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JET in the Euratom and International Fusion Programme
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Fig. 1 Location of the organisations associated with the Euratom fusion programme.
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The Construction of JET

(TS

Fig.8 Installation of a pumping chamber to a Torus main port. The circular door at the front of the pumping chamber
gives access to the Torus. At the bottom of the chamber, two gate valves and turbomolecular pumps are installed.

ready for the first pump down (Fig. 8). Only two leaks
on external welds had to be repaired, after which the
Torus was leak free. A pressure down to several times
107 mbar was achieved immediately, limited by out-
gassing only. Baking of the Torus and the Torus ports
and external attachments at approximately 250°C and
subsequent glow discharge cleaning at 200° C soon led to
a total impurity base pressure of 3 x 107 mbar, measured
at a Torus temperature of 100°C. The total outgassing
rate for impurities was 1 x 107 mbar £.s™! cm~2, again
measured at a wall temperature of 100°C.

Systems contributing to the above achievements are
described below.

Bake-Out
To achieve the plasma conditions required for studies on
the JET experiment, it is necessary to establish a high

vacuum in the plasma container. Under normal conditions
the attainable vacuum is limited by the continuous evolu-
tion of gas from the vacuum chamber walls. To reduce
this outgassing, it is necessary to bake the whole vacuum
vessel at a high temperature for several hours by passing
a hot gas through the double-walled interspace of the
vacuum vessel. This process drives the gas from the walls
and subsequently enables high vacuum conditions to be
obtained.

The gas blower plant for heating (and cooling) the
toroidal part of the vacuum vessel is designed to heat the
vessel to S00°C. A single stage radial turbo compressor
with a particularly high compression ratio has now been
chosen for this duty.-Such a compressor makes it possible
to use gases other than the originally foreseen carbon
dioxide. Helium, though it requires a higher volume flow
rate than carbon dioxide, is particularly attractive since,
with its lower atomic mass, leaks an order of magnitude
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West and with establishments which have experience in
processing and machining the material. Safety rules are
well established and their application to JET should not
present a major difficulty.

Actively Cooled Belt Limiters

Actively cooled belt limiters using hypervapotron cooling
need to be developed in parallel with the radiation cooled
belt limiters described above in case radiation cooling
proves to be insufficient for the full heating power of
JET. The development of a hypervapotron structure
made of a copper-chromium-zirconium alloy plated with
beryllium tiles has started. Investment casting has been
studied for the production of the hypervapotronstructure.
Initial test samples exhibit mechanical properties close
to the optimum values for such alloys. For plating with
beryllium, the following techniques are to be investi-
gated: vacuum brazing, solid state bonding with an inter-
mediate silver layer, plasma spraying of beryllium and
electroplating of the cooling structure onto the beryl-
lium tiles, and explosive welding. First results of brazing
tests show that this technique can be used, though the
properties of the copper-chromium-zirconium alloy are
somewhat degraded. Solid state bonding and explosive
welding do not present this disadvantage, but are far less
developed. It is expected that JET will place study con-
tracts to study these techniques. Preliminary tests were
also performed to investigate plasma spraying and electro-
plating.

Toroidal and Poloidal
Field Systems

The mechanical assembly of the JET machine was com-
pleted in January 1983 with the positioning of the upper
poloidal field coils and the upper limbs of the magnetic
circuit. The busbar systems for both the poloidal and
toroidal fields were also erected during the first months
of 1983. The poloidal and toroidal field coil systems
were then commissioned in stages during the year. ’

The plasma position control system was also commis-
sioned in stages during 1983. In its final form, the system
allowed the radial position and size of the plasma to be
accurately programmed. The performance of this system
played a major role in the success of the operations from
October to December.

The Poloidal Field System

In January 1983, the two upper poloidal field coils and
the upper limbs of the magnetic circuit were installed on
the machine. By the end of January, most busbars and
accessories had been delivered and the assembly of the
poloidal field busbar system (Fig: 11) made rapid progress.
The assembly was completed at the end of April with
the erection of a protective cage along the busbar runs in
the basement.

In May 1983, prior to power tests, field and flux

Fig.11 Busbars and cooling water
pipes to poloidal field coil No.1.

measurements were carried out to check the poloidal
field configuration. The leakage flux during pre-magnet-
isation was measured in the area occupied by the plasma
and found to be small as expected. Field maps for the
vertical and radial equilibrium field showed excellent
agreement with predicted values. In general, the symmetry
of the system and in particular that of the iron circuit
was good.

The coil system was used for plasma operation from
June to December 1983. The performance achieved is
compared with the system’s design values in the table
below.

Table 2
Status of the Poloidal Field System

Maximum | Maximum

Circuit OMod'e of Current Design

peration Reached Value
kA kA
Ohmic Heating Premagnet- 40 80

isation

Ohmic Heating Slow rise 64 80
Vertical Field Slow rise 20 45
Radial Field — 2 3
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controlled television cameras to inspect the vessel with
0.5mm resolution without breaking vacuum. Installation
and commissioning of the system was to be completed
during the shutdown in January 1984.

In July 1983, the in-vessel articulated boom was
ordered for delivery in mid-1984. The boom will be able
to reach 180° of the vessel from either of two opposite
ports. The design of adaptors to carry and manoeuvre
tools on the boom has been completed to meet the
requirements of the water-cooled limiters, the prototype
RF antennae, and the projected belt limiters. The adaptor
to hold and orientate (pan and tilt) the manipulator on
the boom has also been designed. Tender action is under-
way for shrouding to protect the boom from contamina-
tion by active dust and the vessel from the lubricant
vapour.

A two-arm servo controlled manipulator has been in
use at JET for some years for development work. The
manipulator is being progressively modified for in-vessel
operations mounted on the in-vessel boom. It is to be
operational by August 1985. A cantilever beam for the
remote removal of vacuum pumps is designed and is also
to be operational in 1985.

Automatic cutting and welding equipment (Fig. 6)
was used for the installation of the octant joints. The
same equipment will be used for the neutral injection
joints. A range of special cutting and welding equipment
is being designed to service the future toroidal limiter

and ICRF antenna systems. These tools will be capable
of both manual and servomanipulator placement and
operation and will be used for initial installation and
both “hands-on’ and remote maintenance.

Tritium Handling

In JET’s scientific programme, the performance of the
machine will be built up with plasmas of hydrogen and
deuterium, with increasing additional heating power,
until conditions justify the introduction of tritium.
Currently, it is expected that this stage will be reached
by the middle of 1989.

A preliminary design of the tritium plant (Fig. 25)
was presented to the JET Scientific Council in October
1983. The plant is designed to process all of the gases,
including tritium, exhausted from the torus and from
the neutral beam injector boxes of JET. It will chemi-
cally purify the hydrogen and then separate the isotopes —
protium, deuterium and tritium — and store them for
re-use.Even allowing for the cost of the plant, reprocessing
will be much less expensive than buying fresh tritium
and disposing of the tritiated exhaust gases.

It is intended to accumulate the torus exhaust from
about 12 machine pulses at a time, say three hours opera-
tion, alternately on one of two cryopanels (accumulators)
while the other is discharged through the reprocessing
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Fig.25 An engineering layout concept for the JET tritium plant.
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end of 1983 could be summarised as follows:

(a) The Plasma Fault Protection System had been
integrated. This is based on a program which checks
the plasma quality and issues a soft termination
request if a disruption is predicted or detected.

(b) The Direct Magnet Safety System had been fully
integrated on the toroidal field and commissioned
on the poloidal field.

(c) The software to drive pulse discharge cleaning had
been commissioned and allowed to define the opera-
ting parameters.

(d) The alarm handling and reporting was available and
would be integrated in the early months of 1984.

(e) Most of the CODAS “‘drivers” had been written.
The drivers consist of a set of re-entrant shared sub-
routines which mask from the user the idiosyncrasies
of the CAMAC modules thus allowing him to con-
centrate on accessing process variables (input or out-
put) by name.

(f) The electrical-baking software had been integrated.
[t controls currently some seventy electrical heaters
to regulate the temperature of the vessel and its
various attachments during the baking phase.

(g) Various applications of the CAMAC auxiliary crate
controller had been integrated. They cover the
control of three types of low-level multiplexor,
control of the data link to the flywheel generator
convertors, control of the data link to the high
voltage power supplies for the neutral injector and
its test bed, control of real-time waveform generators,
and control of the cameras for the in-vessel inspection
system.

Diagnostic Systems

The status of JET’s diagnostic systems at the end of
1983 is summarised in Table 4. The location of these
systems on the machine is shown in Figure 29. A
As can be seen from the table, the bulk of those
systems not already installed will be brought into opera-
tion before mid-1985. The following systems were
operational for the first plasma discharge in June:

Single channel interferometer;

Flux loops;

Internal poloidal field pick-up coils;
One bolometer;

Limiter surface temperature diagnostic;
Hard X-ray monitors;

Neutron yield counters;

Health physics monitors;

Visible spectrometers using fibre optics;

H-alpha monitors.

Further diagnostic systems became operational before
the end of 1983. These included a fourteen channel

bolometer array, four X-ray diodes, a quartz UV spectro-
meter, an optical multichannel analyser, and part of the
electron cyclotron emission system.

Thomson Scattering Diagnostics

The Thomson scattering system that has been constructed
for JET by the Risg National Laboratory, Denmark, has
the conventional 90° scattering configuration. Light
from a powerful ruby laser illuminates the plasma along
a vertical chord, and the scattered light is collected and
spectrally resolved. The electron temperature and
electron density are determined from the spectral width
and intensity of the scattered light respectively. Items
sensitive to nuclear radiation such as the laser and the
detection systems are housed behind the radiation
shielding in the roof laboratory. The system is thus com-
patible with the active phase of operation of JET.

Substantial progress has been made on the system
during 1983. The laser has been installed and com-
missioned in the roof laboratory at JET. Construction of
the input optics, collection optics, dispersion systems,
detectors, electronics and alignment systems was com-
pleted at Risg, and a series of system performance tests
carried out. Many of these items have been installed in
their final position at JET. A significant stage was the
successful installation alongside the torus of the large
concrete tower (Fig. 30) which supports the collection
optics. Commissioning of the system was planned for
February—March 1984 with the first plasma measure-
ments possible in late March.

Because the Thomson scattering system described
above can explore only a limited part of the plasma
cross-section, an additional spatial scan system has been
considered. The design of one particular spatial scan
system based on a carbon dioxide laser, was completed
in early 1983. Following an extensive review of its
feasibility, it was decided not to proceed with it, but to
look at the LIDAR type system, recently proposed by
researchers at the University of Stuttgart and IPP
Garching, as an alternative. In this technique, an ultra-
short laser pulse illuminates the plasma along a vertical
chord and the back-scattered radiation (~ 180° scatter-
ing) is detected. The spatial resolution is determined by
the time delay between the transmission of the laser
beam and the arrival of the scattered light back at the
detector. This is a novel technique, as yet untried on
tokamaks, although the principles have been well estab-
lished in other areas such as the monitoring of atmos-
pheric pollution. It appears to be particularly well suited
to the investigation of the large plasmas in JET.

During 1983, a contract was placed with IPP Garching
to carry out a study of the feasibility of applying the
technique to JET. The study is being carried out in
collaboration with the University of Stuttgart. The target
performance is to measure the temperature and density
profiles to an accuracy of 10% with a spatial resolution
of 15cm at a repetition rate above one a second. It is
expected that the feasibility study will be completed by
the end of May 1984,
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Table 4
Status of the JET Diagnostics Systems
Diagnostic Status Expected Date
System Diagnostic Purpose Association Dec. 1983 for operation
No. inJET
KB1 Bolometer Scan Time and space resolved  IPP Garching Operational Mid 1983 partly
total radiated power Early 1984 fully
KCl1 Magnetic Diagnostics ~ Plasma current, loop JET Operational Mid 1983
volts, plasma position,
shape of flux surfaces
KE1 Single Point T, and n, at one point Risg Being installed Early 1984
Thomson Scattering  several times
KG1 Multichannel Far [ng (1) ds on 7 vertical CEA Fontenay-aux- Under construction Early 1984
Infrared Inter- and 3 horizontal chords ~ Roses
ferometer
KG2 Single Channel [ne (1) ds on 1 vertical JET and FOM Operational Mid 1983
. 2mm Interferometer  chord in low de‘nsity Rijnhuizen
nQ < 4 =3
plasmas (< 10%em™)  ypp Extension to Imm  Mid 1984
KHI1 Hard X-ray Monitors  Runaway electrons and JET Operational Mid 1983
disruptions
KH2 X-ray Pulse Height Plasma purity monitor JET Under construction Mid 1984
Spectrometer and T, profile
KJ1 Soft X-ray Diode MHD instabilities and IPP Garching Provisional system
Arrays location of rational operational. Full
surfaces system under
construction End 1984
KK1 Electron Cyclotron Te (r,t) with scan time NPL, Culham Partly operational Late 1983
Emission Spatial Scan  of a few ms and JET
KK2 Electron Cyclotron Te (r,t) on us time scale  FOM, Rijnhuizen Under construction Mid 1984
Emission Fast System
KL1 Limiter Surface (i) Temperature of JET and KFA, Partly operational Mid 1984
Temperature wall and limiter Julich
surfaces
(ii) Monitor of hot spots
on limiter
KM1 2.4MeV Neutron Neutron spectra in D-D UKAEA, Harwell Construction pro- Early 1985
Spectrometer discharges, ion tempera- ceeding
tures and energy distri-
KM3 2.4MeV Time-of- butions NEBESD, Studsvik  Construction pro- Mid 1984
Flight Neutron ceeding
Spectrometer
KN1 Time Resolved Time resolved neutron UKAEA, Harwell Operational Mid 1983
Neutron Yield flux
Monitor
KN2 Neutron Activation Absolute fluxes of UKAEA, Harwell Construction pro- Early 1985
neutrons ceeding
KN3 Neutron Yield Space and time resolved UKAEA, Harwell Construction pro- Early 1985
Profile Measuring profile of ncutron flux ceeding
System
KR1 Neutral Particle Profiles of ion tempera- ENEA Frascati Being installed Early 1984
Analyser Array ture
KS1 Active Phase Impurity behaviour in IPP Garching Being designed Mid 1985
Spectroscopy active conditions
KS2 Spatial Scan X-ray Space and time resolved  IPP Garching Being designed Mid 1985
Crystal Spectros- impurity density
copy profiles
KS3 H, and Visible lonisation rate, Zgy, JET Operational Early 1983
Light Monitors Impurity fluxes Early 1985
Full System
KTI VUV Spectroscopy Time and space resolved CEA Fontenay-aux- Under construction Mid 1984
Spatial Span impurity densities Roses
KT2 VUV Broadband Impurity survey UKAEA, Culham Being installed Early 1984
Spectroscopy
KT3 Visible Spectroscopy  Impurity fluxes from JET Operational Mid 1983
wall and limiters
KX1 High Resolution X-ray lon temperature by line  ENEA Frascati Under construction Early 1985
Crystal Spectroscopy  broadening
KY1 Surface Analysis Plasma-wall and limiter IPP Garching Construction pro- Early 1985
Station interactions including ceeding
release and hydrogen
KY2 Surface Probe Fast isotope recycling UKAEA, Culham Construction pro- Late 1984
Transfer System ceeding
KY3 Plasma Boundary Simplified probe system JET One unit ready for
Probe for monitoring progress  UKAEA, Culham installation. Second
of discharge cleaning and and IPP, Garching unit being constructed
preliminary plasma-wall
interaction experiments Mid 1984
KZ1 Pellet Injector Particle transport, IPP, Garching Under construction Mid 1985

fuelling
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Fig.29 Location of the JET Diagnostic systems.

Fig.30 The tower supporting collecting optics
for the Thomson scattering system.

Electron Cyclotron Emission Diagnostics

Two electron cyclotron emission (ECE) diagnosticsystems
are being constructed for JET. One is a spatial scan system
for measuring the spatial dependence of the electron
temperature in the poloidal cross-section, while the other
is a fast scan system for measuring the time-dependence
of the temperature at fixed positions in the plasma on a
fast time-scale. This year has seen substantial progress in
both systems.

Both systems will share an array of ten antennae
mounted inside the Torus vacuum vessel to view the
plasma poloidal cross-section along different chords. The
ECE radiation passes through crystal quartz vacuum
windows and then through aluminium waveguides to the
Diagnostics Hall. The design of this system has presented
considerable problems both in terms of the physics of
the propagation of single waveguide modes through long
oversized waveguides and antennae and in terms of
engineering to meet JET’s requirements. Four antennae
(Fig. 31) were installed in the Torus during August 1983.
The remainder have been manufactured and will be
installed in early 1984. The system was commissioned
using two temporary waveguide runs (Fig. 32), and the
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Fig.31 View into octant 7 showing the inconel antennae
for the electron cyclotron diagnostic system.

Fig.32 View of octant 7 showing waveguides for the electron
cyclotron emission system and the microwave interferometer.

full permanent system of ten waveguides will be installed
in May 1984.

The spatial scan system is being developed and con-
structed by the National Physical Laboratory, London.
Completion of the installation of the system is planned
for May 1984. It is expected that the system will be fully
operational by the summer of 1984.

The fast scan system is being constructed by the FOM
Institute at Rijnhuizen (Netherlands). The construction
contract was started early in 1983. Much of the necessary
hardware has been constructed and initial assembly has
been carried out. Completion of the construction phase
is expected by June 1984 with installation on JET
expected to commence in September.

28

Limiter Surface Temperature Diagnostic
This system provides real-time information on the plasma-
limiter interaction by imaging the limiters through
sapphire windows on the machine. There will be two
types of camera system on JET, one of which is already
operational. The first system uses charge-coupled-device
video cameras to image the limiters in a narrow wave-
length band in the region of the visible into the near
infrared. Depending on which optical filters are used,
this system provides a thermal image of the limiters in a
narrow temperature range at temperatures above 500°C
or an image of the spectral light emission from the limiter
and its surroundings. Windows have been installed to
view six of the limiters with two cameras operating simu-
taneously at two wavelengths. The second camera system,
which is still at the conceptual design stage, will provide
surface temperature data over a wider temperature range.
During the current reporting period, two of the carbon
limiters were observed thermally and one was observed
simultaneously at the H-alpha wavelength in order to
determine the hydrogen recycling behaviour in the
vicinity of a limiter. The following observations were
made:

® The early discharges in JET were accompanied by
numerous arcs on the surface of the limiters. Arcing
had virtually disappeared in more stable discharges
later in the year though it tended to reappear during
disruptive discharges.

® At plasma currents of above 1 MA, thermal loading of
the limiters was observed with temperatures reaching
800°C in the hottest regions. The temperature distri-
bution showed two peaks, the distance between them
being a direct measurement of the thickness of the
energy scrape-off layer. The thickness was found to
be of the order of 13mm.

® Viewing the limiter at the H-alpha wavelength showed
that hydrogen recycling occurred primarily on the ion
side of the limiter. The thermal load on the limiters
was also not completely symmetrical. The ion side of
the two limiters viewed was usually slightly hotter
than the electron side. The éxplanation for these
observations is not understood.

Magnetic Diagnostics
The main magnetic diagnostic consists of sets of eighteen
poloidal field pick-up coils mounted inside each octant
of the vacuum vessel, fourteen saddle flux loops on the
outside of each octant, and eight full flux loops com-
pletely encircling the torus. In addition, there are sets of
six large flux loops for plasma position control on two
octants. There are also four Rogowski and two pairs of
diamagnetic loops mounted on the toroidal field coils.
With the exception of the diamagnetic loops, these
systems are fully commissioned and operational. Their
measurements allow plasma loop voltage, plasma current
and the position of the plasma in the vessel to be derived.
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Plasma Edge and Surface Diagnostics

These two complementary diagnostic systems will allow
direct reading probes and collector probes to be intro-
duced into the area between the vacuum wall and plasma
boundary. Collector probes will be analysed in an analysis
laboratory, which is being constructed adjacent to the
JET Torus Hall.

The main system, the fast transfer system, will allow
probes to be exposed through a horizontal port for one
or more plasma pulses and removed under ultra high
vacuum directly to the analysis station. The main feature
of this system is a carriage which is driven through the
tube by means of linear motors. A variety of direct
reading and collector probes can be mounted on the
carriage. Collector probes will provide time resolution
during a single shot by rotating a cylinder behind a slit.
The system, which has been designed by the UKAEA
Culham Laboratory, is now being manufactured. Instal-
lation on JET is scheduled for September 1984.

The complementary system, the plasma boundary
probe system, will use vertical ports in the torus. The
basic system is of a modular design and can be used in
three configurations: (a) with direct reading probes
only; (b) with an exchangeable magazine of five probes;
(c) with collector probes that can be analysed in-situ.
The first two versions will be installed in early 1984.

H-Alpha Monitors
In order to establish the particle balance in the plasma
it is necessary to measure the ionisation rate. This is
done by an absolute measurement of the H-alpha light
emitted from the plasma at nine points around the torus.
The collected light is transmitted via optical fibres to the
diagnostic wing where it can be analysed by means of
filters or spectrometers and detected by photomultipliers.
The system was operational in June 1983. It provided
measurements of the particle confinement time and gave
information on the effective ion charge (Zeff) of the
plasma. The system will eventually be supplemented by
a poloidal scan of the light emission.

Visible Spectroscopy

Some of the optical fibres for the H-alpha monitors were
equipped with visible spectrometers lent to JET under
the Task Agreement with Culham. In addition, a spectro-
meter closely coupled to the torus was installed for limiter
observation. In this way a consistent picture was obtained
concerning the influx, nature and long term evolution of
impurities. Doppler measurements on H-alpha lines
allowed a first determination of the ion temperature.

Bolometry
The aim of the bolometer diagnostic is to make time and
space resolved measurements of the total plasma radiation
losses. It uses multichannel arrays of bolometers to view
the JET plasma in orthogonal directions through vertical
and horizontal ports.

A single bolometer was available for radiation moni-
toring on day one. In August, a vertical camera equipped

with a bolometer array was installed together with seven
further radiation monitors. Total radiation losses and
spatially resolved radiation profiles could then be
obtained. The results were used as input for the evalua-
tion of the energy balance. Typically 70 per cent of the
ohmic power was found to be radiated. Losses from the
plasma centre, however, were only 20 to 30 per cent of
the input. The radiation was emitted mainly from
metallic impurities.

Interferometry

Density is one of the most fundamental parameters of
the plasma and its measurement has to be made reliably
for every pulse. The main system proposed for JET is a
multichannel far-infra-red interferometer directly extra-
polated from the apparatus which has successfully
operated for many years on the TFR tokamak at
Fontenay-aux-Roses. The JET system will use a deuterium
cyanide laser. The optical.components for the inter-
ferometer will be mounted on a single large C-frame
which will be mechanically decoupled from the JET
machine in order to minimise vibrations (Fig. 33). The
interferometer is partly delivered and will be installed on
the machine in May 1984.

Since the multichannel interferometer described
above was not due to be ready for the first operation of
JET, a simpler single channel interferometer was built.
The system was operational in June and, since then, the
system has operated routinely with the high availability
of over 95 per cent.

Fig.33 One of the fibreglass boxes for the interferometer tower.

Soft X-ray Diode Arrays
The main task of this diagnostic system is to provide a
means of investigating magnetohydrodynamic and other
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the spectrometer has been designed to allow a replace-
ment by other instruments at a later stage. A high
resolution normal incidence spectrometer and a grazing
incidence spectrometer covering the range between 20
and 100A are envisaged as possible future developments.

The wavelength range covered by these instruments
is most suited for the relatively low temperature plasmas
expected in the early operation of JET before the full
additional heating power is available.

When higher temperature plasmas are obtained, the
region observed by these spectrometers will shift towards
the outer regions of the plasma. Shorter wavelength
instruments will be needed to view the highly stripped
impurities in the centre of the discharge. Work has
started at IPP Garching on a spatial scanning X-ray crystal
spectrometer which will operate at shorter wavelengths
(1-20A). It is scheduled to be installed in 1985. This
instrument will use two crystals which must be rotated
and translated synchronously in order to carry out a
wavelength scan.

In order to obtain a spatial scan with these spectro-
meter systems, it will be necessary to locate them close
to JET. This means that they will not be usable for
deuterium-tritium plasmas with high radiation fluxes. An
active phase spectroscopy system is therefore being de-
signed, which will allow impurity spectroscopy measure-
ments to be continued under these conditions. This will
also be based upon a two crystal spectrometer, though
the crystals will now be located outside the torus hall
and will view the plasma through a vacuum pipe passing
through a small hole in the shielding wall. The two
crystals and the detector will be separated by a neutron
shielding labyrinth and this will allow the detector to be
located in a region of low neutron flux. This system was
scheduled to be operational in 1986.

High Resolution Spectroscopy

Spectroscopy also provides a valuable method of deter-
mining plasma ion temperatures by measuring the
spectral width of selected impurity lines. A group at
Frascati (Italy) is building a high resolution crystal
spectrometer for JET which will have both the crystal
and the detector placed outside the Torus Hall behind
the neutron shielding wall. The system was scheduled to
be operational in 1985.

Charge Exchange Neutral Particles

The standard method of measuring ion temperatures in
tokamaks is based upon the analysis of the energy distri-
bution of escaping fast neutral atoms produced by
resonant charge exchange between plasma ions and
neutral atoms.

The system, constructed for JET at Frascati (Italy),
consists of an array of five separate analysers arranged to
view different chords in a vertical section of JET. The
system was delivered before the year end and a first
detector was to be installed during the shutdown in
January/February 1984.

Neutron Diagnostics

A comprehensive range of neutron diagnostics is needed
to study deuterium and tritium plasmas in conditions
close to those required for a fusion reactor. The main
quantities to be measured will be neutron yields, their
spatial and temporal dependencies and their energy
spectra. From these the plasma temperatures and fast
ion distributions will be deduced.

The time-resolved neutron yield is measured with
three pairs of uranjum 235 and 238 fission counters
mounted on the vertical limbs of the transformer
(Fig. 35). These counters were already operational at
the end of 1983, although not fully commissioned. All
discharges so far have been in a hydrogen plasma so that
any neutronemission was dueto Bremsstrahlung radiation.

Fig.35 A set of U-235 and U-238 neutron yield monitors
mounted on a limb of the transformer core.

The observed neutron count rates were used to provide
estimates of the runaway electron current and the total
energy deposited during disruptions. In the most serious
disruption to date (shot 1349),the instantaneous neutron
emission reached 10!°n/s, though the total emission
integrated over 0.1 second, was only 5 x 10'® neutrons.
This corresponds to a total energy deposited on the inner
protection plates of over 100kJ, or an initial runaway
current of around 300kA. During well-behaved dis-
charges the total neutron yield was typically 10! —10!"!
neutrons, the production being spread uniformly over
the 5—10 second discharge. Assuming an electron
confinement time of 0.5 second, the corresponding
runaway electron currents were only 1.10 amps.

At the end of 1983, the neutron activation system
was well into its construction phase. The neutron
emission profile system had entered the detailed
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The JET machine was completed and commissioned in
its basic performance configuration in June 1983. The
experimental programme began on 25 June, with a
plasma current of 19,000 amps at the first attempt to
obtain plasma. Within the remaining six months of the
year, currents of up to 3 million amps within overall
pulse lengths exceeding 10 seconds were achieved and
this performance remains a world record. The plasma
parameters achieved in 1983 did not compare favourably
with the more established smaller tokamaks — and
would not have been expected to. JET’s plasma tempera-
ture was around 5 million degrees.

JET Scientific Programme

The phases of JET’s scientific programme are set out in
Table 5. In the first year of the programme, JET will
concentrate on producing hydrogen plasmas with

modest heating (2—3 megawatts) provided by the plasma
currents, on learning how to use the apparatus, and on
adding diagnostic equipment to measure the’ plasma
behaviour. A mean plasma temperature of between 5
and 10 million degrees at modest densities is expected.
Between 1984 and 1987, the additional heating systems
will be progressively added to the machine, starting with
8 megawatts of additional heating towards the end of
1984 and finishing with a total capacity of 25 megawatts
by 1988 as shown in Figure 36.

At full power an average plasma temperature of
50 million degrees at the required densities is expected.
If this can be achieved the machine will be operated with
a deuterium-tritium plasma. The extra power deposited
in the plasma by thermonuclear reactions would then
cause the temperature to rise towards the required
100 million degrees. In the extremely optimistic case of
ignition (Fig. 37), the external heating systems could be

Table b
Phases in the operation of JET
Heating L. L.
Phase Date Power Description Objective
(above ohmic)
I mid 83 0 C?r?i]tl?z:lsi)lggrl:tgion Establ?sh target plasma for
ohmic only heating
SMW 80keV(H)
ITA | end 84 SMW heating (~ 9MW total) e Impurity control
e 1 limits
Progressively increase to e compare with theory
IIB. | end 85 16 MW 10MW 80keV(H) +
6MW ICRH
Increase heating to full e
A | 1987 | 19MW | level including 10MW ®  Establish Gimits £o
(17MW total) performancc
160keV D for D-T e Compare with theory
plasma e Decide if DT is justified
o Commission D—T systems
IIIB | 1988 25MW + 15MW ICRH
D—T operation with e study approach to ignition
a-heatt)ing dominant at e study plasmas with profile
5 ) . e set by a-heating
iy . 2SMW IGESENEATXS: e find B limit in this system
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turned off and the plasma temperature would continue
to rise until the end of the pulse. At the other extreme,
the pessimistic result would be that the plasma will not
reach high enough temperatures to justify the use of
tritium. Whatever the outcome, JET will provide valuable
and definitive information on the possibilities of fusion
power development.

Ignitor possible i -
profiles are flat
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Fig.37 Predicted performance of various phases of
JET operation.

Model (a) Reference:

INTOR transport loss.

Model (b) Optimistic:
as (a) but with transport loss divisible by 2.
Pessimistic:
as (a) but with an addition of anomalous
inward transport for hydrogen and impurities.

Model (c)
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Operations in
June-December 1983

As mentioned earlier, the first experimental campaign
began on 25 June 1983, with a plasma current of
19,000 amps at the first attempt (Fig. 38). Later in the
campaign, which ended with the August shutdown, a
current of 600kA was obtained with a loop voltage of
14 volts. From the high loop voltage, it was clear that
the plasma resistivity was high and the temperature
correspondingly low, at around 50 electron volts.
Spectroscopic measurements showed that the discharge
was dominated by radiation from the light impurities,
carbon and oxygen. In this first campaign, the vertical
position control had not been commissioned. As a
result, the plasma was vertically unstable and moved to
the bottom of the vacuum vessel, terminating the pulse
when contact was established.

At the start of the second campaign in October, the
bakeout temperature for the torus and ports was raised
t0 270°C. It was immediately apparent that the discharge
was much cleaner. Spectroscopic measurements showed
that metallic impurities, nickel and chromium, were
playing a role, since there was now a significant amount
of radiation coming from the centre of a much hotter
plasma (around lkeV). By the end of October, 1.4MA
was obtained with 4 volts around the torus.

In November, a more sophisticated feedback system
was implemented to give tight control of the horizontal
and vertical positions of the plasma. With this, the plasma
size could be controlled to increase slowly during the
current rise, thus allowing the current to penetrate to
the centre of the plasma. The initial rate of current rise
was also lowered, and these two changes resulted in
much quieter and hotter plasmas. By the end of November,
1.9MA was reached with 1.3 volts around the torus. The
discharge showed all the attributes of a true tokamak
discharge, i.e. low loop voltage and sawtooth oscillations
at the plasma centre.

In December, plasma currents in the range 2 to 3MA
were obtained. The pulse length was typically 10 seconds
with a flat top of some 4 seconds. Central electron
temperatures measured by the newly commissioned
electron cyclotron emission diagnostic were in the region
of 1.5 to 2keV. The loop voltage was down to around
1 volt, and the safety factor q at peak current was in the
range 2.4 to 5.0. Towards the end of the second cam-
paign, control was established over the density behaviour
by adjusting the gas feed rate and density flat tops of
4 seconds were obtained. Average plasma density was
approximately 2.5 x 10'? per cubic metre, plasma radius
1.1 metres, and elongation 1.2. The highest global energy
confinement time was estimated at three-tenths of a
second.

These results were much in line with expectation. To
achieve them a substantial amount of commissioning
work was necessary, both on the engineering elements of
the machine, as well as on diagnostics and interpretation
codes. Up to the end of 1983, only about half the full
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International Tokamak
Research in 1983

Results reported from the ohmic heating operation of
the TFTR tokamak at Princeton (USA) during 1983
have been of considerable interest to JET. Shortly after
the end of the year, a maximum current of 1.5MA with
a flat-top duration time of one second was reached.
Normalised tokamak parameters show JET and TFTR to
be working in essentially similar ranges. As in JET, the
central electron temperature reached values in the range
1.5 to 2keV. The maximum global energy confinement
time was about 270 milliseconds, which within the
measurement accuracies, was essentially the same as that
found on JET. Experiments on TFTR have shown only a
very weak dependence of confinement time on the
minor radius of the discharge. Comparison with data
from other tokamaks shows that the principal advantage
of increased size results from the increase in the major
radius.

During the year, experiments continued worldwide on
a number of medium-sized tokamaks with powerful
additional heating. An important result for JET has been
the observation on the ISX-B limiter tokamak at Oak
Ridge National Laboratory (USA) of good confinement
with additional heating when the discharge was ungettered
or when neon gas was puffed into the plasma. Although
not completely understood these results show that con-
finement degradation is not the inevitable result of
applying additional heating in a tokamak such as JET
where the plasma is bounded by a limiter.

Since the major additional heating method on JET
will be jon cyclotron resonance heating (ICRH), the
experiments worldwide in that field were especially
significant. Work on the TFR tokamak in France, partly
in response to JET requests, has shown that the generation
of impurities at the plasma boundary by this heating
method remains a critical problem. For the same power
input, the production of metallic impurities was about
three times higher for ICRH than for ohmic or neutral
beam injection heating. The RF input increased the
plasma density at the boundary by a factor ten and the
electron temperature by a factor two to about 10eV.
This effect was independent of whether the slots in the
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Faraday shield were aligned with the toroidal field or
with that of the local magnetic field. Investigating these
effects and possible solutions will be an important part
of the first experiments on JET with the prototype
antennae, early in 1985. By contrast, heating of tokamaks
and stellarators at the electron cylotron resonance (ECR)
frequency has shown further notable success with no
problems of coupling the energy into the plasma, local-
ising the power absorption or of impurity generation.
The major difficulty and the main reason why it is not
yet planned to apply this technique to JET is the lack of
suitable high power sources (gyrotrons) at the required
frequencies of 100GHz.

On the theoretical front, the Lausanne group have
derived a ‘universal’ relationship between the maximum
stable B (plasma pressure/confining magnetic field
pressure) of the discharge. This gives § max ~3% for the
extended JET performance current of SMA at full field
and aperture. To obtain plasma ignition at this § would
require the unlikely confinement time of about 4 seconds.
However, by increasing the current above 5MA both
and the energy confinement time will increase linearly
according to present ideas and significant alpha-particle
production should be obtainable at the ~ 7MA level, at
least.

Theoretical efforts worldwide have so far been
unsuccessful in providing a convincing and definitive
explanation for the high energy transport observed in
ohmic-heated discharges. Some work at UKAEA Culham
Laboratory has attempted to explain the further increase
in energy transport observed when additional heating is
applied. This work has developed the notion that the
critical plasma pressure gradient for ideal ballooning
modes is reached for a progressively larger proportion
of the minor radius as the additional input power is
increased. This model applied to JET would severely
limit its performance. However, it should be emphasised
that there are many potential reasons why such specu-
lation may prove to be incorrect. Plasma stability might
be improved by the presence of high energy particles
produced by neutral injection and thermonuclear re-
actions. In addition, the non-inear consequences of
violating stability criteria might be less than anticipated.
Definitive answers will come only from the on-going
programme of worldwide tokamak research.









The Members and Organisation of JET

The JET Directorate

The three heads of department report to the Director of
the Project and together with the Director they form the
JET Directorate. Various special functions are carried
out by the Director’s office, as shown in Figure 40. The
Internal Audit section monitors the Project’s financial
activities and provides advice on accounting and control
procedures, as well as maintaining links with the Court
of Auditors. The Project Control Office is responsible
for financial planning and for the preparation of the
Project Development Plan and Project Cost Estimates.
The Secretariat provides secretarial services to the JET
Council and to the Executive Committee and also to
the JET Project Board, JET’s internal management
committee.

Director

H-O. Wuster

Miss A .M. Renati
Mrs. M.M.J.D. Geldhof
Miss M.A. Wauters

Internal Project Control Secretariat ﬁ)r

Auditor P.J. Kind the Counq[

D. Tavl o and Executive
- 1aylor Committee

Mrs. A. Auckland*

Mrs. S. Tyndel* J.C. McMahon

Mrs. J. Talbot

*Part-time

Fig.40 Project team staff in the Director’s office
(December 1983).

Administration Department

The Administration Department is responsible for provi-
ding administrative support and services to the project.
The Project team staff in the three administrative
services — Contracts, Finance and Personnel, are listed in
Figure 41.

Head of Administration
Department

G.W. O'Hara

Mrs. A. Morrison
G.1. Janes

|

Contracts Service Finance Service Personnel Service
Head: C.E. Rosenquist Head: C.A. Metcalfe Head: J-Y. Simon
L. Byrne Mrs. J K. Ball Miss T. Arnold
Mrs. V. Chitty Mrs. G. Blankenback Mrs. S. Austin®
SK. Fuss Mrs. J. Hay Mrs. G. Boekbinder Mulder
Miss S. Langford Mrs. O. Hobart Miss S. Fuller
G.S. Manning C. Kenna G. Garraway
Mrs. D. Newton Mrs. B. Jones Mrs. J.K. Hammond*
M. O'Casey Mrs. C.E. Norris Mrs. M. Harper
D. Sibbet Mrs. P. Press Miss F. Haslam
D. Treacher J. Spoor Miss D. Haynes
Mrs. J. Stevens Mrs. P.Y. Howe*
Mrs. 1. Walker Mrs. M. Mofford
L. Rasmussen
J.A Russell
Mrs. M. Russell*
Mrs. J. Smuth

*Part-time

Fig.41 Project team staff in the Administration Department
(December 1983).

Operation and Development Department

The Operation and Development Department is respon-
sible for the operation and maintenance of the tokamak
and for developing the necessary engineering equipment
to enhance the machine to its full performance. The
Department contains six Divisions:

(1) Torus Division, which is responsible for the operation
of the Torus, including the creation and training of
the operating team and the organisation and execu-
tion of maintenance work in the Torus Hall and
Basement. The Division also organises major shut-
downs for the installation and commissioning of the
new equipment and for development work necessary
for the improvement of the sub-systems integrated
into the JET device (vacuum system, baking and
cooling plants, limiters, first wall, etc.).

(2) Power Supply Division, which is responsible for the
design, installation, operation, maintenance and
modification of all the power supply equipment
needed by the Project.

(3) Neutral Beam Heating Division, which is responsible
for the construction, installation, commissioning
and operation of the neutral injection system, inclu-
ding the development towards full power operation
of the device. The Division will participate in the
studies of the physics of neutral beam heating.

(4) Radio Frequency Heating Division, which is respon-
sible for the design, construction, commissioning
and operation of the RF heating system during the
different stages of its development to full power.
The Division will participate in the studies of the
physics of RF heating.

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

(6) Control and Data Acquisition Systems Division
(CODAS), which is responsible for the implementa-
tion, upgrading and operation of the computer-based
control and data acquisition system for JET.

The divisional and group structure of the Department
is shown in Figure 42. The Project team staff in the

Department at the end of 1983 are listed in Figure 43.

Scientific Department

The Scientific Department is responsible for the definition
and execution of the experimental programme, the speci-
fication, procurement and operation of the diagnostic
equipment and the interpretation of experimental results.
The Department contains three Divisions:

(1) Experimental Division 1, which is responsible for
the specification, procurement and operation of
approximately half the JET diagnostic systems. ED1
will, in particular, look after electrical measurements,
electron temperature measurements, surface, and
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Head of
Department

Torus Division

Head: M. Huguet

Neutral Beam
Heating Division

Head: G. Duesing

P.H. Rebut

T. Arthur
Mrs. D. Dalziel
N. Davies

H. Duquenoy
G. Edgar

Miss M. Fraser
L. French

M. Guillet

Mrs. E.D. Harries

Mrs. M. Hicks
R. Howes

A.H. Humphreys
B. Ingram

P. Kupschus*
Mrs. H. Marriott
J. McDonald

J. McGivern

P. Meriguet

P. Mouturat

L. Nickesson

H. Panissie

B. Pavan

T. Potter

W. Scott

P. Trevalion

M. Walravens

C. Woodward
Mrs. A. Young

Radio Frequency
Heating Division

Head: J. Jacquinot

Power Supply
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Head: E. Bertolini

Control and Data
Acquisition Systems

Division
Head: F. Bombi

Fusion Technology
Division

Head: J. Dean

W. Baker K. Grabenstitter Mrs. M. Rydalm

G. Biumel B. Green E. Salpietro

B. Bignaux J. Hemmerich R.L. Shaw

J. Booth D. Holland K. Sonnenberg
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K. Dietz P. Noll M. Young

C. Froger J. Orchard J. Zwart

Mrs. C. Allen Mrs. S. Gerring  F. Long
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C. Brookes A. Goede D. Martin
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J.F. Davies F. Hurd R. Roberts

G. Deschamps ~ A. Jones D. Stork

A. Dines T.T.C. Jones E. Thompson

D. Ewers D. Kausch M. Watson

H. Falter E. Kiissel

R.J. Anderson  E. Hanley F. Sand

J. Arbez G. Jessop M. Schmid

G. Bosia A. Kaye T. Wade

Mrs. L. Brookes P. Lallia C. Walker

W.H. Clark J. Plancoulaine  B. Willis

J. Firrell Mrs. L. Rowe

U. Baur A. Eyrard J. Paillere

0. Buc H. Fielding A. Paynter

C. Christodou-  J. Goff R. Perez-Taussac
lopoulos D. Halliwell C. Raymond

R. Claesen M. Huart K. Selin

D. Corbyn V. Marchese A. Skinstad

E. Daly G. Marcon A. Stella

Miss D. Davies L. Mears N. Walker

J. Dobbing P. Mondino G. Wilson

P. Doidge G. Murphy L. Zannelli

B. Eriksson Mrs. J. Nolan

M.L. Browne E.M. Jones J. Saffert

A.J. Cleeves Miss J. Kedward V. Schmidt

Mrs. L.M. Dines  Miss K. Mathia ~ C.A. Steed

S.E. Dorling D. Nassi C. Torelli

R.K. Emery Miss N. Nicholas H. van der Beken

K. Fullard J.P. Nijman J. van Montfoort

R.F. Herzog C.G. Pollard J.R. Watkins

B.E. Jensen G. Rhoden 1.D. Young

S.J. Booth P.D: Jones W. Riediker

R. Cusack A. Nowak J. Schreibmaier

Mrs. M. Daish P. Presle L. Sonnerup

L. Galbiati T. Raimondi M. Wykes

*Mobility Contract Euratom

Fig. 43 Project team staff in the Operation and Development Department (December 1983).

limiter physics and neutron diagnostics. The Division

other half of the JET diagnostic systems. ED2 will

is also responsible for:

® The execution, in collaboration with ED2, of
the experimental programme.

® The interpretation of results in collaboration
with ED2, Theory Division and the appropriate
Divisions in the Operation and Development
Department.

®  Making proposals for future experiments.

(2) Experimental Division 2, which is responsible for
the specification, procurement and operation of the

in particular look after all spectroscopic diagnostics,
bolometers, interferometry, the soft X-ray array and
neutral particle analysis.

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

The divisional and group structure of the Department
is shown in Figure 44. The Project team staff in the

Department at the end of 1983 are listed in Figure 45.
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Head of
Scientific Department

R.J. Bickerton

Deputy Head
A. Gibson

Analytical Theory
Group

Leader. T.E. Stringer
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Head: D.F. Duchs

Interpretation Group
Leader: J.G. Cordey

Experimental
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Leader: A Taroni
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Neutron Physics
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Physics Operation
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Leader: F.C. Schuller

Fig. 44 Scientific Department: Group structure

(December 1983).
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Fig.45 Project team staff in the

Scientific Department (December 1983).
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JET. resources and their recruitment by the Authority would

The release of certain staff has presented particular
difficulties for Culham Laboratory, because it has needed
such staff to execute the broad range of work that the
Laboratory has undertaken in support of JET. Therefore,
the Director of Culham Laboratory has identified for the
Director of the Project those members of his staff whom
he regards as key staff and who should not be assigned
to JET until replacements are available.

There was a further complication in that the Authority
itself was short of staff in certain categories (for example,
engineers, programmers, accountants) and were finding
difficulty in recruiting them.

Contract Staff

To resolve the problems created by the shortfall of staff,
the Project has had to engage contract labour. In this
way, it managed to take on (against vacant budgeted
posts) engineers, programmers and planners in addition
to other skilled personnel. It also engaged draughtsmen
under contract, because the numbers needed were such
that the UKAEA could not provide them from their own

have presented re-employment difficulties at the end of
the JET Project. In addition, JET has used contract staff
to undertake specific short-term tasks, particularly for
the assembly of the machine. While the use of contract
staff has been costly, without it the timetable for the
construction phase would have gone seriously awry.

Recruitment of Team Members for the Operational Phase

Recruitment for the operational phase was confined to
identifying suitable candidates to fill the remaining
vacant positions allocated to the Divisions. On average,
two selection boards per week were arranged and, out of
the 61 successful candidates, 21 professionals and 34
non-professionals finally took up their duties during the
year.

Although 579 applications were received, as many as
88 per cent came from the U.K. and only 12 per cent
from the other partners, underlining the observations
already made about recruitment during the construction
phase. The large number of applicants from the UK was
the result of several advertising campaigns undertaken by
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