994 

JET Progress Report [2]), has revealed that the plasma 

sources do not show a uniform power density distribu­

tion. The profiles obtained show that the centroids of the 

power peaks from each half of the PINI are frequently 

offset from the nominal vertical symmetry axis (so­called 

'cross­eyed' behaviour). Typical profiles are shown in 

Fig. 32. The shift of the beam centres can be unacceptable 

in that it can lead to overloading of the scrapers defining 

the vertical aperture through which the beam passes into 

the torus. The origin of this misalignment could be in 

tolerances for the gridstack alignment (the results of 

Fig.32 show the effect of rebuilding to obtain better 

alignment), but might also be the result of non­uniform 

plasma density in the source with consequent effects on 

the first lens in the ion optics of the extraction system (the 

plasma meniscus at the extraction grid holes). 

The CFC calorimeter, which has been made mobile in 

1995 so that beam profiles can be taken at several dis­

tances from the PINI, has enabled these effects to be 

examined in detail. The beam in the PINI is formed in 

accelerating grids made from two half sections which are 

inclined by ±0.5° against the vertical plane. Profiles taken 

at 7­10m from the beam source resolve the contribution of 

the two grid halves. Surprisingly it has been found that the 

current density from the two grid halves varies differently 

when the extracted current is changed at constant voltage 

(Fig.33).This is true even for a source which has a 

constant plasma density across the extraction plane (the 

so­called chequerboard source). 

The plasma source used in the injectors has a magnetic 

cusp field superimposed on the confining chequerboard 

field. The purpose of the cusp field is to increase the 

proton fraction near the extraction plane [3]. With this so 

called filter source, the contribution from the two grid 

halves is better resolved when the extracted current is too 

high and the overall beam is already widening. One 

possible explanation is that the plasma density in the 

source is higher at the perimeter and lower in the centre 

of the source. Running with an extracted current higher 

than the nominal optimum ('over­dense operation' ) would 

then mean that the beamlets in the centre have the opti­
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Fig.34: Comparison of scraper and beam dump loadings from a PINI equipped with FILTER source (PINI I8AT) 
and one equipped with a chequerboard source (PINI 24AT) (75kV Deuterium beams.) 

mum current and therefore the lowest divergence while 

averaged over the grid the current and the divergence 

would be above the optimum value. 

Comparing profiles from filter source and chequerboard 

source, the filter source produces a wider beam with 

higher power loading on the scraper (Fig.34). It is as­

sumed that the non­uniformity of the filter source is 

caused by the remnant filter field in the extraction area, 

though the physical mechanism primarily responsible for 

this effect is still a matter of some uncertainty. Modelling 

calculations show, that magnetic configurations are pos­

sible which maintain the positive action of the filter with 

less remnant field in the extraction area. If successful, 

this could lead to a 5­10% increase in the injected power 

and at the same time to a considerable reduction in the 

scraper loading. In the meantime, it is considered that the 

original effect which gave rise to the investigations, that 

of the cross­eyed beams, is mainly due to grid misalign­

ment and can be minimised by extremely careful assem­

bly of the PINIs. The effect is strongest on the high current 

(60A), low voltage(85kV) tetrode PINIs where the ex­

traction gap is only one quarter of the width of the high 

voltage (140kV/30A) triode PINIs. 

Component Tests 

As a spin­off effect of the development of the actively 

cooled beryllium version of the 'Mark I' divertor, a test 

section with 10mm thick beryllium tiles brazed to a 

hypervapotron has been built and tested. The test section was 

successfully exposed to 300 cycles at power densities rel­

evant to an ITER divertor (5­6MW/m2). It was then demon­

strated that the bond was good enough for exposure to 

surface temperatures up to 1000°C, and finally the surface 

was driven into melting with power densities of 20MW/m2. 

The onset of melting and the re­solidification can be clearly 

identified in the time temperature trace (Fig.35). 

The main results of the test were: 

• sublimation has the temperature dependence expected 

from literature; 

• no indications of lateral cracks were discovered; 

• once the surface has been liquid, the emissi vity changed 

significantly; 

• the test was successfully used to benchmark codes 

developed by NET and ITER. 

The emissivity of the surface (Fig.36) is taken from a 

calibration of the IR system where the uncooled panel 

was allowed to come into thermal equilibrium (470°C). 

The emissivity varies by a factor of three over quite short 

distances and approaches 80%, a value normally seen for 

graphite. The tile surface shows cracks and small craters 

after 20 pulses with the surface above liquidus. A melt 

depth of 0.7mm is observed in an exposure with 20MW/m2 

for 900ms after the onset of melting. A major loss of material 

is only observed at the edges. 
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Fig.35: (a) Surface temperature as a function of time for 10mm Be 
tiles brazed to a hypervapotron subjected to 20MW/nf beam. Also 
shown is the intensity of Be I line emission from the surface 
(457.3nm); (b) Measured intensity of the Be I line (in the pulse 
shown in (a)) plotted against the measured surface temperature 
and normalised against the Be vapour pressure from the literature. 
It can be seen that the time variation of the emissionfollows closely 
the pressure of vapour expected to be present. 

An interesting observation was that the surface could 
reflect light quite strongly after melting had occurred. This 
is likely to confuse interpretation if inspection is carried out 
with CCD cameras. Due to the local high reflection the 
camera can saturate locally and the resulting picture gives 
the impression of extensive melting due to the blurred edges. 

In a collaboration with JAERI, Japan, (in the framework 
of the Large Tokamak Tripartite Agreement), two vapotrons 
clad with high conductivity carbon fibre tiles have been built 
and tested. These test sections withstood power densities up 
to 30MW/m2 under steady state conditions and showed an 
excellent uniformity in the surface temperature (Fig.37). 
The power handling and the uniformity of this design are 
outstanding, and the design also offers the option of an 'in 

- 1 0 40 90 
y (mm) 

Fig. 36: Measured surface temperature of a test section of Be 
tiles in thermal equilibrium (at470°C) (bottom). To reproduce 
a constant surface temperature at 470°C, the emissivity 
distribution shown on the top diagram must be used. 

situ' repair. A disadvantage of flat tiles is that a fault can 
spread quickly. This was indeed observed when one tile 
detached completely during one pulse. A more optimised 
design with reduced stress at the edges and some interlock­
ing should overcome this disadvantage. 

In separate tests, a boron nitride reciprocating probe was 
exposed to beam power up to 40MW/m2. The material was 
strong enough to withstand power densities of 40M W/m2 for 
220ms, which raised the surface temperature to 3400°C. In 
particular, no cracks were observed at the end of the test [4]. 
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Fig.37: Surface temperature versus time for power densities 
of20MW/m2 and 30MW/m2 for high conductivity CFC tiles 

brazed to the hypervapotrons. 
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Fig. 38: Torus pressure as a function of time during and after 
5s deuterium pulses under different pumping conditions. 

Cryogenic Systems 
Cryoplant 
By mid-June 1995. the liquid helium and nitrogen 
cryoplants had been operated uninterrupted for more than 
18 months and supplied users of cryogens in a reliable 
manner. During operation, the liquid nitrogen consump­
tion was up to 25,000 litres per day and more than 15,000 
litres of liquid helium per day were circulated by the 
cryoplant when all cryopump systems and other users 
were in full operation. 

In-vessel Pumped Divertor Cryopumps 
Amongst the key components for the success of the 
Pumped Divertor (PD) programme were the two new in-
vessel PD cryopump systems, used routinely to provide 
high speed active pumping during plasma pulses. Opera­
tion of the PD cryopumps proved to be paramount during 
the experimental campaign, as it allowed: 
• achievement of extremely low levels of impurity in 

the torus vacuum, with the consequence that the PD 
cryopumps were routinely used for vacuum condi­
tioning together with Glow Discharge Cleaning and 
Be-evaporation; 

• demonstration of density control of the plasma; 
• production of detached plasmas; 
• studies of the radiative divertor H-mode. 

The PD cryopumps were also important in the recy­
cling control during the development of high fusion 
performance plasmas and were used with Argon frosting 
to study the helium transport in the plasma. 
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Fig. 39: Torus vacuum as a function of time during and after a 
5s gas pulse with deuterium, helium and a mix of helium and 
deuterium (20:80) with fresh argon frost layer. 

The pumping speed of the PD cryopumps inside the 
torus was measured by steady-state and dynamic analysis 
by admitting gas pulses into the torus. The determination 
was made from the ratio of the equilibrium pressure to the 
mass flow, the decay time of the torus vacuum pressure 
and by comparison with gas pulses pumped only with the 
torus turbomolecular pumps. 

Figure 38 shows typical pulse traces for 5s deuterium 
pulses with and without running cryopump, for one and 
two pumps operating and with and without simultaneous 
torus turbomolecular pumps operation. Figure 39 shows 
the pumping of helium and helium/deuterium mixture gas 
pulses when pumped by an argon frost layer together with 
the trace for a pure deuterium gas pulse. 

A summary of the experience with the PD cryopumps is: 
• The cryopumping systems fulfil their specification 

and provide a ~ 200,000£s~' in-situ pumping speed for 
deuterium, which is ~ 20 times the pumping speed of 
the installed turbomolecular pumps; 

• Around 80% of this pumping capability is available 
for He and He/D2 mixtures by cryosorption on the PD 
pumps covered with fresh Argon frost at 4-4.5K; 

• Experiments with hydrogen confirm that the PD 
cryopumps provide practically no pumping for hydro­
gen due to the high vapour pressure of H,, at the 
operation temperature of the supercritical helium loop. 
The cryopump remains stable, however, without sign 
of uncontrolled regeneration during extended periods 
(> 20 min) at 10"4mbar H, pressure. H, plasma opera­
tion with the supercritical helium cooling is possible 
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Fig.40: Cryopump installed at the 

but without the benefit of the high pumping speed of 
the PD cryopump; 

• The thermal load to the cryopump systems was well 
within the specification; 

• The system has been designed to cope with the heat 
load from a D-T plasma heated by 45MW additional 
heating with 20MW of power from fusion reactions. 
As a result, the heat load from the present D-D 
operation at lower powers, is not noticeable on the 
operation of the cryopump; 

• The cryosupply using supercritical helium as coolant, 
proved to be very reliable and stable in operation; 

• The cryopump was used practically constantly through­
out the experimental campaign due to its beneficial 
effect on the torus vacuum; 

• The experience during the last 14 months operation 
showed that no modifications or improvements of the 
cryopumps will be necessary. 

LHCD Cryopump 
The availability of the LHCD cryopump proved to be 
important for the conditioning and also for the high 
performance operation of the LHCD launcher. This 
cryopump was kept operational permanently during the 
1995 operation campaign. 

Figure 40 shows the LHCD cryopump installed at the 
torus LHCD launcher. Pumping speed measurements 

LHCD launcher 
LHCD launcher and the torus. 

with the installed cryopump confirmed the design values 
and the results from the test facility. The measured 
pumping speed of the LHCD cryopump towards the 
launcher and the torus are listed in Table VI, together with 
the data for the regeneration flap conductance in closed 
position. The regeneration flap proved to be a very 
important component as its closing allowed the cryopump 
to be kept operational and filled with liquid helium, both 
under helium glow discharge cleaning conditions in the 
torus, and during regeneration of the torus PD cryopumps. 
It also allowed the regeneration of the LHCD cryopump 
without affecting the torus operation. 

The performance of the LHCD cryopump has proved 
satisfactory and no modification or remedial work on the 
pump has been planned for the subsequent shutdown period. 

Table VI 
Pumping speed measurements for LHCD cryopump 

LHCD Cryopump 
Pumping Speed 

Conductance torus 
- LHCD launcher 

Conductance of LHCD 
cryopump flap 
in closed position 

Pumping Speed D2 

I05,000fs'± 15% 

C ~ 3000^"' 

C ~ 4 x lO-^s-1 
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Fig.41: Cross-section of the Gas Collection System Cryopump. 

Gas Collection System (GCS) 
The central part of the new Gas Collection System (GCS), 
which enables the collection and monitoring of the ex­
haust gas of the torus, is a liquid helium cooled cryopump 
which has been designed, procured and tested during 
1995. Its design is shown in Fig.41 and it is basically a 
cryogenically-cooled cold trap. Its main feature is an 
annular interspace between the cold trap and the liquid 
helium coolant which acts as a thermal valve when 
evacuated or filled with helium. By these means, a ther­

mal insulation or thermal contact to the surrounding 
liquid helium is provided, enabling the regeneration or 
pumping of the cold trap without losing the liquid helium 
reservoir, thereby providing autonomy for several days of 
operation. 

Maintenance 
The central part of the cryoplant has been operational for 
over 14 years. As indicated, it was decided to leave the large 
cryopumps untouched during the shutdown except for some 
minor sensor improvement. This demonstrates the reliabil­
ity of cryopump systems which are essentially passive 
elements and when designed carefully, can be regarded as 
practically maintenance free. 

Various elements of the cryoplant required extensive 
maintenance, however, and a full scale maintenance pro­
gramme for all cryogenic valves, instrumentation and pres­
sure vessels has been initiated as part of the shutdown period, 
together with an overhaul of plant compressors (for refrig­
erators and helium recovery system), the helium balloons 
and cryolines. The procurement of a new liquid nitrogen 
distribution system is underway. In addition, several modi­
fications on the process loop are planned to improve the 
transient conditions for the Pumped Divertor cryopump 
systems and the simultaneous operation of all cryopumps 
with extensive bulk helium supply to liquid helium users. 

Preparations for D T E I 
Preparations for the Deuterium-Tritium experiment 
(DTE1), scheduled for the end of 1996, have involved 
considerable work. The most significant effort has in­
volved the design and construction of all aspects of an 
active-phases PINI gas introduction system. 

Dosing 
valves 

Outlet 
to PINI's 

Needle 
valves 

Gas selection 
valves 

Pressure 
regulator 

Inlet 
from AGHS 

JG96.82/18C 

Fig.42: Schematic layout of tritium/deuterium gas introduction module or'piglet' 
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Fig.43: Piglet gas module during assembly. 

The active phase gas handling and introduction system 
for the NB PINIs is being installed during the 1995/96 
shutdown. Deuterium or tritium gas is supplied at sub-
atmospheric pressure from the Active Gas Handling 
System (AGHS) in Building J25 via a local control and 
handling 'pig' system and onward to the two NB gas 
handling and distribution system (or piglets). Secondary 
containment for the system consists of the piglet vessels, 
flexible containment line, pig vessel and further flexible 
containment line to Building J25. The final connection 
from the Basement to PINI gas feed is considered part of 
the NB vacuum system.The piglet gas introduction sys­
tems are identical for each injector, and each is capable of 
supplying either D2 or Τ from the AGHS to each of the 
four 'quadrants' (ie: PINI pairs sharing a common deflec­
tion magnet) at ground potential (PINIs are being modi­
fied to enable tritium gas feed to the grids at ground 
potential). This arrangement gives a high degree of 
operational flexibility, although it is foreseen at this 
stage that tritium will only be used in the 140kV 

injector, to avoid contamination of injector components 
in the Octant No.4 system. 

The piglets and their associated control systems will be 
commissioned as part of the NB restart schedule. The 
layout of one of these piglet gas systems is shown in 
Fig.42, and the completed internal assembly of the first of 
the systems is shown in Fig.43. 

Detailed design and implementation of the control, 
instrumentation and interlocks for the active-phase PINI 
gas introduction systems have been carried out during 
1995, aiming towards first commissioning in parallel 
with the 1996 re-start of operation. Due to the degree of 
operational flexibility provided by the piglet design, the 
interlock protection to avoid injection of a gas other than 
that for which the beam deflection magnets have been set 
up, must be rigorous and sophisticated. 

A further requirement for DTE1 is the ability to inject 
at least one helium neutral beam on the 80kV injector box 
simultaneously with deuterium beams on the other quad­
rants. This is required for the active double charge-
exchange alpha-particle diagnostic. To realise this mixed 
beam scheme, it was necessary to demonstrate that he­
lium gas could be cryo-sorbed onto an argon frost layer on 
the liquid helium cryo-pumps of the injector box in the 
presence of excess deuterium gas. At the end of the 1995 
operational campaign, dedicated mixed D/He cryo-pump-
ing tests were conducted on one of the injector boxes to 
qualify this pumping scenario. The argon 'seeding' gas 
was admitted through a dedicated gas introduction sys­
tem and it was found that sufficient mixed-gas pumping 
was available to allow short He° injection pulses on one 
PINI in parallel with D° injection on up to four of the other 
sources. Based on these results, one quadrant of the 
active PINI gas introduction system on the 80kV injector 
box is being modified to allow He operation, subject to 
final qualification tests with beam extraction to be per­
formed during 1996 prior to DTE1. 

During DTE1, the triode PINIs will operate in tritium 
at up to 160kV/30A in the 'perveance-matched' condi­
tion, which defines the optimum extracted current at a 
given voltage for minimum beam divergence, compared 
with 140kV/30A in deuterium (30A per PINI corre­
sponds to the power supply current limit at these voltages). 
If the PINIs in a quadrant are operated singly, it is possible 
to operate in deuterium at up to 160kV/37A and this is a 
potential method for conditioning the triode PINIs to 
160kV prior to changing over to tritium source gas. This 
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method of conditioning was successfully demonstrated 
during 1995 and several triode PINIs achieved operation 
at >158kV in deuterium. 
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RF Heating Systems 
JET is equipped with two different high power radio 
frequency systems: the Ion Cyclotron Resonance Fre­
quency (ICRF) heating and the Lower Hybrid Current 
Drive (LHCD) systems. In addition, alow power system 
exciting Toroidal Alfven Eigenmodes (TAE) has been 
routinely operated. These have very distinctive roles. 

The ICRF heating system is used for high power 
centralised heating of the JET plasma, with the capability 
of producing Fast Wave Current Drive (FWCD) with the 
new (A2) antennae. The localisation depends mainly on 
the magnetic field and is insensitive to parameters such as 
density and temperature. Wide band operation in the range 
23-57MFIZ allows variation in both the choice of minority 
ion species heated and the localised position of the heat­
ing. So far with the previous (A 1 ) antennae, up to 3.5MW 
on one antenna and 22.7MW total coupled power (in 
L-mode) for 2s was achieved. Preliminary experiments 
on Fast Wave Ion Current Drive with the Al drive have 
also been successful, showing that the plasma current 
gradients near the q=l surface were modified by chang­
ing the phase between straps of the antennae. New ICRF 
antennae have since been installed in 1993 optimised to 
the geometry of the divertor plasmas. Their location in 
the torus was selected to give four arrays of two adjacent 
antennae. Each array have four RF radiating conductors, 
or straps, which provide an enhanced radiated spectrum. 
Variation in the relative phase of the RF currents in the 
straps allows this spectrum to be varied for both heating 
and current drive experiments. In addition, the control 
electronics have been completely rebuilt to allow opera­
tion with four straps closely coupled and to improve the 
reliability of the ICRF plant by reducing the crosstalk 
between modules. The 1994 operations were made diffi­
cult by the fact that both the control electronics and the 

Fig.44: View of the LHCD launcher together with 
one of the four ICRF modules 

antennae were new systems and have required large 
amounts of commissioning time. Several problems were 
identified and remedial actions taken or are in prepara­
tion. In spite of these early difficulties, a record power of 
I6.5MW was launched in a divertor (Η-mode) plasma, 
compared to 12MW in X-point plasmas in the 1991/92 
campaign. Combined Heating Power of 32MW includ­
ing 15MW of ICRF power was launched for several 
seconds into radiative divertor plasmas. 

The LHCD system operates at 3.7GHz and is capable of 
driving a substantial fraction of the plasma current. This is 
achieved by launching an RF wave predominantly in one 
toroidal direction. This wave accelerates the high energy 
electrons in the plasma and so drives a current. This may be 
used to stabilise sawtooth oscillations, thereby increasing 
central electron temperatures. The system can modify the 
plasma current profile and is the main tool for stabilising 
high beta poloidal plasmas with a large proportion of bootstrap 
current (the so called advanced tokamak scenarios). It has 
also been used to optimise performance. With a prototype 
launcher, (L0) up to 2.3MW of LHCD was coupled to the 
plasma. This prototype has provided engineering, opera­
tional and physical experience of LHCD on JET in a variety 
of plasma configurations. An upgraded launcher (L1 ), was 
installed in 1993 and was in full operation for the 1994-95 
campaign. Launched power of 7.3MW was obtained and 
full current drive of plasmas up to 3MA was achieved. Up 
to 6MW of LHCD power was launched for 13s for profile 
control experiments. The LHCD launcher together with one 
module of the A2 ICRF antennae is shown in Fig.44. 
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Alfven Eigenmodes (AE) are discrete global modes of 

Alfven waves in confined toroidal plasmas. In particular, 

AE appear in the frequency gaps for shear Alfven waves 

corresponding to toroidicity, ellipticity or triangularity 

induced harmonic coupling (whence the denominations 

TAE, EAE, ...). Modes based on finite β coupling be­

tween Alfven and sound waves also exist in the Alfven 

frequency range (2nf~vA/2qR) with frequency ranging 

from 20kHz to 500kHz for the different TAE and EAE. 

AE have been predicted to be of fundamental importance 

in tokamak reactor relevant conditions, since they can be 

destabilised by fast particles (such as fusion produced 

alpha­particles) and, in turn, may expel fast particles from 

the plasma core via resonance wave­particle interaction. 

The saddle coil antennae, in conjunction with the ICRF 

and NB heating methods, offers the unique possibility of 

exploring in a systematic way the importance of these 

modes, which can be excited in a controlled fashion by a 

devoted RF system (the TAE system).This system has 

been put successfully into operation within the frame­

work of a Task Agreement with CRPP­Lausanne, Swit­

zerland. The excitation of TAE modes has been assessed 

and a large database of AE activity and damping rates has 

been collected and are being analysed. In addition, new 

modes including kinetic Alfven Eigenmodes have been 

identified. These modes have also been excited by using 

two modules of the ICRF system with a "beat" frequency, 

i.e. a frequency difference, corresponding to the TAE 

frequency. 

ICRF Technical Achievements 

ICRF Heating 

JET has a powerful and highly versatile ion cyclotron 

resonant heating system with the potential for delivering 

up to 20MW of power to the plasma.The operating 

frequency range is 23MHz to 57MHz which allows 

fundamental heating with hydrogen, deuterium, He3 and 

He4 minority ions, and second harmonic heating with 

hydrogen, deuterium, tritium and He4 ions. The power 

deposition can be made on­axis or off­axis depending 

only on the ion species and the ratio of the frequency to the 

magnetic field. The fast magnetosonic wave excited by 

the antennae can access dense plasmas and so there is no 

difficulty in providing central heating at the high densi­

ties relevant to reactor operation. The antennae are multi­

strap units in which the currents can be phased to launch 

waves either with no net toroidal directivity for heating 
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Fig.45: Time history of various signals for Pulse No.35510 

corresponding to record launched power. The configuration 

(B = 3. IT, I = 3MA) is compatible with a gas­box type divertor. 

purposes, or with up to 75% toroidal directivity for both 

ion and electron current drive applications. 

During the 1992/1993 shutdown, the ICRF system was 

equipped with a new set of four antennae specifically 

designed to match the geometry of the divertor plasmas. 

These A2 antennae have four phase­coherent current 

straps, which produce better defined k spectra and which 

are three times narrower than those excited by the old A1 

antennae. There is also a wider choice of spectra available 

for heating since 0π0π, ΟππΟ, 00ππ and 0000 phasings are 

all possible compared with only dipole and monopole 

phasings with the A1 antennae which had only two straps. 

The four current straps of the A2 module are electrically 

coupled both inductively and capacitatively. This com­

plicates the matching procedure since the impedance that 

each strap presents to the feed­lines depends on the 

voltage and phasings applied to the other straps. Thus all 

four straps must be tuned simultaneously. This require­

ment has necessitated a new set of electronics to control 

the power, frequency, phase, conjugate box, trombones 

(line stretchers) and stub lengths. The new control system 

also has narrow band filters on the reflected power signals 

to remove "crosstalk" from antennae modules operating 

at different frequencies. Such crosstalk is observed in low 

single pass absorption scenarios and leads to spurious 

tripping of system protecting against arcs. 

So far, the ICRF system has coupled up to 16.5MW to 

JET divertor plasmas (Fig.45). In addition, 15MW of 
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hydrogen minority ICRH have been combined with 17MW 
of neutral beam injection to give a total additional heating 
power of 32MW into a 2.5M A radiati ve divertor plasmas. 
Η-modes with RF only have been produced for plasma 
current up to 5MA 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 

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 Da 

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; 
• swift changes allowing 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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The RFLM can control the amplitude and phase during 

a JET pulse keeping the total power constant even in the 

event of a generator failure. A high level software pro­

gram capable of storing and controlling all parameters for 

an RF pulse, more than 280, will allow swift changes 

between plasma and pre­stored vacuum conditioning 

pulses. This will allow antenna conditioning between 

plasma pulses or after disruptions. 

System Analysis 

Major investigations into the ICRF plant plasma perform­

ance have continued throughout 1995. The following 

improvements were undertaken: 

• improve reliability of ICRF plant, in particular, against 

crowbars; 

• allow for high voltage conditioning between plasma 

pulses; 

• optimise available power by enhanced voltage control 

and phase control; 

• improve the Rc plasma position feedback system, in 

particular during ELMs. 

Use has been made of an high speed eight­channel PC 

based data acquisition system to capture a whole RF 

plasma pulse at a sample times of 16ms.The normal 

CODAS acquisition system is unable to capture these 

transients. Using the LabVIEW programming language, 

the user can examine the detailed performance of an 

amplifier and its response to plasma load variations 

(ELMs) and antenna arcs. In particular, using a pro­

grammed algorithm, it allows automatic searching of the 

data for detection of antenna arcs. The knowledge ob­

tained has been used to specify a prototype electronic 

module for the discrimination of antenna arcs and ELMs 

and there are due for delivery in June 1996. 

During the investigations, it became apparent that there 

were a number of unexplained output tetrode arcs, which 

prematurely terminated a pulse. These normally occurred in 

the presence of heavy tripping either due to antenna arcs or 

ELMs. During the shutdown, a test facility using 143m of 

coaxial transmission line (Fig.46) was constructed to study 

artificially induced arcs. Using an electronic ignition circuit 

from a Formula 1 engine, a spark was generated close to the 

inner of the coaxial transmission line at a high RF voltage 

point. It was possible to trigger an arc and, by means of RF 

probes in the amplifier, capture transients occurring across 

the output tetrode and other components. Several effects 

were observed: 
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Fig.46: Schematic of the arc test facility. 

• under certain conditions, there appeared to be a volt­

age spike generated across the tetrode at the end of a 

normal pulse; 

• when an arc was triggered, a transient of up to 50kV 

was observed across the tetrode causing an internal 

flashover; 

• the electrical line length between the RF amplifier and 

the matching stub (OTL) plays an important part in the 

amplitude of the transient at the tetrode. 

The additional transient is caused by the fast decay of 

RF power following a switch­off by the protection system 

as the transmission system represents a tuned circuit with 

a high stored energy. By slowing down the turn­off of RF 

power by 15|is, the transient was reduced and a tetrode 

flash­over was avoided. As a result, the following changes 

will be made for the 1996 campaign: 

• a length of OTL section will be adjusted to improve 

the output tetrode resilience to ELMs, at least at the 

main operating frequency; 

• the protection turn­off circuits will be modified, in­

corporating a controlled delay. 

Coupling to Plasma 

The coupling of the A2 antennae to plasma has been assessed 

over range 32MHz to 56MHz. A technique allowing scatter­

ing matrices to be obtained in a single pulse has been 

developed. The key parameters of the antennae can then be 

deduced. The imbalance between inner and outer straps has 

been partly explained by a wrong impedance transformation 

of the cross­over link which connects the inner straps to the 

main transmission line. Remedial actions to correct this 

impedance are underway. 

The coupling resistance Rc is defined as the character­

istic impedance of the transmission line (30Ω) divided by 
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distance between last closed magnetic flux surface and 
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the voltage standing wave ratio on the main transmission 
line. This coupling determines the maximum power which 
can be launched into the plasma: 

Ρ =8LR -R, ][V /30]2 [MW, Ω, kV] 
max L c lossJ L max J L J 

where R, are the RF losses in the main transmission 
loss 

line (0.55Ω at f = 52MHz) and V the maximum voltage 
on the antenna or on the main transmission line. 

The coupling is determined predominantly by the 
distance between the antenna strap and the location of the 
cut-off density, of 2x 1018 m 3 for a ΟπΟπ phasing configu­
ration and of 2xl0l7m~3 for a ΟΟππ phasing configuration. 
The coupling is optimised when this density is located on 
the poloidal limiter which corresponds to a distance of 1.6 
to 2cm between plasma and limiter for typical plasmas. 

This distance depends upon plasma position control, and 
on the scrape-off density profile, which depends mainly on: 
• the parallel connection length of the field line con­

necting the antenna to the divertor tiles (or to the 
poloidal limiter); 

• the perpendicular transport into the scrape-off plasma 
which can be affected by Η-mode regimes for in­
stance: 

• ionisation in the scrape-off plasma which depends 
upon recycling and gas input. 

A comprehensive data base on coupling resistance has 
been created. The following two salient features emerged 
from this study: 
• in dipole. the distance between last closed magnetic 

surface (LCFSj and poloidal limiter was found to be 

_^- Flux line in front of 
antenna screen (less curved) 

Poloidal limiter 

ICRH antenna 

.?=°_._! I 

Poloidal limiter 
straight section 

Fig. 48: Schematic of outer wall configuration. 

a key parameter (as shown in Fig.47), which is in good 
agreement with coupling predictions; 

• more surprisingly, the coupling was found to depend on 
the distance between the bottom part of the limiter and 
the LCFS (gap 5 as shown in Fig.48): the larger the 
distance the better the coupling (as shown in Fig.49). 

The explanation for the sensitivity of Rc to the gap 5 
distance is the following. For large distances, the field 
lines which cross the midplane between the separatrix 
and the Faraday shield connect directly to the divertor 
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Fig.49: Database of coupling resistance (atf= 52MHz.) versus 
distance between last closed magnetic flux surface and bottom 
part of the limiter. 
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Fig.50: Comparison of coupling resistance between dipole and 

monopole phasing (f = 43MHz). The relative increase in 

coupling refers to dipole configuration. 

without touching any material surface on the way. In this 

case, the connection length is large, thereby allowing density 

to build up near the antenna. As the gap 5 distance is reduced, 

such field lines are intersected by the lower section of the 

poloidal limiter with substantial reductions in connection 

length, scrape­off layer density and coupling resistance. 

Operation with Monopole Phasing 

Coupling is much improved when the phasing between 

current straps is such that the wave is launched with low 

k/; (i.e. with ΟΟππ or 0000 phased operation). The gain in 

coupling reaches 1.6 for ΟΟππ and up to 2 for pure 

monopole configuration, as shown in Fig.50. 

In the 1991/92 campaign, good heating efficiency was 

observed in this mode of operation. With the present A2 

antennae, limitations have been found in monopole op­

eration which produced very poor heating efficiency as 

shown in Fig.51(a). This is attributed to RF sheath recti­

fication along field lines in front of the antenna which can 

span over 3 to 4 metres, as compared to 1 to 2 metres for 

the Al antennae. The installation of a prototype separator 

on one antenna module has partially restored good effi­

ciency, as shown in Fig.51(b), but high power operation 

was not possible due to arcing in the separator. Modified 

separators are being prepared. 

Modifications to the New A2 Antennae 

During the shutdown, all antennae were removed from the 

torus, modified, and re­installed. The reasons for imple­

menting these modifications, and a detailed description of 

the changes is presented in the following sections. 

The New Al Antennae 

The A2 antennae have been previously described and 

only certain features which have been found to be impor­

tant are outlined here. The A2 antennae were designed to 

match to the pumped divertor configuration, with the 

antennae projecting 2­30 mm further into the torus. The 

eight antennae were arranged into four modules, each 

with four current straps at nearly equal pitch. This enables 

the spectrum to be well defined over a wide range but is 

not without penalty. There are now four cross­coupled 

current straps, which both complicates the matching 

system and modifies the coupling resistance on each 
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Fig.52: The coupling resistance calculated from measurements of 
scattering matrix on the prototype A2 antenna with foam loading. 

strap. In addition, the antennae are no longer symmetrical 
about the transmission line ports, necessitating the use of 
a cross-over line inside the antenna from the transmission 
line to the inner current straps. Furthermore, the inner 
and outer straps are of necessity of somewhat different 
design, and therefore RF characteristics. 

Resistance to disruptions strongly influenced the de­
sign of the antennae, with a strict limit imposed on the 
forces to be transmitted to the torus wall. Each antenna is 
a thin wall flexible structure supported by the torus wall 
via 10 or 11 articulated arms on each side of the antenna. 
These arms are connected to the antenna via capacitors 
formed by plasma spraying alumina onto inconel plates. 
Each articulated joint is electrically isolated and bridged 
by a flexible earth strap. There is a gap between the back 
wall of the antenna and the torus wall increasing from 
typically 90mm at the top to 200mm at the bottom. 

RF image currents in the sidewalls and septum of the 
antenna degrade the enhanced spectrum of the four strap 
array, in particular, in phased operation. Both are therefore 
slotted radially to a depth of typically 100mm. The voltage 
on the Al antenna was limited by arcing on the conical 
ceramic support for the VTL inner conductor.The A2 an­
tenna does not have any ceramic supports on the conductors. 

The protection of the antenna from the plasma is 
provided by poloidal limiters on each side of each four-
strap array, and by CFC tiles mounted on rails above and 
below the array. The limiter tiles are 17mm, and the top 
and bottom tiles 7mm, in front of the magnetic surface 
tangential to the screens. The top and bottom rails are 
supported by the limiter structure. The joint to the left 
limiter is electrically closed, whilst that to the right limiter 
is electrically isolated via a ceramic coated pin. The 

limiters are electrically connected to the torus via lami­
nated current straps at the mid point and either end. All 
of this limiter structure is electrically and mechanically 
independent of the antenna. RF currents can flow from 
limiter to antenna only via the torus wall and the current 
straps on the support arms, or stray capacitance. The 
limiter structure has dimensions of 2m high χ 2m toroidally, 
which is typically one quarter to one half wavelength over 
the frequency range of the system. 

Coupling of the Antennae 
The coupling resistance measured on the A2 antennae is 
less than anticipated, in particular, at larger gap between 
the antenna and plasma. The average coupling of the inner 
and outer straps is weakly dependent on frequency, with 
a broad maximum around 42MHz, close to the design 
objective. However, the inner straps show much lower 
coupling than the outer straps at low frequency, increase 
to equal the outer straps at about 52MHz, and exceed the 
outer straps at 56MHz.This frequency dependence is now 
well established over many measurements. In monopole, 
the coupling is higher on all straps than in dipole, and the 
imbalance is reduced. 

The cause of this imbalance has been investigated using 
both measurements on the torus and on the prototype an­
tenna. Scattering matrix measurements on the (two strap) 
prototype antenna using a lossy foam as a load have been 
found to reproduce the basic features of the torus observa­
tions. The coupling resistance calculated from such meas­
urements is shown in Fig.52. Whilst this is a powerful 
technique which allows assessment of antenna modifica­
tions, on the test-bed the foam does not fully represent the 
plasma and the data needs to be treated with caution. The 
scattering matrix of the four-strap antenna array has also 
been measured using foam loading both before installation 
and in the torus. A method has been developed, which allows 
the measurement of the four-strap scattering matrix on 
plasma in a single pulse. Again, this should be treated with 
caution as the phase data is critical, and subject to significant 
error. The large values of S13 and S14 are noted. These have 
been found to be necessary to reproduce the monopole data. 
The large phase angle of S12 relative to S11 is also noted. 
This reduces the coupling resistance in dipole and enhances 
monopole. 

An important part of the imbalance arises from a mis­
match between the crossover strap to the inner conductors 
and the 30Ω impedance on either side. The crossover strap 
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Fig. 53: The coupling resistance calculated from scattering matrix 
measurements on the modifiedprototype antennawithfoam loading. 

appears as a 70Ω line, 430mm long with a phase velocity of 
0.95. A simple model representing the antenna as a length 
of 70Ω line in series with a 30Ω short-circuited line repro­
duces the frequency dependence of the antenna. 

The effect of reducing the impedance of this crossover 
line has been calculated taking the measured resonant 
frequency on the inner and outer straps of 47/41 MHz, 
respectively. The impedance of the crossover line on the 
prototype antenna has been reduced to about 35Ω by an 
increase in capacitance to the back wall. The measured 
scattering matrix agrees well with that calculated. The 
corresponding coupling resistance is shown in Fig.53. 
The imbalance is much reduced although still present. 
Critically, it is found that the cross-coupling between 
straps is such that the outer strap coupling decreases as the 
inner improves. The average coupling remaining essen­
tially unchanged. This modification to the crossover strap 
has now been implemented on all antennae. It is antici­
pated that the average coupling will increase by perhaps 
20% at 40MHz, be unchanged at 50MHz, and perhaps 
slightly reduced at 55MHz. 

In addition, further changes to improve the coupling 
have been implemented as follows: 
• the antennae have all been moved inwards by 6mm. 

With the poloidal limiter position unchanged, this 
reduces the clearance to the limiters to 11mm; the 
separators are midway between limiters and screens; 

• the previous straight section of tiles on the lower part 
of the poloidal limiters has been modified to continue 
the curvature of the limiters over the full length. This 
moves the front face of the tiles out by up to 20mm, 
and will increase the density at the screen over the 
bottom of the antennae. 

Heating Efficiency and Impurities 
When operating at low k , particularly in monopole, 
visible glows are observed on the one poloidal limiter in 
lines-of-sight of the viewing system.These glows are 
diffuse areas typically 0.2m in extent along the limiters. 
The position of this glow depends on the helicity at the 
boundary in a manner which indicates the source to be near 
the radial section of the left hand current strap viewed from 
the plasma. The glow is short lived (<10ms) at the end of 
the pulse, indicating that it is not thermal radiation from 
hot tiles and thus not representing significant power loss. 
At high power, the pulse length in monopole is limited by 
an influx of carbon leading to a disruption. 

In-vessel inspection showed no damage to the limiters, 
and only slight melting of a few of the knuckles holding the 
ends of the screen elements at the top of the antennae. 
However, significant surface melting was observed on the 
top and bottom tile supports, and tenuous arcing had dam­
aged the electrical breaks isolating the right hand end of the 
rail from the limiter. This indicated substantial interaction 
between the antenna and the top/bottom protection, and 
kilo volt RF voltages appearing on the insulators. The capaci­
tance of this break is close to resonance with the inductance 
of the rail in the frequency range of interest. 

The toroidal separation between limiters is about 2.2m, 
compared to 0.9m on the Al antenne. The radial clear­
ance between the limiters and screen has been increased 
to 17mm on A2 from 11mm on Al antennae, to give 
similar density at the screen. However, with the increased 
separation, this density is very sensitive to the poloidal 
curvature of the separatrix at the antenna. Plasmas with 
tight curvature, as routinely obtained on high beta plasmas 
for example, can penetrate close to the screen, both 
increasing the density at the screen and establishing flux 
lines linking the screen to the limiters, which are prone to 
sheath rectification and impurity production. These flux 
lines can now project large areas and enclose substantial 
RF flux and the appearance of high voltages under typical 
conditions is confirmed by numerical modelling. 

To alleviate this process and enable monopole opera­
tion, a prototype 'separator' has been installed on one 
array. This comprises an additional limiter 60mm wide 
mounted in the 90mm gap between the two antenna of the 
array. The tile face is about midway between the screen 
elements and the limiter tiles. The subsequently modified 
separator section is shown in Fig.54. The separator is 
supported by the top and bottom protection rails. This 

47 



TECHNICAL ACHIEVEMENTS DURING 1995 

Fig.54: A section through the separator 
installed on all modules. 

increases the disruption loads on the rails, which have 
each had two additional supports to the torus fitted as 
illustrated. These supports also earth the rail to the torus, 
and have also enabled the electrical break to the limiter 
to be short-circuited. These earthing changes are intended 
to reduce interaction with the rails. In the limited period 
of operation with this separator in place, the heating 
efficiency in monopole (normalised to dipole efficiency) 
has been much improved and the arc damage previously 
observed on the ceramic break in the rails, and on the top/ 
bottom tile assemblies have all disappeared. However, 
the voltage is limited to 20kV by arcing across the small 
remaining gap between the separator and the antenna. In­
spection of the antenna after subsequent removal confirms 
this arcing between separator and screen elements, but also 
indicates substantial currents in the support arms between 
the antenna and the torus, in particular at the corners of the 
antennae, both with and without the separator. 

These observations are consistent with the appearance 
of substantial image current in the separator in monopole 
operation, returning to the antenna via the torus wall and 
the antenna supports. This creates a leakage flux trying to 
close around the top and bottom of the antennae, induces 
sufficient voltage between the antenna and the limiter/ 
separator assembly to create arcs, and also induces cur­
rents in the corner straps to produce the observed damage. 

The obvious remedy to this is to establish low impedance 
RF contacts between the limiter/separator and the antenna 
to enable image currents to close on a low impedance path. 
However, such links are severely complicated by the conse­
quential disruption currents flowing in the structure. None­
theless, such a link has been designed to connect the ends of 
the antennae to the adjacent protection rail at two positions 
at each end. This is estimated to reduce the electric field 
between the antenna and the separator by a factor 3-4. These 
links are being manufactured for installation in the torus 
before the end of the shutdown. In addition, detailed modi­
fications to the antenna/limiter assemblies have already been 
implemented as follows: 
• separators have been installed on all modules; 
• the gap between antenna and separator is increased 

to 17mm; 
• the surface of the separator sidewalls is coated with 

boron carbide; 
• flux excluders close the sidewall slots on the end 

200mm of the antenna; 
• the current ratings on the support arm assembly have 

been increased by a factor 2-3. 

Servo-Hydraulic Fast Tuning Stub 
Matching systems for ICRF heating antennae have be­
come increasingly complex to maintain efficient opera­
tion during rapid transients in coupling to the plasma, and 
to compensate for cross-coupling between straps. A key 
component of such systems is a fast tuning stub. ITER 
have placed a number of contracts for the definition and 
design of a matching system for ITER, and JET have 
carried out a design study of an hydraulically driven stub 
under such a contract. 

The specification and performance of the proposed 
stub is summarised in Table VII. The stub comprises a 
short co-axial line terminated in a variable vacuum ca­
pacitor. This variation requires a linear movement of a set 
of plates within the capacitor over a full stroke of 70mm, 
with a modest applied force largely determined by the 
inertia of the moving components. A conventional hy­
draulics system, comprising a double acting cylinder, 
servo-control valve and a position transducer is used as an 
actuator. This system has been modelled using commer­
cial software and shown to achieve a response time in 
setting the capacitor of 50ms. A faster response could be 
achieved through use of an inner velocity loop if required. 
The associated plant and power requirement for a com-
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Table VII: 
Hydraulic Stub Design and Performance Parameters 

Table VIII: 
Lower Hybrid System on JET 

Spring rate 
Steady (vacuum) 
Moving mass 
Stroke 
Capacitance 
Acceleration 
Velocity 

load 

Positional accuracy 
Response time 
Duty 

Space envelope 

Operating pressure 
Cylinder size 
Fluid volume ins 
Loop gain 

de loop 

Closed loop resonance 
Velocity error 

l400N/m 
350N 
15kg 
70mm 
20-300pF 
50ms"2 

1.5ms-1 

0.5mm 
<50ms 
30mm amplitude 0.5Hz 
for 1000s 

235mm diam. in line 
with stub 

2IObar 
40mm bore χ 28mm rod 
0.2C 
179s ' 
46Hz 
1.8mm 

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 6MW 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 Η-modes was improved with LHCD 
profile control. In discharges 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 

Wave spectrum 
Maximum 
Full width 

3.7GHz 
24 
I2MW, (I5MW) 
20s, (20s) 
1/30 
42% 
10kHz 
10° 
1.8 

40m 
IdB 
grill type, 48 
multijunctions (copper 
coated stainless steel) 
384 (12 rows χ 32 
columns) 
height: 72mm, 
width: 9mm, 
wall: 2mm 
hydraulic actuators 
5ms-2, 33mms-' 
210mm 
450°C 
cryopump, 85 000 is"1 

15tonnes 
launcher position 
control 
plasma position control 
local gas puff 

N|( = 1.4-2.3, adjustable 
ANn = 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
tainment required for tritium operation. The launcher houses 
48 multijunction assemblies. These split the power in one H-
plane and 6 Ε-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 VIII. 

The electron density at the grill mouth must be about 
lxlOl8m'3 for the LH wave to propagate into the plasma. 
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Test toads 

Waveguide switch 

Frame 

Vac 
loads 

Remote handling flanges 

Main waveguide transmission line 
Klystrons 

RF probe 

Fig.55: The Lower Hybrid Current Drive (LHCD) System 

This means that the distance between the grill mouth and 
plasma boundary must be precisely controlled or a large 
fraction of the power is reflected back into the multi-
junctions causing arcs. 

The launcher has its own cryopump to limit the rise in 
pressure in the multijunctions during a pulse. The 
multijunction waveguides have small holes in their top 
and bottom surfaces to improve the conductance to the 
cryopump. Outgassing is also reduced by baking the 
launcher vessel and multijunctions to up to 350°C 

Operation during the 1994195 Campaign 
The LH system operated for 2130 pulses during this cam­
paign. This is about 33% of all plasma pulses. The maximum 
power coupled to the plasma was 7.3MW. Clean pulses 
without trips with more than 5MW for more than 4s were 
achieved, when the reflection coefficient was low enough 
(<3%) and the grill well conditioned. To achieve the low 
reflection coefficient (R.) feedback control of' the launcher 
position has been used on a routine basis. 

Grill conditioning was undertaken using both vacuum 
and plasma pulses. Vacuum conditioning uses automatic 
pulsing. This system pulses each klystron module for 3s 
in turn and adjusts the power up or down depending on the 
number of trips on each klystron. An interlock on the 
temperature of the vacuum load limits the temperature of 
the load to 380°C. The pressure inside the launcher vessel 

was monitored during vacuum conditioning. When the 
pressure rise was small, vacuum conditioning was stopped 
and a few pulses with plasma were used to complete the 
conditioning to high RF power.The power handling im­
proved rapidly as the reflection coefficient was reduced 
to a few percent. 

Technical Upgrades of the LHCD System 
Apart from normal maintenance a number of improve­
ments to the LHCD system was undertaken during the 
shutdown. These included: 
• new system control software to preload and store 

complete pulse schedules with all system parameters 
and waveforms for power, phase, launcher position 
for all JET plasma pulses; 

• new system software in the generator to control the 
maximum electric field in the multijunctions in order 
to reduce the number of trips; 

• phase compensation for changes in transmission line 
length; 

• new PC based digital control system for the launcher 
position control to allow high flexibility in scenarios 
with varying coupling conditions with secondary pro­
tection loops; 

• control of the shape of the outer plasma boundary 
through the Plasma Position Central Control, with 
feedback on the reflection coefficients of three 
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Fig. 56: Position control schematic. 
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TH 
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(Data Acquisition) 

PPCC 

Servo Cylinders 

Leg Cylinders 

Launcher 

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. 

programmed position waveform. The bandwidth of the 

hydraulic control system is 1­5­Hz. The reflection coeffi­

cient has been kept constant at the requested value between 

2­10%. 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. 

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

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 scrape­off 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 launcher­plasma 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 Η­mode or in L­

mode). When the plasma is in Η­mode, the coupling is 

degraded compared to the L­mode coupling illustrated in 

Fig.57, corresponding to the density decay length being 

reduced by several mm. ELMs during the Η­mode result 
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