








This document is intended for information only
and should not be used as a technical reference.

EUR 11113 EN (EUR-JET-PR4) March 1987.

Editorial work on this report was carried out by B.E. Keen
The preparation for publication was undertaken by

the Documentation Service Units, Culham Laboratory.

© Copyright ECSC/EEC/EURATOM, Luxembourg 1987
Enquiries about copyright and reproduction should be addressed to:

The Publications Officer, JET Joint Undertaking, Abingdon, Oxon. OX14 3EA, England

Printed in England



Contents

Introduction, Background and Report Summary 3
Technical Achievements During 1986 12
— Torus Systems 12
— Power Supplics 14
— Neutral Bcam Heating System 15
— Radio Frequency Heating System 18
— Remote Handling ' 22
— Control and Data Acquisition System (CODAS) 24
— Diagnostic Systems 26
— Summary of JET Technical Achievements 34
Scientific Achievements During 1986 36
— General Plasma Characteristics and Global Confinement 36
— Hecat Transport 39
— Impuritics and Radiation Losses 40
— Plasma Boundary Phecnomena 43
— MHD Activity and Stabilisation 46

— Sawteeth Oscillations 50
— Scparatrix Experiments . 52
— Radio Frequency Heating 54
— Neutral Bcam Heating 57
— Particle Transport and Fuelling 6l
— Theory 63
— Summary of JET Scientific Progress and Perspective 64
Developments and Future Plans 68
— Future Separatrix Experiments 69
— Current Drive and Profile Control 70
— Multi-Pellet Injection for Fuelling and Re-Fuelling 71
— Density Control 73
Appendices 76
I Work of Theory Division in 1986 76

I Data Processing and Analysis 86
I Task Agreements - Present Status 90
IV List of Articles. Reports and Conference Papers Published, 1986 92

V' Reprints of JET Papers: 106

(a) JET-P(86)21 Plasma Heating in JET (Invited paper at 13th European Conference on Controlled
Fusion and Plasma Hcating (Schliersee, F.R.G., April 1986)); 107
(b) JET-P(86)25 Impurity Behaviour in JET (Invited paper at 13th Europcan Conference on Controlled

Fusion and Plasma Heating (Schliersee, F.R.G., April 1986)); 121

(c) JET-P(86)20 First Results of Neutral Bcam Heating on JET (Paper at 13th European Conference
on Controlled Fusion and Plasma Heating (Schliersee, F.R.G.. April 1986)); 133



(d) JET-P(86)15 Contributed JET papers to 13th European Conference on Controlled Fusion and
Plasma Heating (Schliersee, F.R.G., April 1986));

(e) JET-P(86)39 Invited papers presented at 14th Symposium on Fusion Technology (SOFT)
(Avignon, France, September 1986);

(f) JET-P(86)40 Contributed papers presented at 14th Symposium on Fusion Technology (SOFT)
(Avignon, France, September 1986);

(g) JET-P(86)32 The JET Technical and Scientific Performance and Future Plans (Invited paper to

7th Topical Meeting on Technology of Fusion Energy (Reno, U.S.A., June 1986));

(h) JET-P(86)23 Main Features Implemented in the JET Facility for D-T Operation (Paper at 7th
Topical Meeting in Technology of Fusion Energy (Reno, U.S.A., June 1986));

(i) JET-P(86)44 JET papers presented at 11th International Conference on Plasma Physics and
Controlled Fusion Research (Kyoto, Japan, November 1986).

331

467

479

491



Foreword

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

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

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

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

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

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

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

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

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

These major technical achievements have formed the
basis for the most encouraging scientific results obtained
during the year. During neutral beam heating exper-
iments in normal discharges, temperatures up to 6.5keV
have been attained with ion densities n =3x10"m~*.
With radio-frequency heating, the peak ion temperature
achieved was 5keV with a peak density n =3.5x10"m ™.
In both cases, the energy confinement times degraded as
the heating power was increased, irrespective of the
heating method being used.

The fusion product <n T 7 > obtained in material
limiter configurations was similar for all heating
methods as gains made in density and temperature were
offset by degradation in confinement time. Under these
conditions, the value for the fusion parameter was <n T
7 >=1x10%m=3.s.keV. Operations with the X-point
magnetic limiter configuration using a single-null in
the H-mode has yielded a record value for the fusion
parameter of 2x10%m~3.s.keV within a region directly
relevant for achieving reactor conditions. If tritium has
been introduced into the machine under these conditions,
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it would correspond to a fusion power production
above IMW. These results announced at the 1 1th IAEA
Conference on Plasma Physics and Controlled Nuclear
Fusion’ held in Japan during November, were widely
acclaimed and firmly established JET as the world’s
leading nuclear fusion experiment.

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

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

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

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

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



Introduction, Background and

Report Summary

Introduction

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

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

Background

Objectives of JET
The Joint European Torus (JET) is the largest single
project of the nuclear fusion research programme of the
European Atomic Energy Community (EURATOM).
The project was designed with the essential objective of
obtaining and studying plasma in conditions and with
dimensions approaching those needed in a fusion reactor.
The studies are aimed at
(a) investigating plasma processes and scaling laws,
as plasma dimensions and parameters approach
those necessary for a fusion reactor;

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

(¢) demonstrating effective heating techniques,
capable of approaching reactor temperatures in
JET, in the presence of the prevailing loss
processes (particularly, RF and Neutral Beam
Heating processes);
studying alpha-particle production, confinement
and subsequent plasma interaction and heating
produced as a result of fusion between deuterium
and tritium.
Two of the key technological issues in the subsequent
development of a fusion reactor are being faced for the
first time in JET. These are the use of tritium and the
application of remote maintenance and repair techniques.
The physics basis of the post-JET programme will be
greatly strengthened if other fusion experiments cur-
rently in progress are successful. The way should then be
clear to concentrate on the engineering and technical
problems involved in progressing from an advanced
experimental device like JET to a prototype power
reactor.

(d)

Basic JET Design

To meet these overall aims, the basic JET apparatus was
designed as a large tokamak device with overall dimen-
sions of about 15m in diameter and 12m in height. A
diagram of the apparatus is shown in Fig.l and its
principal parameters are given in Table I. At the heart of
the machine, there is a toroidal vacuum vessel of major
radius 2.96m having a D-shaped cross-section 2.5m wide
by 4.2m high. During operation of the machine, a small
quantity of gas (hydrogen, deuterium or tritium) is
introduced into the vacuum chamber and is heated by
passing a large current (up to SMA at present but may be
enhanced to 7MA subsequently) through the gas. This
current is produced by transformer action using the
massive eight-limbed magnetic circuit, which dominates
the apparatus (see. Fig.1). A set of coils around the
centre limb of the magnetic circuit forms the primary
winding of the transformer with the plasma acting as the
single turn secondary. Additional heating of the plasma is
provided by propagating and dissipating high power
radio frequency waves in the plasma and by injecting
beams of energetic neutral atoms into the system.
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Fig.3: Project Team Staff in Machine and Development Department (December 1986)

operation of the machine. The main functions of the
Department are:

following the theory of tokamak physics;
heating the plasma and analysis of its effects;
centralising the interpretation of experimental
results and investigating their coherence;
organising data acquisition and computers;
preparing and co-ordinating operation of the
machine across the different Departments.

The Department is composed of three groups (Machine
Operations Group, Physics Operation Group and Data
Management Group) and four Divisions:

(a) Control and Data Acquisition System Division

(CODAS), which is responsible for the im-
plementation, upgrading and operation of
computer-based control and data acquisition
systems for JET;

(b)

()

(d)

Neutral Beam Heating Division, which is
responsible for the construction, installation,
commissioning and operation of the neutral
injection system, including development towards
full power operation of the device. The Division
also participates in studies of the physics of
neutral beam heating;

Radio Frequency Heating Division, which is
responsible for the design, construction,
commissioning and operating the RF heating
system during the different stages of its develop-
ment to full power. The Division also participates
in studies of the physics of RF heating;

Theory Division, which is responsible for
prediction by computer simulation of JET
performance, interpretation of JET data and the
application of analytic plasma theory to gain an
understanding of JET physics.
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Fig.7: Project Team Staff in Heating and Theory Departiment (December 1986)
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density limits, with plasma MHD behaviour, with
impurities and with plasma transport. Some attention has
been devoted to methods of surmounting these limitations
and these are detailed in this section.

The Appendices contain a list of work topics carried
out under Task Agreements with various Association

Laboratories, and selected articles prepared by JET
authors are reproduced in detail, which provide some
details of the activities and achievements made on JET
during 1986. In addition, a full list is included of all
Articles, Reports and Conference papers published in
1986.
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Technical Achievements during 1986

Torus Systems

Many new elements had been added to the machine
vacuum system during the late 1985 shutdown, ready for
1986 operation. Eight carbon limiters (instead of the
previous four) were fitted symmetrically on the outboard
periphery of the vacuum vessel wall, and additional
graphite protection was installed to further reduce the
contamination of the plasma by metal impurities. The
inboard protection was extended by eight discrete
poloidal rings covering the octant joints and the inner
wall was covered with tiles to =1m of the mid-plane.
Graphite tiles were also fitted at the outboard wall in the
vicinity of the Octant No.5 horizontal port, to protect the
vessel wall against tangential neutral beams, originating
from Octant No.8. As well, the second neutral injection
box with its high vacuum rotary valve and a third RF
antenna were connected to the main vacuum system, and
a number of new diagnostics were also installed.
However during 1986, nearly the whole year was
dedicated to machine operation, and few new systems
could be brought into service. It was necessary
for the various machine systems to prove their re-
liability, especially those elements added to the machine
during 1985.

Vacuum Systems

The pumping systems performed reliably during 1986,
and in addition, all vacuum related systems operated
without major problems. The year was mainly dominated
by a gradual increase in power of neutral beam heating.
During this programme, several incidents occurred
which demonstrated both the strength of the vessel and
the vacuum system, but also indicated the need for
improvement in some areas, related to rotary valves and
vacuum instrumentation.

Leak testing has been a problem since deuterium was
first introduced into the vessel. Standard leak detectors as
well as quadrupole mass analysers cannot easily separate
deuterium (mass 4.028) from helium (mass 4.003).
As a consequence, outgassing of deuterium, previously
implanted in the wall during discharges, masked the
helium normally used as a tracer gas. Employing other
gasses such as neon or argon does not relieve the situation
as normally these elements are masked by various
deuterated chemical compounds. Since this situation was
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no longer tolerable, a different type of mass analyser - the
omegatron - was adopted by JET and brought into
operation. Leak detection can now be carried out in the
presence of deuterium with helium as a tracer gas [1].

The tritium phase of JET requires careful screening of
the compatibility of vacuum components with the
envisaged tritium environment. One point of concern was
the compatibility of the main turbopumps. An exper-
iment was devised by JET and carried cut at the KFA
Jilich, F.R.G., to clarify this situation. A simulation
experiment, with a tritium dose equivalent to 250 years of
JET operation, was set up to investigate the changes in
the viscosity of the pump oil. The viscosity of the
lubricant is the determining parameter for the life of a
turbopump, and since no changes were found, it can be
concluded that the JET turbopumps are fully compatible
with the expected tritium operation [2].

In-Vessel Components

The eight discrete limiters worked reliably and showed
virtually no surface damage at the end of the operational
period, indicating that the design criteria were properly
chosen. Beam shine-through and port protection tiles
were also in an excellent condition at the end of 1986
operation.

The inner wall graphite tiles were initially designed as
protection against disruptions only, but subsequently
were extensively used as a limiter. This operation mode
was extremely useful for controlling the density at the
end of a discharge and to achieve particle pump-out
during discharges. This allowed JET to run low density,
high temperature discharges as well as slide-away
discharges. However, some wall damage occurred
mainly during these modes, but the extent was not as
severe as to endanger operation. Three areas of the inner
wall especially, in which tiles protruded by 5-10mm,
showed strong marks, and required special attention.

The U-joint graphite protection tiles, initially designed
as wall protection against vertical instabilities, were used
as dump plates during X-Point operation. Initial power
limits of 10MW for 1s did not allow H-mode discharges.
Under these conditions, surface temperatures of the
protection tiles exceeded 3000°K locally. A design
modification was made and new tiles installed during
1986. The power handling capability was 16MW for 2s
without exceeding the design limit surface temperature of
2000K. Amongst other things, this increase in perform-
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The otherwise high overall mechanical and vacuum
reliability of the injectors was marred by two incidents,
which resulted in the melting of the water-cooled nickel
liner in the beam entrance port. These incidents were due
to excessive re-ionisation losses due to anomalously high
gas pressure. These highlight one of the additional (but
not fundamental) problems associated with long pulse
operation.

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

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

Heating Experiments

Injection experiments have been carried out over a wide
range of target plasma conditions and have resulted in
major extensions of the plasma parameters achieved in
JET. The most obvious feature of first experiments was
the plasma density increase obtained during injection.
High density disruptions at the end of the 5s pulses were
avoided by moving the plasma to the inner graphite
covered vessel wall, co-incident with a staggered switch-
off of the beams. This method of discharge termination,
which relies upon the inner wall pumping effect to lower
the plasma density prior to the current decay, has been
used routinely for all neutral injection heated limiter
discharges. Inner wall pumping has also been used to
produce low density target plasmas. Experiments with
H°® injection produced ion temperatures of ~6.5kV for
this type of discharge [3,4]. Subsequently, deuterium ion
temperatures of ~12.5keV were achieved using D°
injection into low density deuterium plasmas. In this
case, wall pumping was further enhanced by pre-
conditioning the wall using tokamak discharges in
helium.
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Other major features expected from neutral beam
injection have been observed, including beam fuelling,
beam driven current, plasma rotation and reduced energy
confinement consistent with L-mode scaling. In addition,
experiments with combined NB and RF heating were
carried out at a total power level of ~ 15MW.

Modification and Testing of the Prototype 160KV
Source
The JET PINI's were originally designed to allow
modification from the initial 80kV, 60A operation with
hydrogen to 160kV, 30A with deuterium. Modification
of a prototype 80kV PINI for higher voltage operation
and testing was carried out at the EURATOM-CEA
Association Laboratory, Fontenay-aux-Roses (FAR),
France [5]. Successful operation with a Periplasmatron
type plasma source at 160kV with a perveance matched
current of 38A was achieved. Further source modifi-
cations were necessary. As a temporary and reversible
measure, it was advantageous to operate at a slightly
lower beam energy but higher power. As a consequence,
it was decided to optimise the upgraded sources at
140kV, 30A, rather than 160kV, 30A. In addition, the
deuterium yield of the JET bucket plasma sourses is
sufficiently higher than that obtained from the Peri-
plasmatron source [3], that even at the reduced voltage of
140kV, the perveance matched current would be >30A.
The modified source was installed on the JET Testbed
in January 1986. Few problems were encountered with
either conditioning the source or with the operation of
the power supplies, and operation at 160kV, 40A was
achieved by the end of April 1986. The optimum
perveance was exactly that required. However, the
measured power loads on the grids were found to be
above the predicted levels, but below acceptable limits.
The power loadings on other parts of the system
(neutraliser, box scraper, etc.) were also determined and
found to be within acceptable limits. The principal
characteristics of the extracted beam were determined by
obtaining self consistent fits to calorimetrically measured
profiles and these were within acceptable limits.

Testing the Second Central Column

The central column of the injection system is suspended
from the lid of the Neutral Injector Box (NIB); it carries
the main water flow into the NIB and supports the beam
deflection magnets and their liners, the various ion
dumps and the beamline calorimeter. It can be installed
directly into the NIB that forms part of the Testbed.
However, for these tests the lower Full-Energy Ion
Dumps (FEID) were not installed in order to reduce
water flow requirements. As only the upper four PINI
positions could be used in the Testbed, this did not
restrict the proposed experimental programme. During
the test of the first Central Column, it had been found that
the measured profile of the deflected full-energy ion
beam differed significantly from the predicted profile.
Consequently, it was decided to modify the magnet
slightly by the addition of shims to the input and exit faces
of the pole pieces.
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Table IV
CODAS Computer Configuration at the end of 1986

Subsystem Usage Model Memory Disks
(MByte) (MByte)

AH* NI Additional Heating ND100 2.0 1X75 1x450
AS Assembly Database Compact 0.75 1x45

CA* Message Switcher A ND100 0.5 1X75

CB Message Switcher B NDI00 0.5 1x75

CP Cable Database ND530 5.0 1x75 1x288
DA* On-line diagnostic ND520 3.0 2x75

DB* On-line diagnostic ND520 3.0 1X751x288
DC* On-line diagnostic NDS520 3.0 2X75

DD* On-line diagnostic ND520 3.0 2X75

DE* Off-line diagnostic ND520 3.0 2X75

DF* On-line diagnostic ND520 3.0 2x175

DG Diagnostic Commissioning ND520 5.0 2X75

EC* Experiment Console ND570 5.0 1X751x288
EL Electronic ND100 1.0 1x75

GS* General Services ND100 1.5 1X75

HL* Harwell Link ND100 1.5 1X75

MC* Machine Console ND100 1.5 1X75

PF* Poloidal Field ND100 2.0 1x75

PL Pellet Launcher NDI100 2.0 1 x75

RB* Radio Frequency Test Bed ND100 1.25 2X75

RF* Radio Frequency ND530 3.0 2X75

RH Remote Handling ND100 1.5 1X75

SA* Storage & Analysis ND560 3.0 1X751x288 1x450
SB Standby-System/Backup ND100 1.5 2X75 1x288
SD Built-in, Pool, Computer db Compact 0.75 2X45

SS* Safety & Access ND100 1.5 1 %75

TB* NI Test Bed ND100 1.5 1X75 1x450
TF* Toroidal Field ND100 1.5 1x75

TR Tritium ND100 1.5 1x751x288
TS Test ND100 1.5 1x75

VC* Vacuum ND100 2.0 1x75

YB Integration NDS530 3.0 2x175

YC CODAS Commissioning/NIB-C ND100 1.5 1X75 1x450
YD Sc Dpt Development ND570 5.0 1x75 1x288
YE CODAS Development ND520 5.0 175 1x288

*indicates on-line computers.
® Installation on the Main Frame Computer of References
terminal handling and PLOT-10 software; [1] M L Browne, CODAS - A Large Scale Multi-
® [nstallation of hardware and software to allow Computer Control System for the JET Project,

access to all CISS logical states by CODAS, so
that full CISS MIMICs could be displayed on the
consoles.

A breakdown of electronics modules is given in Table VI
comparing the end of 1985 and the end of 1986 figures.

2]

IFAC Conf. on Distributed Control (1986);

K Fullard, SE Dorling, JE van Montfoort,
Computer to Process Interface in JET’s Control
and Diagnostic System, l4th Symposium on
Fusion Technology, SOFT, Avignon, France,
(1986);
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TABLE V
Quantitative Information on CODAS Installation at
end of 1986
CODAS Interface Cubicle 128
CAMAC Crates 198
CAMAC Modules 2,982
Eurocard Modules (Signal Conditioning) 6,254
Computer Terminal 238
CAMAC Serial Loop (Fibre Optic) 21
On-line Computers 20
Off line and Commissioning Computers 15
Size of JPF 9MB
Number of diagnostics on-line
with CODAS 26
Number of diagnostics under
commissioning with CODAS 8

TABLE VI
Review of CODAS Electronics Stock Holding
(Installed, Pre-procurement and spares)

End 85 FEnd 86
1. CAMAC system modules 705 760
2. CAMAC digital 1/0 modules 662 738
3. Timing system (CAMAC & Eurocard) 910 1.073
4. CAMAC analogue 1/0 modules 803 1.073
5. CAMAC display modules 265 377
6. CAMAC Auxiliary controllers 110 110
7. CAMAC powered crates 187 227
8. U-port adaptor 140 155
9. CISS modules 753 753
10. CCTV 414 470
11, Cubicle frames 223 280
12.  Console devices (not CAMAC) 344 387
13.  Power supply modules 1,350 1,570
14, Intercom, Public Address
5. Pool 818 889
16.  Analogue 1/O in Eurocard 1.816 2,006
17. Digital I/O in Eurocard 3.923 4,584
18. Eurocard sub-racks 744 751
14.564 17.490
Increase 2,923 20%

Diagnostic Systems

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

The magnetic diagnostics have been described in
previous JET Annual and Progress Reports and have
continued to work routinely and reliably during the year.
The diamagnetic loop measuring the plasma energy
content has been a most useful tool during additional
heating studies and information on MHD oscillations has
been extended to include monitors of modes of distinct
toroidal mode number n up to n=3, as well as of locked
(ie. non-oscillating) n=1 modes.

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

Plasma Boundary Probes

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

Plasma-Wall Interactions

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

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

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

Status of JET Diagnostic Systems

System Status Date of
Identifier Diagnostic Purpose Association Dec. 1986 Operation
in JET
KBI Bolometer Array Time and space resolved total radiated IPP Garching Operational Mid 1983 partly
power Early 1984 fully
KCI Magnenc Diagnostics Plasma current. loop volts, plasma JET 1) Operational Mid 1983
position, shape of flux surfaces (2) Enhancement Late 1985
KEI Single Point T and n, at onc point several imes Riso Operational Mid 1984
Thomson Scattering
KE3 Lidar Thomson T, and n, profiles JET and Stuttgan Commissivning Mid 1987
Scattering University
KG) Muluchannet Far freds on 7 verncal chords and 3 CEA Fontenay -aux- Operational Mid 1984 pantly
Infrared Interferometer horizontal chords Roses Early 1985 fully
KG2 Single Channel 2mm {ne{r)ds on | verucal chord in low JET and FOM Operational Mid 1983
Interferonicter density plasmas (<10 m 1) Rynhuizen
JET
KG3 Microwave Refleciometer 0, protiles and fluctuations JET (1) Protory pe Mid 1983
system operating
(2) Muliichannel End 1987
system in construction
KG1 Polanmetcr {n,Byds on 6 verucal channels CEA Fontenay -uux- Under construction Mid 1987
Roses
KHt Hard X-ray Munitors Runaway clectrons and disruptions JET Operational Mid 1983
KH2 X-ray Pulse Height Plasma purity monitor and T, on axis JET Operational Early 1986
Spectrometer
KJI Soft X-ray Dinde Arrays MHD instabilities and location of IPP Gurching Operational End 1985
ratonal surfaces
K12 Tormdal Soft X-ray MHD instabihities JET Under construction Mid 1987
Detectors
KKI Electron Cyclotron T.(r.ty with vean tme of a few NPL. Culham Lub Operationat Late 1985
Emission Spatial Scan milliseconds and JE
KK2 Electron Cyclotron T.(r.t) on nucrosecond time scale FOM. Rijnjuizen Operational Eurly 1985
Emission Fast System
KLI Monitor of hot spots on limster JET und KFA Operationa! Mid 1984
Linuter surface and RF untennae
temperature
KL2/3 Temperature of wall und limiter JET KL2 Operational 1986
srface KL3 Under development | Mid 1987
KM1 2.4 M¢V Neutron UKAEA Hurwell Commissioning Mid 1987
Spectrometer Neutron spectra in D-D discharges.
ion temperatures and cnergy distributions _
KM3 2.4 MeV Time-of-Fhight NEBESD. Studsvik Comnussioning Mid 1987
Neutron Spectrometer
KM 2 4 MeV Spherical KEA Juhch Commissioning Mud 1987
fonisation Chamber
KM2 14 McV Neutron UKAEA Hurwell Under construction 1990
Spectrometer Neutron spectrain D-T discharges.
1on temperatures and energy distributions
KM5 14 MeV Neutron NEBESD. Gothenberg Under construction 1990
Spectromerer
KM7 Tume resobved 13 MeV Triton burn up studies JET-Harwell Operational Mid 1986
Newtron Yield Monmtor
KNI Time Resulved Neutron Tune resolved neutron fluy UKAEA Huruwell Operational Mid 1983
Yicld Momtor
KN2 Neutron Activanion Sy stem Absolute fluxes o neutrons UKAEA Harwelt Operauonal Mid 1986 partly
Mid 1987 fully
KN3 Neutron Yield Profile Space and ime resolsed profile of UKAEA Harwell Commissioning Mid 1987
Mecasuring System neutron fluy
KN4 Delayed Newtron Counters Absolute fluxes of neutrons Mol Commissioming Mid 1987
Kp2 Fusion Product Detectors Charged particle produced by lusion JET Protwty pe operational 1985
reactions Upgrade Mid 1987
KR1 Neutral Particle Profiles of ion temperature ENEA Frascan Operational Mid 1984 partly
Analyser Arruy End 1985 fully
KSI Active Phase Spectroscopy Impurity behaviour in achve conditions IPP Gurching Commisstoning Mid 1987
K$2 Spatial Scan X-ray Space and ume resolved IPP Garching Commusioning Mud 1987
Crystal Spectroscopy mpunty density profiles
KS3 H-alpha and Visible lonsation rate. 7. JET Operationad Farly 1983
Light Monitors mpurity fluxes Polmidal Scan, Mid 1986
Operationa)
KS$4 Active Beam Diagnosties Fully sonized light impunity concentration, JET Provisional sy stem Early 1986
tusing heating beam) Tr). rotation velocaties Under construction Mid 1987
KT VUV Spectroscopy Time and space resolved CEA Fomtenay -aux Operational Mid 1985 purtly
Spatial Scan mpunity densities Roses Mid 1987 tully
KT2 VUV Broadband Impunity survey UKAEA Culham Lab. Operational Eurly 1984
Spectrascopy
KT3 Visible Spectroscopy Impurity fluxes from wall and hmatees JET Operational Mid 1943
KT4 Extreme Uilraviolet Impurity survey. rotanon velocities, UKAEA Culham Lab Operatonal Mid 1986
Specteometer T.in
KXI High Resotution N-ray lon temperature by hine broadening ENEA Frascun Operational Early 1986
Crystal Spectroscopy
KYl Surface Analysis Stanon Plasma wall and limiter interactions IPP Garching Commyssioning Mid 1987
fuding release of hydrogen
KY2 Surface Probe Fast satope recycling UKAEA Culham Lab. Operaonal Mad 1986
Transfer Sy stem
KY3l Plasma Boundary Prohe Vertical probe drises for etectnical and JET. UKAEA Culham Operational Mid 1984-86
surface collecting probes Lah . IPP Garching
KZ1 Diagnostic Pellet Launcher Puarticle transport. fueling IPP Garching Operational Mid 1986
KZ3 Laser Blow-off Injection of trace elements JET Being designed End 1987
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10-'mbar H and 10-%mbar residual impurities. To
reduce the level of metallic impurities and oxygen, the
torus walls have been carbonised by glow discharge
cleaning in a mixture of hydrogen or deuterium and
hydrogenic methane (CH,). Difficulties in controlling
the density during Tokamak discharges following
carbonisation limited the number of carbonisations
performed in 1986. The vessel is also conditioned by
glow discharge cleaning in hydrogen and/or deuterium.

Eight carbon plasma limiters were located symmetri-
cally on the outer equatorial plane of the vessel. Since
disruptions mostly terminated on the inner walls, these
have been covered by carbon tiles to a height of =1m
around the mid-plane. Similar tiles also protected the
frames of the RF antennae, eight octant joints, and the
outer wall from neutral beam shine-through. Additional
tiles were installed to protect the top and bottom of the
vessel during X-Point (Separatrix) operation. The total
surface area covered is 45m?, corresponding to ~20%
of the vacuum vessel area. The inner wall tiles used as
limiters and those for X-Point protection provided
powerful pumping (with speeds up to 100mbar.l.s7).
This allowed operation at low density near the plasma
edge and was used to reduce the density after neutral
injection to avoid disruptions. Recently, helium dis-
charges prior to normal operation have improved the
inner wall tiles pumping capacity.

RF Heating System

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

Neutral Beam System

A long pulse (~ 10s) neutral beam (NB) injector with
eight beam sources operated on JET from early 1986. H°
beams were injected into D plasmas with particle
energies (in the full energy fraction) of up to 65keV. The
neutral power fractions were 69%, 23% and 8% in the
tull, half and one-third energy components, respectively,
giving a total beam power of ~5.5MW injected into the
torus. D° beams have also been injected into D plasmas,
with particle energies up to 75keV (injected power
tractions of 76%, 17% and 7%) giving a total power up
10MW. Up to 40M1J was delivered to the plasma during
a pulse.
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Impurity Production

The impurity behaviour of JET limiter discharges was
dominated by the limiter fluxes (wall contribution =
20% during OH). Metal concentrations were only
significant (>0.1% n) if the carbon limiters were metal-
coated after accidental melting and evaporation of wall
material (Inconel droplets and >2x10*'m~2 uniform
coverage [8]). Recently, this has been prevented by
covering large areas of the torus by carbon protection
plates. A particular metal problem during ICRH will be
discussed later. During discharges limited by the inner-
wall protection tiles, these took over the role of
the limiters leading essentially to the same plasma
behaviour.

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

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

The oxygen fluxes and concentrations in JET varied
primarily with vessel conditions. The vessel walls
constitute the most important oxygen source and, once in
the plasma, oxygen recycles at the limiters. This is
apparent from the tendency of oxygen limiter fluxes to
increase throughout a discharge, even if other parameters
are stationary. If the recycling occurs in the form of CO
molecules, the O atoms must gain energy in Franck-
Condon or charge-exchange processes. Since no depen-
dence of the oxygen yield on plasma parameters is
observed, the energy threshold for the respective pro-
duction mechanism must be very low. During *He
discharges, carbon fluxes remained unchanged (¢//¢,,,
=(0.13) while oxygen was substantially reduced.
Therefore, chemical processes or charge-exchange
neutrals must be responsible for the O production.

During ICRF heating on JET, screen material (Cr, Ni)
has been observed to enter the plasma from the ICRH
antennae [2,9]. The measured chromium flux from a Cr
coated antenna (10'® cm~? s~'MW™') decreased by a
factor 5 during five months’ operation and was reduced
temporarily (some 10 discharges) by two orders of
magnitude by means of heavy carbonisation (15% CH,,
12 hrs). In the course of ICRH operation, screen material
was deposited on the limiters and eroded again by the
plasma resulting in higher basic metal levels during an
ICRH campaign. The metal coverage of the limiter
carbon tiles was removed by a few OH or NBI discharges
in accord with model predictions [10]. The release
mechanism of the screen material is not yet understood.

ICRH and NB co-injection

Both hydrogen and impurity influxes increased during
additional heating, leading to a substantial increase in n,
unless the plasma was at the inner wall, which appears to
have an efficient pumping capability. Although the wall
fluxes gained in importance, the plasmas were still
dominated by the limiters. The n -profile flattened
during ICRH, and was unchanged or peaked during
neutral beam injection (NBI). The hydrogen and impurity
particle confinement times decreased in both cases.

Due to the higher electron densities during NBI,
oxygen was the most important impurity. The increase in
the O/C ratio is well demonstrated by the charge
exchange recombination spectrometry (CXRS) results
[11], the trends of which are in excellent agreement with
the usual VUV spectroscopic results, while they tend
to give somewhat higher carbon concentrations. Z
decreased during NBI, but not to a lower level than that
of OH discharges at the respective higher densities. For
constant n_, the radiated power fraction P /P, fell with
increasing NBI power. However, due to the pertinent n -
evolution, radiation losses remained around 45% P, on
average. These radiation losses were caused by light
impurities, in particular, by oxygen (1-2% n).

The metal release from the antennae screens during
ICRH led to significant metal densities in the plasma (=
0.1% n,, contribution to P_, =~ 20% P,) except im-
mediately after heavy carbonisation. Z, remained
essentially at the OH value before RF (ie there was no
bencfit of the higher electron densities). For individual
campaigns, the radiated power fraction increased some-
what with RF power input (P_;) and was generally in the
range 40-70% P _,. Hydrogen minority heating led to
higher metal densities in the plasma than with *He
minority heating but the difference in P_, is within the
scatter of the data points.

During combined NBI and ICRH, the consequences of
the two heating schemes essentially added. The metal
densities in the plasma corresponded to the respective RF
power. Basic metal levels and limiter coverage built up as
during ICRH alone. Z and P, /P values for OH
plasmas and additional heating are summarised in Fig.41
for 1986 JET limiter discharges. At higher electron
densities, Z_, was about 2.5 for NBI, ICRH and com-
bined heating, essentially caused by oxygen and carbon.
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[9] JET Joint Undertaking Progress Report, 1985,
(EUR-10616EN, EUR-JET-PR3)

[10] G M McCrackenet al., 7th Int. Conf. on Plasma-
Surface Interactions (Princeton, U.S.A., 1986)
J. Nucl. Mater. 145 & 146 (1987)

[11]M G von Hellermann et al, Proc. of the Work-
shop on Basic and Advanced Fusion Plasma
Diagn. Techn., Varenna, Italy (1986)

[12] A Tanga et al, Proc. of the 11th Int. Conf. on
Plasma Physics and Controlled Nuclear Fusion
Research, Kyoto, Japan, 1986

[13] M Ali Mahdavi et al., Phys. Rev. Lett. 47 (1981)
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Plasma Boundary

Phenomena

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

Studies of this edge plasma and surrounding structures
have progressed along several lines. A survey of the SOL
parameters has been undertaken, using Langmuir
probes, to produce detailed temperature and density
scalings for OH, RF, and NB plasmas and a more limited
data set during the single-null X-point discharges
showing the transition from L to H mode. The impurity
coverage on the limiters and its spatial distribution have
been analysed in terms of erosion and deposition in the
SOL, of which parameters are known. An erosion rate of
up to 10?2 atoms m~2.s~' is found [1], showing that the
steady state distributions on areas close to the plasma
edge are rapidly established since the measured impurity
coverage is around 10°' atom m~2. The calculated
erosion gives an impurity influx which is in broad agree-
ment with spectroscopic measurements. Progress has
been made in understanding the overall gas inventory,
wall pumping and other phenomena affecting the evol-
ution of the total plasma particle content during the pulse.
It has been shown that plasma edge parameters, plasma
transport rates and material properties all affect wall
pumping.

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

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

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

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

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

The power deposited on the limiters calculated from
SOL parameters P,=+(T)I T, showed a linear
variation with P-P_ but, however, P, was smaller in
magnitude by a factor X2. This is attributed to the
uncertainty in the extrapolation to the last closed flux
surface. From consistent measurements at three different
poloidal and toroidal locations, it is concluded that in JET
with eight discrete limiters and three RF antennae at the
outer midplane, the SOL appears to be reasonably
uniform.

During ICRH heating, all parameters in the SOL
increased. This increase was almost independent of
radius but rose with ICRH power. Radial profiles showed
exponential decays with an e-folding length which
increased with the ICRH power. The observed increase
in the density e-folding length could be due to an increase
in the perpendicular diffusion D. and/or increased
ionisation in the SOL [4]. The rise time of particle flux
increase in the boundary was 0.25-3ms at ICRH switch-
on. This short timescale was also observed for C-III and
H_ radiation. In contrast, the central density rose only
slowly, suggesting a fuelling from the edge. The edge
temperature rise could be a result of direct heating of the
edge by ICRH power [4,5].
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There has been a clarification of the boundaries of
operation imposed by disruptions both for the operational
aspects and the theoretical model. Basically, there are
three types of disruption on JET.

a) the high density disruption at q,>3 when the
density is so high that a radiation contraction of
the plasma column takes place;

b) the low-q disruption, when q, falls to 2.0x0.1;

c) the rise-phase disruption when dl/dt is too large.
In the basic model describing the density limit dis-
ruptions, the radiation increases with density until
~100% of the power input is radiated. The plasma then
contracts and ultimately becomes disruptively mhd
unstable. From this model, it was expected that the
density limit would be increased with additional heating.
This increase is found to occur for neutral beam heating
but not for RF heating. The explanation of the RF results
seems to be that impurities and neutral gas are introduced
when RF is applied.

The mhd instability phase of the disruption has been
studied both theoretically and experimentally. Numerical
simulations of the radiation contraction show that,
beyond a certain point, the m=1 internal mode and the
m=2 tearing mode drive each other more unstable
leading to a disruption. Experimentally, the growth of the
external magnetic fluctuation level seems consistent with
the tearing mode model but internal measurements of
soft X-ray emission and electron temperature have not
provided clear evidence of the associated magnetic
island.

Since disruptions at large plasma currents might cause
damage to the machine, a study is being made of their
stabilisation using magnetic feedback. A system is being
designed in which the magnetic fluctuation of the in-
stability is detected and the appropriate time dependent
correcting field is applied.

Other areas of work include the study of the low mode
number mhd activity and of the lower amplitude broad-
band fluctuations at higher frequency.

Disruptions

High Density Disruptions

The total radiation level rises to 100% of the total input
power. The ohmic contribution to the total power also
increases but not enough to stay above the radiated
power.

The thickness of the radiation mantle grows until just
before the energy quench when it reaches the q,=2
surface. The radiation mantle is often poloidally
asymmetric forming a so-called marfe.

The electron temperature in the outer region falls and
the T -profile shrinks, the T -gradient inside the radi-
ative layer staying more or less the same. Apparently, the
current density profile follows, since |, increases. This
explains the increase in ohmic input power during the
precursor phase. When the radiative layer has come close
to the =2 surface, an m=2, n=1 instability arises, at
first rotating toroidally and later locking in space. At this

time, the temperature gradient is steep inside the q=2
surface and flat outside.

These results make it plausible that a radiation induced
column contraction underlies the high density disruption.
Thus, if one can predict the radiation loss one can predict
the high density limit.

A theoretical model has been developed on this basis
and the critical density is found to be [1,2]
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where P, and P, are the ohmic and additional heating
powers, R is the major radius, a and b are the horizontal
and vertical half-widths of the plasma and q.,=2mrabB,/
uJIR. As Z . approaches unity, other edge cooling
mechanisms become dominant. This relation holds for
practically all high density disruptions in JET for ohmic
and additionally heated discharges.

Exceptions are found for disruptions after pellet
injection, in the current decay phase which showed a
higher limit, and in the current rise phase which showed
a lower limit than predicted from the above formula.
Although the radiation was 100% of the input power in
these cases, the explanation has been found in the change
of n(edge)/ii which is remarkably insensitive to external
parameters during the flat-top but decreases for pellet-
injection and during the current decay and increases
during the current rise.

The mhd mechanism of the energy quench phase is not
yet completely clear. The rotating predominantly m=2,
n=1 mode measured by magnetic diagnostics shows up
in temperature variations at the q=2 magnetic surface
and soft X-ray emission variations which have a more
“kink” type than “tearing” mode character. According
to a model for tearing mode islands based on thermal iso-
lation [3,4], one would have expected a cool spot in the
island. However, at present, the spatial resolution is not
quite sufficient to settle this question. In the actual
quench, the kinetic plasma energy is redistributed over
the cross-section in about 1ms whilst the subsequent loss
of energy to the limiter/wall takes place in a surprisingly
fast 200us.

eyl

Disruption at the q,=2 Boundary

The planned 7MA operation of JET at q,=2.2-2.4
requires modifications to the poloidal field system to be
implemented in the 1987 shutdown. Information on the
stability of such a low q discharge is needed and has been
obtained from a half value analogue plasma at 3.5MA/
1.7T with the same shape: a=1.2m; R=2.97m;
b/a=1.35. This resulted in discharges with q,=2.2 and
q.,=1.5. Excursions to disruption boundaries were
made in the second half of the pulse by: (i) increasing the
density and (ii) lowering q, by reduction in cross-section
towards the limiter or to the inner wall or by reducing
elongation, by lowering the toroidal field or by
increasing the current.
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(WYMP(R=R +a)), correlates well with the central
toroidal rotation velocity determined by the Doppler shift
of Ni** ions (v}{(R=R) viz:

2rfMHD = MHD(R +a) = R -uli(R)
as shown in Fig.74(b) which again indicates a relatively
flat rotational velocity profile.
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Particle Transport and Fuelling

Control of electron and ion (fuel) density and their spatial
distributions are essential for optimisation of plasma
performance and fusion reactivity in JET. Attention has
focussed on three aspects of this question: (i) behaviour
of particle fluxes at the plasma edge during Ohmic, RF
and NB heating, and the contribution of the edge neutral
sources to the plasma density; (ii) analysis of electron
density profile and related transport in the bulk of the
plasma; and (iii) fuelling of the plasma using single-shot
pellet injection.

Behaviour of Edge Fluxes during Ohmic, ICRF and
NBI Heating
The study is based on simultaneous measurements of
absolute H_ and D_ emissivity at the graphite limiters,
ICRF antennae, inner and outer walls, and the top and
bottom walls of the vacuum chamber, yielding neutral
fluxes ¢. A seven chord interferometer provides the
electron density distribution and the total electron content
N.. Information about H and D effluxes is derived from
measurements with an array of neutral particle analysers.
Optical spectroscopic measurements are employed to
deduce the electron source due to, and dilution of the fuel
ions by, impurity influx at the plasma edge.

In OH discharges, after a steady state in plasma density
has been established during the current flat-top, the

influx of H or D atoms from limiters and walls varies as
n? [1]. However, the exact values of the influxes are
dependent on surface conditions in the vacuum vessel.
Following a few days pause in JET operations, a
hysteresis behaviour is observed in the ¢,, « n}
dependence during a sequence of discharges. The
increase in electron content upon application of heating
power is indistinguishable whether OH, ICRF, NBI or
combinations of these are applied. The increase, AN,
scales approximately linearly with applied heating power
f21.

The injection of a D pellet into an OH discharge
produces a sudden increase of density, by factors <2,
with corresponding increases in the H and D influxes.
However, the fluxes are considerably lower than for a
gas-fuelled discharge of the same density. Consequently
the global particle confinement time is higher than in the
non-pelletcase. Also, the particle recycling behaves mark-
edlydifferently. Whereasforgas-fuelleddischarges(1-R)<
0, with pellet fuelling (1-R)20, which corresponds to a
net removal of particles (i.e. pellet-induced pumping).
A similar reduction in impurity influxes and in Z . is
also observed. Eventually, on a time scale =4s, Ty
(I-R) and Z_, revert to values characteristic of gas
fuelling [3].

An important limitation of ICRF heating in JET is the
uncontrolled density increase during application of RF
power. Influx of all neutral species from the limiters,
walls and other structures increases roughly in propo-
rtion to the applied power, and Z  and the ratio P_ /P,
remain nearly constant. Consequently, the density limit
during ICRF heating is at most 10% higher than the
corresponding value with OH only. The time evolution of
the total electron inventory N, can be associated with
two time scales for the evolution of edge neutral fluxes.
The neutral flux from the walls, and a fraction of the
limiter flux (~20%) is released immediately (7<10ms)
upon application of ICRF power. Additional neutral flux
from the limiters is released on a slower timescale
approximately equal to the confinement time (=0.25s).
The total limiter flux is usually 5-10 times larger than the
total wall flux. These observations may be understood in
terms of some of the applied ICRF power coupling to the
edge plasma and immediately reaching the wall and
limiters, while a large f{raction is coupled to the bulk
plasma and reaches the outside on a slower timescale.
Analysis of these observations for different ICRF
coupling configurations, and various wall conditioning
strategies is in progress.

High power neutral beam (NB) injection heating has
been applied to JET plasmas in various configurations
(outer limiter, inner wall, magnetic separatrix in single
and double-null operation), and also differing wall
conditioning histories (with and without carbonisation or
He discharge conditioning). Depending on conditions,
the plasma density responds to the application of NB
heating in markedly different ways. Nevertheless, there
is generally an initial increase in the total plasma electron
content N_, at a rate several times greater than the beam
fuelling rate ¢,,, followed either by a phase in which
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asymptotically dN /dt=¢,,, or by a steady-state phase
with constant N, for constant ¢,,. The latter behaviour
implies that some areas of the exposed material surfaces
effectively pump the escaping plasma particles through-
out the duration of the NB pulse (= 5s). This steady-state
behaviour has been observed with many different
operating conditions. The various kinds of observed
density evolution, together with the corresponding re-
cycling behaviour have been modelled. Using the
parameters of particle confinement time in the plasma,
surface residence time and surface reflection coefficient
for the particles, the model describes dN /dt, assuming
that the process is due to the disturbance of dynamic
equilibrium of particles exchanged between the plasma
and the surfaces surrounding the plasma {4]. The model
can be generalised to describe the total plasma electron
inventory N_ on application of ICRF, and pellet fuelling.

Electron Density Transport in the Bulk Plasma

A striking feature of density build-up in JET is that, in the
steady state, the spatial electron density profile shape is
nearly constant. The profiles can be represented as
n (r)=n_(0) {l-rz/az}m where a is the minor radius of the
plasma column, and 0.4<m<0.8. This approximate
profile constancy prevails throughout a large range of
plasma parameters and variation in particle sources. The
behaviour is observed when the particle source at the
plasma edge (0.8<r/a<1.0) is suddenly increased by a
factor 3-5 by application of ICRF power and when the
particle source at the plasma centre (0<1/a<0.2) is
increased by a factor x10'? by application of NB power
[21.

The rate of rise of central electron density, dn (0)/dt,
during the discharge may be compared to the electron
source, n.n <gv>, due to ionisation of the calculated
neutral density associated with the edge neutral source.
Impurity contributions at most double the electron
source. It is deduced that dn (0)/dt cannot be supported
by these sources alone. The rate of increase of central
electron density suggests an inward convection of edge
density at vV (r=1) < 0.2ms"". An analysis of refuelling
of the centre of the discharge between density sawteeth
affords a method of evaluating the magnitude of the pinch
velocity in the region q<1. The measured density
sawtooth parameters have been used in the evaluation for
a number of discharge conditions. The measured pinch
velocity is compared to the corresponding neo-classical
pinch velocity. For refuelling the centre of the plasma
column between sawteeth, a pinch with the neoclassical
pinch velocity is found to be sufficient. Globally,
however, the required convection is much larger than,
and its radial dependence different from, the neo-
classical pinch [5].

For global analysis, the measured electron flux I' (r)
is interpreted in terms of a model of electron transport
consisting of diffusive and convective driving terms
I' (r) = -D(r)An(r) + nc(r)Vp(r). Analysis of electron
density profile evolution from one steady state to
another, induced by a sudden increase in the electron
sources due to application either of ICRF or NBI heating

62

power has yielded a volume-averaged particle diffusion
coefficient D=0.6ms"'. Moreover, it is found that D(r)
increases towards the plasma boundary. The corre-
sponding inward pinch velocity V (r) increases as r*
with «~2-3, and has a magnitude of approximately
0.2ms~! at half radius. Analysis has been carried out for
a large number of discharges covering a wide parameter
range 2.3<By(T)<3.4, 2€] (MA)<4, 1.5<n (10°m-)<
3, 0.7SP(MW)<2.2, and P, ,(MW)<5.4. D and V,
show a large scatter but no systematic dependence on the
plasma parameters or heating mode [2,5].

A more sensitive determination of the transport co-
efficients in the plasma core, 0.25€1/a<0.7, can be made
in pellet fuelled plasmas by analysing evolution of an
initially hollow profile (dn/dr<0) to a peaked profile
(dn/dr>0 everywhere). Such analysis yield values of D
and V which are consistent with our previous evaluations
of these coefficients. More importantly, the ratio
Vp(r/a~0.5)/D, which previously did not show much
variation, increases by a factor >2 immediately after
pellet injection, giving more peaked electron density
profiles. The peaking of the density profile becomes
more pronounced with deeper pellet fuelling [3].

Pellet Fuelling of Jet Plasmas during Ohmic, ICRF
and NB Heating

Pellet fuelling experiments have been performed on JET
using a single-shot injector giving 4.6mm (4.5x10*' D
atoms) and 3.6mm (2x10*' D atoms) diameter pellets
with velocity 0.8V (kms=!) <1.2. Most of the pellet
mass was deposited at radial positions 0.255r/a<0.5.
Using such pellets, regimes of higher plasma density and
improved purity have become accessible. The previous
high density limit obtained with ohmic heating and
deuterium gas feed has been exceeded by a factor ~2,
and Z <1.5 with n/n ,~ 1 on axis have been obtained.

The electron density profile evolution with pellet
fuelling has been examined for several different target
plasma conditions and pellet deposition profiles. In JET,
significant peaking of the density profile is not obtained
unless there is pellet deposition in the q<1 region. The
magnetic configuration also plays a role. The most
peaked profiles, giving n(0)/n,=2 with n(0)=
1.2x10%m~3, have been observed in a magnetic
separatrix configuration formed during single-null X-
point operation [3].

Detailed ablation modelling has been performed for
pellet injection into OH, OH+ICRF and OH+NBI
heated plasmas. A single modified neutral gas shielding
model based on bulk plasma parameters successfully
describes the pellet ablation data. At present levels of
auxiliary heating power, no additional ablation processes
associated with the application of ICRF or NBI power
have been identified [3].

Novel diagnostic applications of pellet injection have
been discovered. X-ray imaging methods and magnetic
fluctuation measurements have revealed unique MHD
phenomena caused by pellet injection. The most striking
is a ‘snake’ oscillation, characterised by a dense cooler
plasma region at the q=1 radius with m=1/n=1 helical
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symmetry. The small spatial extent and long life-time of
the structure imply formation of a magnetic island at =1
location due to local cooling and associated current
perturbation alone a helical flux tube. Thus, the ‘snake’ is
a valuable monitor of the dynamic behaviour of the q=1
surface during sawtooth activity. Firstly, the radial
position of the q=1 surface is deduced. Secondly, the
radius of the q=1 surface is observed to grow by up to
35% during a sawtooth ramp. If the g-profile is assumed
parabolic for radii less than the q=1 surface radius, then
it is deduced that q(0) = 0.97 before the sawtooth crash.
Thirdly, the observation that the q=1 surface exists
throughout a sawtooth cycle [3] is valuable in excluding
some models in the discussion of sawtooth activity.
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Theory

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

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

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

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

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

Activities during 1986 can be subdivided under the
following headings:

® Data Banks and Data Management Software:

Code Development for Code Library;

Data Interpretation;

Modelling of JET Plasmas;

Predictive Computations;

Analytic Plasma Theory.

Highlights of activities in these areas are summarised
below.

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

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

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

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

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

In contrast to other tokamaks, JET has succeeded in
providing a (rather gross) systematically complete
collection of all plasma discharges in the Survey Data
Bank. The included data are derived from raw data to a
level such that they can be understood by plasma
physicists. At JET, the bank has been made easily
accessible through computer terminals, and exploitable
by means of a commercial data base management system
(NOMAD?2). This collection is released periodically in
printed volumes to all Association Laboratories.

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

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

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

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

Summary of JET Scientific
Progress and Perspective

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

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

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

b) the demonstration of stable discharges at q, = 2.1
with B;=1.7T and I =3.5MA, in simulation of
future operations at TMA;

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

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

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

f) a record value of the fusion parameter <n(0)
T,0)7.> = 2x10®m~3keV.s obtained during
separatrix limited plasmas with enhanced con-
finement (H-mode).

Pellet Injection

Single deuterium pellets of 3.6 or 4.6mm diameter have
been injected at speeds of 1-1.2km/s into JET plasmas in
various conditions of magnetic configuration (limiter or
separatrix discharges) and heating (ohmic only, ICRF or
NBI). Pellet injection permitted an increase in the density
limit in JET and reduced the effective charge Z  of the
plasma. Z values close to 1 were observed. In
combined operations with NBI, peak electron densities
exceeding 10°°m~? were obtained lasting 0.5s after pellet

TABLE VIII
Summary of Main Jet Parameters
(NOT NECESSARILY IN THE SAME PLASMA PULSE)

LATE-1985 LATE-1986
Toroidal Field B.(T) < 3.4 3.4
Plasma Current IP(MA) < 5.0 5.0
Duration of Max. L t,(S) < 0.5 4.5
Plasma Major Radius R (m) < 30 3.0
Horiz. Minor Radius a(m) < 1.2 1.2
Vert. Minor Radius b(m) < 2.0 2.0
Elongation b/a < 1.65 1.80
Safety Factor Ay > 1.8 1.5
at

Plasma Boundary Ay > 26 2.1
Vol. Average

Electron Density n(10"m-3) < 4.0 5.0
Central Electron Temp. T (keV) < 5.0 8.0
Central Ion Temp. T.(keV) < 4.0 12.5
Global Energy Conf. Time T(8) < 0.8 0.9
Fusion Performance Param. <n(0)T,(0)r.> < 5.0 20.0

(10°m~3 keV.s)

Input ICRF Power P, (MW) < 5.0 7.0
Input NBI Power P ,(MW) < — 9.0
Total Input Power P (MW) < 8.0 18.0
Stoed Plasma Energy W (M) < 3.0 6.1
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injection, with a corresponding peak electron tempera-
ture down to 1keV. On-axis ICRF heating of high density
plasma was not seriously attempted but the observed
compatibility of pellet injection and ICRF heating
provides encouragement for experiments with multiple
pellet injection in 1987. Pellet ablation is well described
by a model taking into account shielding effects provided
by neutral gas and plasma surrounding the pellet.
Additional heating does not introduce any abnormality in
the process.

Following pellet injection in JET, a zone of lower
electron temperature (by 20%) and higher density (by up
to 100%) has been observed at the radius of sawtooth
inversion by the Soft X-ray camera and the ECE tempera-
ture measuring system. This non-axisymmetric zone
(nick-named the “snake”) which extends 0.15m radially
and 0.25m poloidally can be associated with an m=1,
n=1 perturbation (m and n being the poloidal and
toroidal wave numbers respectively). It can be identified
with a magnetic island located at the radius, where the
safety factor q is equal to unity. The perturbation can be
observed for as long as 1s after pellet injection, implying
that the insulation with the surrounding plasma is good
and that it survives the sawtooth crash.

Ultra Long Sawteeth Oscillations

Sawtooth oscillations occur in almost all JET discharges.
With central deposition of additional power, especially
ICRF, sawteeth may develop large amplitudes (up to
doubling the central electron temperature) and long
periods (up to 0.6s). It has been observed that ultra-long
sawteeth (nick-named ‘“monsters”) can occur, with
durations up to 1.6s. During this time period, the central
electron temperature can reach values above 7keV;
usually, the ion temperature rises too and thermonuclear
reactivity is improved. A strong reduction of MHD
activity with low m, n numbers is observed and there is
no apparent impurity accumulation. These ultra-long
sawteeth were initially observed in combined heating
situations in H minority plasmas at I =2MA. Sub-
sequently, these phenomena have been observed in
various conditions: NBI only, ICRF only (in He plasma)
even after injection of a deuterium pellet, limiter or
separatrix discharges and at values of plasma current up
to SMA. The only necessary condition seems to be a
threshold in the input power per particle of ~5x10-'
MWm? in deuterium plasmas but down to 3x10°'
MWm? in He plasmas, where charge exchange losses
and outgassing are strongly reduced. The mechanism
maintaining high central electron temperatures and
preventing the usual crash characteristic of sawtooth
oscillations is still conjectured. The most plausible
explanation is a slight change in current profile, possibly
caused by the bootstrap current, raising the central value
of the safety factor q(0) above unity.

Magnetic Separatrix Operations

Stable discharges with a magnetic separatrix (or X-point)
inside the vessel have been maintained in JET for several
seconds, at plasma currents up to I =3MA with a single

null and up to I =2.5MA with a double null. The single
null discharges have an elongation of 1.65 compared with
1.80 for the double null situation and, therefore, are more
stable against vertical displacements. While interaction
of the discharges with the limiters were curtailed,
localised power deposition on the top and bottom target
plates has so far limited the total input power to 8MW.

When compared to discharges leaning on the limiters
or on the inner wall, the magnetic separatrix discharges
without additional heating showed the existence of a
dense plasma near the X-point with an average density of
1-2x10%m~3 (which is an order of magnitude higher
than the average plasma) and an improved confinement
time.

With neutral beam injection power larger than
5.5MW, a transition to enhanced plasma confinement
(H-mode) has been obtained in single null operation, at
B,=2.2T. The usual features of the H-mode were
observed; such as decreased D_ light emission at the
plasma boundary; reduced broadband magnetic fluctu-
ations near the X-point; a rise in plasma density and in
energy content; and a sudden increase of the electron
temperature near the separatrix producing a pedestal to
the temperature profile. The H-mode can be sustained for
durations approaching 2s. The continuous density rise
increases the radiated power from the bulk plasma and is
probably the cause for termination of the H-mode even
though there is no indication of peaking of the impurity
profile. While the energy content reaches a quasi-steady
state for a time approaching ls, the electron temperature
may reach a maximum before the end of the H-mode. In
those conditions, a plasma energy content of 6MJ has
been achieved with 8MW of NBI in addition to an ohmic
power of 2MW at a plasma current of 3MA. The global
confinement time more than doubled the value obtained
in limiter or inner wall discharges. Increasing the
magnetic field raised the power threshold required to
obtain an H-mode, which so far has prevented the occur-
rence of a transition above 2.8T. H-modes have not yet
been achieved in *“double null” operations.

ICRF heating has been applied during X-point dis-
charges, alone or in combination with NBI. In optimum
conditions for an H-mode with NBI, the separatrix to
antenna distance was ~ 10cm and the coupling resistance
of the ICRF antenna was halved compared with “limiter”
discharges. The plasma was moved radially to decrease
this distance but no H-modes were observed in D plasma
with ICRF alone up to the operational limit of the input
power. Furthermore, at moderate power (>1IMW),
ICRF usually provoked the termination of an H-mode,
previously triggered by NBI. This difference between
heating methods may be linked to the usual increase in
charge exchange and in radiation losses at the plasma
boundary during ICRF pulse. Indeed, when these losses
were reduced, in a 3He plasma with proton minority,
some of the features of an H-mode were observed with
ICREF alone, (i.e. reduction of broadband MHD fluctu-
ation level, decrease in light emission at the plasma
periphery while the density was rising; attainment of
T,(0) and T,(0) close to 8 and 6keV respectively for an

65



Scientific Achievements During 1986

ICRF power of 6.5MW at a volume averaged density of
1.5x10"¥m™3),

Global Plasma Behaviour

Impurities and Effective Charge of the Plasma

In most cases, impurity radiation losses were mostly
caused by carbon and oxygen and originated mainly from
the plasma edge. In limiter discharges, the metal
concentrations were only significant (i.e. >0.1%n), if
the carbon limiters were metal-coated following acci-
dental melting and evaporation of wall material. The
release of metals from the limiters can be explained by a
combination of sputtering by deuterium and by light
impurities. The metal fluxes decreased as the plasma
density increased and the plasma current increased.
These fluxes were inversely correlated with the light
impurity behaviour. At high plasma density, radiation
losses were mainly caused by oxygen.

The effective plasma charge Z  ranged usually
between 2 and 3 for line averaged electron density n,
greater than 3x10"”m~?. Z _ was reduced and ap