I: ’_II=
JOINT EUROPEAN TORUS m

JET-P(92)74

A.E. Costley
and JET Team

Millimetric Measurement Systems
at the JET Project



“This document contains JET information in a form not yet suitable for publication. The report has been
prepared primarily for discussion and information within the JET Project and the Associations. It must
not be quoted in publications or in Abstract Journals. External distribution requires approval from the
Publications Officer, JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK".

“Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EFDA,
Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

The contents of this preprint and all other JET EFDA Preprints and Conference Papers are available
to view online free at www.iop.org/Jet. This site has full search facilities and e-mail alert options.
The diagrams contained within the PDFs on this site are hyperlinked from the year 1996 onwards.




Millimetric Measurement Systems
at the JET Project

A.E. Costley and JET Team*

JET-Joint Undertaking, Culham Science Centre, 0X14 3DB, Abingdon, UK

* See Annex

Preprint of a paper to be submitted for publication in the proceedings of the
‘MM92’ Conference and Exhibition, Brighton, England, October 1992






MILLIMETRIC MEASUREMENT SYSTEMS AT THE JET PROJECT
A E Costley* '

ABSTRACT

The millimetre wave measurement systems installed at the Joint European Torus (JET)
project are briefly described. The systems are used to measure the parameters of the
high temperature plasma produced in the tokamak device. Results demonstrating
their performance are presented. In the development of the systems novel solutions to
several difficult practical problems have been found and these are described. Areas
where further developments would be beneficial are identified.

INTRODUCTION

Extensive use is made of millimetre wave systems for measuring the parameters of the
plasmas produced in modern day controlled thermonuclear fusion devices. At the
Joint European Torus (JET) project [1], there are two major systems in operation and
two others in preparation. A multichannel microwave reflectometer system is used to
measure the spatial dependence of the electron density, while a microwave and quasi-
optical system is used to measure the electron cyclotron emission (ECE) from which the
plasma electron temperature is obtained. A scattering system utilizing a high power
(400 kW), long pulse (>5s), gyrotron for measuring the fast-ion and alpha particle
populations is being constructed. In the new phase of JET planned for 1992 - 1996, a
divertor will be used for impurity control in high performance plasmas. It is necessary
to measure the parameters of the plasma in the divertor region and an integrated
measurement system based on millimetre wave hardware and measurement
techniques is in preparation. Frequently the measurement requirements are very
demanding and novel solutions to difficult practical problems have to be found.

In this paper, a brief overview of the systems is presented along with some results
demonstrating their performance. Attention is concentrated on the microwave
hardware and techniques, rather than on the underlying plasma physics, and areas
where further developments are required are identified.

MICROWAVE REFLECTOMETRY

In reflectometry, microwave radiation is launched at the plasma along the gradient of
the electron density and reflected at the layer where the electron density equals a critical
value (ne = n¢ (f)) such that the plasma refractive index has fallen to zero. Phase
changes in the reflected radiation are measured by mixing it with a reference beam in a
detector. The probing frequency (f) is swept and the corresponding change of phase (¢)
is measured. Different frequencies are reflected at different density layers with higher
frequencies being reflected at higher densities. d¢/df is determined at each frequency in
the range of interest and the spatial profile of the electron density (ne(R)) is determined
by an inversion technique [2]. The electron densities of current interest are typically in
the range 10'8 <ne<1020m-3 with corresponding probing frequencies in the range
9 <f<90 GHz.
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Fig. 1: Schematic of the multichannel JET reflectometer system.

There are two approaches to implementing the technique. In one case the frequency is
swept over a broad range and d¢/df is measured as a function of frequency. In the
other case, the output from an array of independent sources with different probing
frequencies is multiplexed into the same waveguide, and the frequency of each source
is swept over a narrow range to give d¢/df at each frequency. d¢/df is constructed by
interpolation at all frequencies in the range in interest.

At JET, the reflectometer is based on the multiple frequency, narrow band sweep,
approach. The outputs from 12 Gunn oscillators operating in the range 18 < f < 80 GHz
are multiplexed into an oversized
(WG12A) waveguide run (figure 1). A
combiner employing band
branching/channel filtering systems was
developed specifically for this purpose [31.
The waveguide run has a length of 25m ‘
and employs reduced height E-plane w = 125
bends to minimize mode conversion. :
The radiation is launched and received
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using separate antennas mounted in the x10% g

JET vacuum vessel. The separation of the . 1Sfmm

reflected signals is effected with a second  E1Opmmmpimiis

band branching/channel filtering system, = 0.5 )

and the signals are detected using = 40
sensitive heterodyne receivers. The data Major radius (m)

acquisition system includes automatic

fringe counting electronics to give 9. Fig.2: Typical measurement of the

electron density profile.

‘The system is used routinely at JET to measure ne(R). A typical result is shown in
figure 2. At present the performance of the system is limited by the attenuation in the
transmission system and especially in the combiners and separators. This could be
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tolerated if stable sources at a frequency ~ 70-90 GHz with a power output ~500 mW
were available. For future applications, broader bandwidths are likely to be required
and combiners/separators operating over the range 12 - 110 GHz would be beneficial.

In addition to the development and use of the multichannel reflectometer, novel
reflectometer systems are being developed especially for the study of density
fluctuations [4].

ELECTRON CYCLOTRON EMISSION

The electrons in the plasma gyrate around the magnetic field lines and as a result emit
electromagnetic radiation at the electron cyclotron frequency and its low harmonics.
The intensity of the emission is directly related to the temperature of the electrons (Te).
The frequency of the emission depends on the strength of the magnetic field where the
radiation is emitted. In a tokamak like JET, the magnetic field strength varies in a
known way across the plasma cross-section: It is therefore possible to determine the
spatial profile of the electron temperature (Te(R)) by measuring the spectrum of the
emission. Because of the value of the magnetic field strengths employed, the emission
occurs in the frequency range 50 - 500 GHz.

Local Oscillator
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the emission while a
grating polychromator Fig. 3: = Schematic of the heterodyne radiometer for the
measures the emission ‘measurement of ECE showing the details of one band.

at twelve discrete frequencies. Both these devices are fitted with liquid helium cooled
indium antimonide detectors. A 44 channel heterodyne radiometer measures the
emission at discrete frequencies in the ranges 73 - 103 GHz and 115 - 127 GHz at ~1 GHz
intervals (figure 3). The instruments are absolutely calibrated using a large-area, high-
temperature (800 K} black-body source which is mounted inside the JET vacuum vessel
during maintenance and shutdown periods. The ECE measurements are used in the
determination and optimisation of the overall plasma performance and in specific
physics studies. A typical measurement is shown in figure 4.

While the performance of the measurement system is adequate for many applications,
some improvements would be beneficial. Heterodyne radiometers operating at
frequencies >150 GHz and up to 250 GHz would enable these receivers to be used on
high field tokamaks. An improvement in the intermediate frequency bandwidth to
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frequencies >150 GHz and up to 250 GHz would enable these receivers to be used on
high field tokamaks. An improvement in the intermediate frequency bandwidth to
>10 GHz, and preferably 20 GHz,
would permit a greater spatial
coverage with a single mixer. In the
measurement of ECE, receiver

sensititivity is not the most important 10
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environment will be required. Long

(~100m), low loss, oversized,

waveguide runs which generate Fig. 4: Typical measurement of the electron
minimum mode conversion will also temperature profile.

be needed.

COLLECTIVE SCATTERING

Ions with energies that considerably exceed the thermal energies can be an important
component in the plasmas produced in present-day tokamaks. In future devices fast
alpha-particles, born with an energy of 3.5 MeV by the fusion process, will play an
important role in the plasma heating and possibly affect the plasma stability. The
development of techniques for diagnosing these "fast-ions” and alpha-particles is
therefore important in current fusion research.
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Fig. 5: Schematic of the collective scattering system.



At JET, a system for diagnosing the fast-ions and alpha-particles based on collective
scattering is in preparation. Radiation from a high frequency (140 GHz) gyrotron is
trasmitted to the plasma and the radiation scattered in a forward direction is spectrally
resolved and detected (figure 5) [6]. The cross-section for scattering is extremely small so
a high power (>400 kW), long pulse (>5s) gyrotron is employed and sensitive
heterodyne detectors are used. It is necessary to site the gyrotron and detection system
outside the JET torus hall and so a long, oversized waveguide (diameter 88.9mm),
transmission system is used. The system contains several novel components: for
example, a2 mode convertor (Vlasov type) for converting the gyrotron mode (TE152) to a
Gaussian beam for coupling into the HE1; mode in the oversized guide, a universal
polarizer for changing the polarisation of the gyrotron beam into the optimum for
scattering, and resistive waveguide sections to absorb power in unwanted modes. The
detectors will be similar to those used for ECE measurements and will have 40 channels
between 123 and 156 GHz. Calculations show that the system should provide
measurements of the velocity and spatial distributions of the fast-ions and alpha-
particles for a wide range of plasma conditions. It is expected that the first
measurements will be made with the system at the beginning of the next experimental
campaign at JET scheduled for autumn 1993.

PUMPED DIVERTOR DIAGNOSTICS

A substantial upgrade of the JET tokamak is currently in progress. A pumped divertor
is being installed in order to obtain improved control over the influx of impurities
from the walls. In the pumped divertor, the outer magnetic flux contours of the
plasma are brought into contact with special target plates in close proximity to a high
speed cryopump. In order to understand and optimise the performance of the divertor,
it is necessary to measure the plasma parameters in the divertor region. In general, the
values of the plasma parameters in this region will be substantially different to those in
the bulk plasma: for example, the electron density and temperature will be an order of
magnitude or more higher and lower respectively. The pumped divertor will be
located at the bottom of the vacuum vessel. Access to the plasma is very limited and
has a major influence on the choice and design of the diagnostic systems.

An integrated microwave system is being prepared. The system will contain a
transmission interferometer for measuring the line integral of the electron density; a
novel ‘comb’ reflectometer for measuring the maximum electron density in the line-of-
sight, and a system to measure the electron cyclotron absorption (ECA) from which the
electron density - temperature product will be determined. The interferometer will
operate at two frequencies, typically 130 GHz and 170 GHz. The phase delay due to the
plasma will be measured at each frequency and thereby the delay due to the plasma will
be separated from that due to small movements in the waveguide structure. The
transmission waveguide will be oversized, long and have a considerable number of
bends and so it will not be feasible to use conventional swept frequency reflectometry
which requires a reflection-free propagation path. Instead it is planned to use a
multichannel, fixed frequency, ‘comb’ type reflectometer. In this device the plasma is
irradiated with the output from several sources at different fixed frequencies. The
maximum frequency in reflection is determined, and therefore the peak density in the
line-of-sight, from the level of fluctuations on the reflected beams - the fluctuation
level is high for those beams in reflection. For the pumped divertor, it is planned to
use a number of fixed frequencies in the range 60 to 90 GHz.

It will not be possible to measure the electron cyclotron emission from the divertor
plasma, since it will be swamped by the much more intense emission, at the same
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frequencies, from the plasma core. Instead it is planned to measure the absorption of a
transmitted beam. For the ne and Te values expected in the divertor region the
~ absorption will be in the range 10% to 90%. Only coherent sources have sufficient
power for this measurement and it is therefore necessary to overcome the problem of
standing waves in the transmission waveguide which would corrupt the required
measurements. The solution currently under mvestlgatlon is to use a rapidly
- frequency swept source and heterodyne detection using the same source as local
oscillator. By adjusting the length of the reference arm through which the local
oscillator radiation passes to be about the same as the plasma arm (~100 m), the beat
frequency-in the heterodyne detector can be adjusted to a suitable value. Standing
waves due to multiple reflections within the transmission waveguide will have a
longer propagation path, hence a different beat frequency, and will be eliminated by
filtering the beat signal. A large-scale mock-up to demonstrate this principle is
currently under construction.

All three systems will share the waveguides used to transmit radiation to and from the
plasma, as well as the antennas located in the divertor assembly itself. The different
measurements will therefore be made along the same sightline. It is planned to install
three sets of waveguides to give three different sightlines through the divertor plasma.

SUMMARY

At JET there are four major diagnostic systems - microwave reflectometry, electron
cyclotron emmission, collective scattering and pumped divertor diagnostics - which
make extensive use of millimetre wave hardware and techniques.. The systems are
used to measure the values of important plasma parameters, for example the electron
density and temperature. In some cases, improvements in the performance of the
millimetre wave components would lead to an improvement in the accuracy of the
measurements or the range of plasma conditions which can be investigated, or to
additional applications. For next step tokamaks, e.g. ITER, substantial millimetre wave
systems involving the development of improved and new components are likely to be
required.
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