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HOOFDSTUK 1

INLEIDING EN SAMENVATTING

Essentiële
verkregen

informatie over het plasma, in een
met

Emmissie.

De

behulp

van

electronen,

spectroscopie
gyrerend

tokamak kan worden

aan

Electron

de

veldlijnen

rond

Cyclotron
van

het

magnetisch veld, zenden straling uit op harmonischen van de electron
cyclotron frequentie.

Deze straling ligt in het mm-golf gebied; de

golflengten liggen typisch tussen 0.5 en 5 mm.

Uit een analyse van de

gemeten spectra kan het radiele profiel van de electronen temperatuur
bepaald worden.

Kennis van dit profiel

is van groot belang, in

operationeel opzicht en voor fysische studies aan het plasma.

We rapporteren hier over vier jaar werk in de ECE spectroscopie.
Gedurende deze periode werd door het FOM Instituut voor Plasma fysica
een rooster polychromator voor ECE metingen ontworpen en gebouwd.

Dit

instrument werd geïnstalleerd aan de Joint Eureopean Torus, (JET), te
Culham, U.K., momenteel

's werelds grootste tokamak.

deelgenomen aan een reeks van experimenten.
waaraan

de

auteur

van

dit

Aldaar werd

Een lijst van publicaties

proefschrift,

met

behulp

van

de

polychromator, in meer of mindere mate heeft bijgedragen is opgenomen
in het volgende hoofdstuk.

Het materiaal

in dit proefschrift

vervat in de vorm van rapporten van het FOM Instituut of JET.

is

Twee

van deze rapporten zijn momenteel in bewerking voor publicatie in de
vakli teratuur.

De motivatie voor het werk in de instrumentele categorie was het idee
dat een beter begrip van het golf transport in ECE systemen kan leiden
tot betere ontwerpen voor toekomstige systemen.

ECE systemen zijn in

het algemeen beperkt door hun signaal ruis verhouding.

De thermische

ruis, die gegenereerd wordt in de detectoren stelt een ondergrens aan
de meetbare fluctuaties in de electronen temperatuur.

Een hogere

signaal ruis verhouding zou een hogere graad van interpretatie van de
signalen toelaten.

In deze context hebben we een haalbaarheids studie uitgevoerd van een

'microgolf model' van de rooster polychromator.
in het proefschrift niet gerapporteerd.
en

verbetering

van

geometrische optica.

de

bestaande

Over dit werk wordt

Het betreft een uitbreiding

beschrijving

in

termen

van

In de geometrisch optische benadering wordt de

golflengte van de straling verwaarloosbaar klein verondersteld.

Omdat

echter in ECE systemen aperturen voorkomen met dimensies van slechts
enkele golflengten, is dit niet een algemeen toepasbare benadering.
Het

microgolf

model

is

in dit opzicht

volledige golfmechanische beschrijving.

wel

correct: het

is een

Er werd geconcludeerd dat een

microgolf model voor de polychromator een haalbare zaak is, en er werd
aanzienlijke vooruitgang geboekt in de ontwikkeling van dit model.
Echter de beschrijving van een compleet ECE systeem, inclusief de
golfpijpen

en de detectoren,

gedetailleerd.

is uiterst gecompliceerd

en onnodig

Men zal, bij het ontwerpen van systemen voor het mm

golf gebied, moeten werken met een mengsel van empirische technieken,
geometrische optica en een golfmechanische beschrijving.

Conventionele,

single mode, golfpijp

verliezen in het mm golfgebied.

heeft

zeer

hoge

transmissie

Om die reden gebruikt men voor de

koppeling van ECE systemen aan de tokamak, en in de systemen zelf.
multi mode golfpijp.

(De doorsnede van een single mode golfpijp heeft

afmetingen van de orde van de golflengte, die van een multi mode
golfpijp is veel groter)

Het aantal toegelaten modes ligt tussen een

paar en een paar honderd, waarvan er in de praktijk slechts enkele
gewenst

zijn, dwz.

lage verliezen hebben.

Multi

mode

golfpijp

elimineert het probleem van de verzwakking, althans in eerste orde.
Daartegenover staat dat we nu geconfronteerd worden met het probleem
van

mode-conversie.

Mode-conversie

betekent

in

de

praktijk

de

overdracht van energie van gewenste modes naar ongewenste modes,
waardoor

verliezen

ontstaan.

Het

wordt

veroorzaakt

door

niet-uniformiteit van de golfpijp, in componenten als bochten, tapers
en overgangen.

We hebben gewerkt aan een methode om mode-conversie in

golfpijp componenten nauwkeurig te meten.

De methode berust op de

analyse

van

een antenne-patroon

van

de mm-golf

uitgangs apertuur van de betreffende component.
ongewenste

modes

gewenste.

Het

berekeningen

in

het

algemeen

bijzondere

verricht

van

worden

de

in

straling

de

Dit is mogelijk omdat

bredere

patronen

methode

is

de

aan

Fresnel

dat

leveren
de

dan

relevante

benadering.

Deze

benadering is geldig op aanzienlijk kleinere afstanden van de apertuur
dan de gebruikelijke Fraunhofer benadering.

Het is daarom mogelijk de

metingen te doen op relatief kleine afstanden van de apertuur.

In

onze toepassingen was de minimale afstand voor de metingen 0.5 m,
terwijl de Fraunhofer benadering een minimale afstand van ongeveer 3 m
opgeleverd zou hebben.

Het gebruik van de Fresnel benadering heeft

dus het grote voordeel dat gewerkt kan worden met een experimentele
opstelling van bescheiden afmetingen.

Hoofdstuk

3 beschrijft

de

methode en de hardware die ervoor ontwikkeld werd.

Bij

het

ontwerpen

polychromator

werd

van

het

uitgegaan

conversie te vermijden.

golfpijp
van

de

systeem

voor

doelstelling

de

rooster

onnodige

mode

Het resultaat is een systeem van rechthoekige

golfpijp, zonder scherpe overgangen en met een stevige mechanische
ondersteuning.

Ronde

golfpijp

werd

vermeden

omdat

het

moeilijker is de polarisatie van de straling te behouden.

hierin
Op twee

plaatsen in het systeem was het gebruik van ronde golfpijp toch nodig.
Bijvoorbeeld

zijn

detectoren rond.

de

ingangen

van

de

commercieel

verkrijgbare

Om te koppelen van de rechthoekige naar de ronde

doorsnede, met minimale generatie van ongewenste modes, werd
speciale golfpijp overgang ontworpen.

een

De gecompliceerde vorm van deze

component werd berekend door numerieke oplossing van de relevante
vergelijkingen.
bestuurde

Vervolgens werd een doorn vervaardigd op een numeriek

freesbank met als

berekende coördinaten.

input de door het computer programma

De golfpijp overgangen werden vervaardigd door

electroformeren op deze doorn.

Calibratie van de spectrometers is een zaak die veel aandacht vraagt
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in het vakgebied.

Momenteel is calibratie de belangrijkste bron van

fouten in de gemeten electronen temperaturen.

De tot nu toe beste

calibratie methode berust op het gebruik van thermische bronnen met
een groot oppervlak (typisch 20 x 20 crn). De bereikbare temperaturen
zijn echter beperkt tot circa 500 K.
verhoudingen
vereist.

slecht

en zijn zeer

Hierdoor zijn de signaal ruis

lange

signaal

integratie

tijden

Als alternatief hebben we een nieuwe methode ontwikkeld die

berust op het gebruik van een microgolf bron.

We simuleren een

thermische straler van groot oppervlak door met deze puntbron een
ruimtelijk patroon te beschrijven.

De equivalente temperaturen zijn

vier tot vijf orden van grootte hoger dan die van thermische bronnen.
De methode werd getest door

toepassing op twee verschillende ECE

systemen, beide geïnstalleerd aan JET. We beschrijven dit werk in
hoofdstuk 5.

De

electronen

temperatuur

metingen

met

de

polychromator

hebben

bijgedragen aan een groot aantal onderzoekingen van het plasma in JET.
Als voorbeelden noemen we de studie van zaagtand verschijnselen, van
'warmtepuls voortplanting', van de depositie profielen van additionele
verhitting

en

van

plasma

disrupties.

In hoofdstuk

onderwerp warmtepuls voortplanting nader aan de orde.

6

komt

het

Dit is een

methode om het warmtegeleidingsvermogen van het plasma te bepalen uit
de

respons

verstoring

van

het

temperatuur

wordt veroorzaakt

plasma centrum.

profiel

op

een

door de zaagtand

verstoring.

oscillaties

De

in het

Omdat warmtegeleiding de belangrijkste verliespost is

in de energiebalans van een tokamak, zijn metingen aan de warmtepuls
voortplanting

van aanzienlijk belang.

We beschrijven een nieuwe

interpretatie van de gemeten warmtegeleiding.

Deze

interpretatie

levert een consistent beeld van de observaties van de warmtepuls en
het gedrag van de energiebalans onder sterke additionele verhitting
van het plasma.

Ter afsluiting van deze inleiding: de rooster polychromator heeft de

afgelopen

twee

jaar

op

JET

succesvol

geopereerd.

Het

fysisch

onderzoek in JET wordt grotendeels verricht in het kader van 'topic
groups'.

Er werden bijdragen geleverd aan het onderzoek

aanzienlijk aantal

van deze groepen, met accenten

in een

op de groepen

verantwoordelijk voor zaagtand- en disruptie studies, energiebalans en
transport

studies

verhitting.

en

de

modulatie

studie

van

de

additionele

Dit wordt gereflecteerd in het aantal onderwerpen en het

aantal publicaties vermeld

in hoofdstuk 2.5.

Met het recentelijk

gereedkomen van de pellet injector op JET, en met het verder onderzoek
naar de onlangs in JET bereikte H mode (een plasma conditie met een
ongeveer

twee maal

zo

goede

warmteisolatie

als

de

conventionele

L mode) zal het belang van de ECE metingen met de polychromator alleen
maar toenemen.
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2.1

Introduction and Summary

Electron cyclotron emission spectroscopy is a key diagnostic on the
majority of present day tokamaks.

Analysis of the Electron Cyclotron

Emission (ECE) enables one to infer the radial profile of the electron
temperature.

This thesis deals on the one hand with a few instrumental aspects of
ECE spectroscopy and on

the other hand with applications of ECE

spectroscopy in studies of tokamak physics.
carried out over a period of four years.

The work reported was

During this period the FOM

Institute for Plasma Physics designed, build, installed and operated a
grating polychromator for ECE measurements at the Joint European Torus
(JET), currently world's largest tokamak.

The material of the thesis

is presented in the form of reports of either the FOM Institute or
JET.

Abbreviated versions of two of the reports are being edited for

publication in the literature.
which

the author

has

A complete overview of publications to

contributed,

with

the aid

of

the

grating

polychromator, is given in section 5 of this chapter.

The work in the instrumental category was motivated by the idea that a
better understanding of the wave transport in ECE systems will lead to
enhanced designs for future systems.
signal to noise ratio.

Many ECE systems are critical in

The noise, generated by the detectors, sets a

lower limit to the magnitude of the temperature fluctuations that can
be measured.

Often, a better signal to noise ratio would allow a

higher level of interpretation of the signals.
noise

for

most

systems

(heterodyne

Because the system's

radiometers

being

possible

exceptions) exceeds the thermal noise from the plasma by one or two
orders of magnitude, there is room for improvement.

In this context, we carried out a feasibility study [1] of a wave
mechanical model of the grating polychromator, as an extension to the

14

existing description in terms of geometric optics [2].
not included here.

possible for the polychromator itself.
in developing

This work is

Its main conclusion is that such a model is indeed

the model.

Considerable progress was made

However, a description of

the complete

system, including the waveguides and the detectors, is excessively
complicated and unnecessarily detailed.
particular

to ECE spectroscopy, but

Much of this work is not

is relevant

to systems

that

operate in the mm wave region of the electromagnetic spectrum in
general.

Because conventional single mode waveguide has very high transmission
losses at mm wavelenghts. the waveguide systems employed for mm wave
systems

are

highlights

usually

overmoded.

the problem

of

mode

This

reduces

conversion.

the

Mode

losses,
conversion

but
in

overmoded waveguides- implies in general the transfer of power from
wanted to unwanted modes, and is therefore a source of losses.
implemented a method to measure mode conversion.

We

Chapter 3 of the

thesis outlines a method to infer the mode conversion in a waveguide
component from the antenna pattern of its exit aperture.
feature

of

this work

is

that

calculations

and

An important

measurements

are

performed in the Fresnel region of the aperture, which allows for an
experimental set-up of relatively small size.

In designing the waveguide system for the grating polychromator, we
took considerable care to minimise mode conversion.

This resulted in

a rigidly supported system of rectangular waveguides, in which sharp
transitions are avoided.

At two places in the system the use of

circular waveguide was necessary, however.

To transform from the

rectangular to the circular cross-section a waveguide transition was
designed in which the generation of spurious modes is theoretically
minimal.

To manufacture

this component, which has a complicated

shape, we made use of a computer controlled milling machine.

In

chapter 4 the design and manufacture of the waveguide transition are
described.
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An urgent matter in the field of ECE spectroscopy is the calibration
of the spectrometers.

At present, this is the dominant source of

uncertainty in the measured electron temperatures.
usually done with a

thermal

source of

Calibration is

large area.

Because

the

temperatures that can be obtained are limited to a few hundred Kelvin,
this method requires signal integration times of many hours or even
days.

We have developed a calibration method based on the use of a

microwave source.

With this method, a large area blackbody of very

high temperature is simulated, thus circumventing the main problem of
the usual method.

We tested the feasibility of the new method by

applying it to two different ECE systems.

Chapter 5 of this thesis is

a report on this work.

The measurements of the electron temperature, made with the grating
polychromator, have been used in a large number of topical plasma
physics

studies

at

JET.

Examples

are

the

study

of

sawtooth

oscillations, of heat pulse propagation, of deposition profiles of
auxiliary heating and of major plasma disruptions.
highlight one, a study of heat pulse propagation.
an analysis

of

In chapter 6 we
This basically is

the evolution of a perturbation

temperature profile.

of

the

electron

The perturbation is caused by the collapse of a

sawtooth in the inner region of the plasma.

Heat pulse propagation

analysis is a local measurement of the heat diffusivity of the plasma.
Because diffusive heat transport is the dominant heat loss mechanism
in a tokamak, and because the processes underlying it are not well
understood, heat pulse propagation measurements are of considerable
interest.

In the remainder of this chapter we introduce the following chapters
of

the thesis.

problems

that

In section 2.2, we present a discussion of
are

specific

electromagnetic spectrum.

to

the

mm

wave

of

the
the

This is intented to provide the background

for chapter 3 on the measurement of mode conversion.
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region

In section 2.3

we give a description of the grating polychromator that we constructed
for, and installed at JET.
the manufacture of

In this section, we refer to chapter 4 on

the waveguide

transition.

In section 2.4 we

briefly Introduce ECE spectroscopy and some of its applications with
the aim of setting the stage for chapter 5 on calibration and chapter
6 on heat pulse propagation.

Finally, in section 2.5 we present a

list of publications.

2.2

Wave Transport in the mm Wave Region

Important information about plasmas in tokamaks can be obtained from
their interactions with electromagnetic radiation.

In particular the

mm wave region, which covers the characteristic frequencies of the
electron

component

potential.

of

the

plasma,

has

substantial

diagnostic

Electron cyclotron emission, generated by electrons that

gyrate around the lines of force of the confining magnetic field, can
be used

to infer

the radial profile of

the electron temperature.

Measurements of the electron density can be made with the techniques
of interferometry or reflectometry.
incident
density

wave by

Furthermore, the scattering of an

collective displacements

fluctuations,

can

be

used

for

of
the

the electrons, like
study

of

turbulent

phenomena.

In addition, although this is not a diagnostic, local

heating

the

of

plasma

resonance heating.

can

be

obtained

with

electron

cyclotron

In this scheme, mm wave power is coupled to the

plasma at the electron cyclotron frequency.

In recent years, a considerable research effort has taken place in the
field of these "microwave diagnostics'.

ECE spectroscopy and density

interferometry are now routine diagnostics on many tokamaks.
ref lectometry

has

not

yet

reached

that

stage,

but

may

Density
prove

competitive with interferometry in a couple of years.
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In the design of microwave diagnostics one employs a mixture of
techniques

that is rather specific to this spectral region.

The

wavelengths, which range, say, from 0.5 to 5 mm, are sufficiently
small for techniques of geometric optics to be applicable.
are

the

use

of

experimental

gratings

side and

theoretical side.
the realm of

and

Michel son

interferometers

Examples
on

the

the use of ray tracing calculations on the

On the other hand, many of the techniques belong to

traditional microwave engineering.

For example, the

available power sources like klystrons, backward wave oscillators and
Gunn diodes are all typical microwave devices; the theory of radiation
in waveguides

and

of antenna patterns of waveguide antennas

are

covered in textbooks on microwaves.

Both

the geometric

limitations.

optics and

the microwave approach have

their

In order for geometric optics to be applicable, it is

required that the wavelength be much smaller than the dimensions of
the system.

By implying a zero wavelength limit, geometric optics

ignores diffraction.

This condition is often far from satisfied.

The

systems contain elements with dimensions that do not exceed a few
wavelengths.

With geometric optics, it is impossible to calculate the

antenna patterns of the radiation from small components, because these
patterns are diffraction dominated.

The microwave approach, on the

other hand, is a full wave mechanical approach, in which the finite
wavelength is treated properly.

It allows in principle for a complete

description

However,

of

the

systems.

this description

is very

difficult.

Microwave theory is applicable in particular to systems where at least
the major part of the waveguides is single moded.

In the mm wave

region, however, one uses not single mode, but multi mode waveguides,
which support between a few and a few hundred modes.

The reason is

that for these wavelengths the attenuation of single mode waveguide is
prohibitively large, while for multi mode waveguide the losses are
much lower.
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Although the use of multi mode waveguide thus solves the

problem of attenuation in first order, it raises new problems, most of
which are related to mode conversion.

Mode conversion in waveguide systems is the exchange of power between
modes.

The coupling between the modes, which vanishes for ideal

uniform waveguide, is a result of non-uniformity, in components like
tapers, transitions and bends.

Mode conversion generally results in

transfer of power from low order, wanted modes to unwanted modes with
higher mode numbers.

The unwanted modes are unwanted because for

example the detectors are not sensitive
contribute
component.

to unwanted

side

lobes

in

to them, or because they
the antenna

In any case, they enhance the losses.

coupling between modes

increases with

pattern

of

a

In general, the

the ratio of

the waveguide

dimensions to the free space wavelength.

Calculations of mode conversion in a single component can be made.

It

is, however, not feasible to perform a full calculation for a multi
mode system consisting of more than, a few components.
calculations

being

complicated,

the

result

will

because not all effects can be taken into account.

Apart from the

not

be

accurate

Anyway, such a

calculation would be unnecessarily detailed in many cases.

In the

majority of applications it may suffice to estimate the mode content
of the radiation in a waveguide from the width of its antenna pattern,
measured at a well-chosen aperture.

This is possible because higher

order modes have the maxima of their radiation patterns under larger
off-axis angles then low order modes.

The equation that relates the

number of modes N to the subtended solid angle fi of an antenna pattern
2
from a waveguide with aperture area A is: N = A Q / X
, where X is
the wavelength.

This empirical approach towards the wave propagation

in the waveguide systems, in combination with an optical or wave
mechanical treatment of those parts of the instruments that are very
large compared to the wavelength, is a good basis for most design
work.

1S

There are, on the other hand, applications where one is interested in
a precise measurement of the mode conversion in a component or in a
simple system.

For those purposes we have developed an analysis

method which, again, is based on a measurement of the antenna pattern
radiated by

the component.

The component must, at

aperture, be fed by a single mode source.

its entrance

The radiation pattern at

its output aperture is then an interference pattern of the radiation
pattern of
spurious

the dominant mode with

modes

that

are

generated

the radiation patterns
by

the mode

of

conversion.

the
By

decomposing the measured pattern in the patterns of the individual
modes, which are calculated, we infer the mode conversion.

We perform

the calculations of the radiated fields of the individual modes in the
Fresnel approximation.

This is valid at smaller distances than the

usual Fraunhofer. or far-field, approximation.

Although the use of

Fresnel

the mathematics, it

type calculations severely complicates

allows the measurements to be done at relatively small distances from
the aperture.
size.

Hence we can work with an experimental set-up of modest

In our applications, the Fresnel approximation allowed us to

work as close as 0.5 m from the aperture, whereas for the Fraunhofer
case a minimum distance of about 3 m would be required.

In chapter 3

we describe this work in detail.

2.3

The Grating Polychromator for JET

The

spectrometer

installed

at

JET is

a

twelve

polychromator of the conical diffraction type [3].

channel

grating

The technique of

conical diffraction [4] allows for the construction of instruments
with

a

high

efficiency

over

a

large wavelength

range. This

is

accomplished by choosing the axis of rotation of the grating, by which
one

selects

the wavelength

grating grooves.

of

observation, perpendicular

the

The blaze condition is then satisfied, independent

of the grating angle c.q. the frequency of observation.
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to

In contrast.

in the conventional grating mounting the rotation axis is parallel to
the grooves.

Rotation of the grating then automatically changes the

blaze condition.

The spectrometer for JET was developed on the basis of a six channel
prototype [2]. This instrument had been used successfully for a study
of ECE during Electron Cyclotron Resonance Heating on the T10 tokamak
in the Kurchatov Institute in Moscow [5].

The arrangement of the

optical parts, the grating and the mirrors, of the JET instrument is
nearly identical to that of the prototype.

The cat's eye arrangement

of the grating allows for a compact design of the whole spectrometer.
A schematic view is given in figure 2.3.1.

The insert shows a few

typical ray trajectories.

The new system differs strongly from the old one in the design of the
waveguide system and of the electronics.

As regards the waveguides,

the design objective of minimising mode conversion led to a thorough
redesign.

Rectangular

circular waveguide.
preferential

waveguide was used

throughout

rather 'than

The reason is that circular waveguide has no

orientation.

Therefore, even small imperfections can

lead to rotation of the polarisation of the radiation, which enhances
the losses.

The dominant source of mode conversion is non-uniformity in tapers,
bends and

transitions.

Consequently, we made all

tapers

instrument as long as the external constraints permitted.
were all machined to close tolerances (0.01 degree).

in the

The bends

To prevent long

term corrosion, all components were gold plated. The support structure
of the waveguides is rigid and makes an accurate alignment possible.

At two places in the system the use of circular waveguide could not be
avoided.

Firstly,

the

detectors are circular.

entrances

of

the

commercially

available

Secondly, the focussing properties of the

optical arrangement require that the entrance waveguide (see figure
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A schematic view of the grating polychromator.
shows

trajectories.

the optical

components and a few

typical

2.3.1) be

rotable,

in order

to create a

radiation that matches the exit waveguides.

focus of

the dispersed

This is accomplished by

coupling back to back two transitions from rectangular to circular
waveguide.

Figure 2.3.2 shows the exit waveguide assembly and the

rotating section.

Figure 2.3.3 shows the basic components of the exit

waveguide assembly.

Chapter 4 describes
transitions.
transition

the design and construction of

the waveguide

It is possible to calculate the shape of a waveguide

that couples

from

the fundamental

mode

in

rectangular

waveguide to the fundamental mode in circular waveguide, with minimum
generation of other modes.

The fundamental mode is the most wanted

one, because it has the lowest losses in the system and because it is
the mode to which the detectors are the most sensitive.
stainless

steel

mandrel

of

the

prescribed

shape

We produced a

on

a

computer

controlled milling machine that was supplied with coordinates by the
computer code that calculated the shape.

The actual components were

manufactured by electroforming on this mandrel.

The electronics of the system had to comply with the remote handling
requirements posed by JET.
documentation,

and

in

The details are described in the system's

the users manual

[6].

Elaborate

programs were written for control [7] and data display [8].
JET operations, the system
automatically.

computer
During

is remotely controlled and works fully

Intervention is required only when JET changes to

different operating conditions.

Figure 2.3.4 shows the complete instrument.

Table 2.3.1 gives an

overview of the main specifications.

23

Figure
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Figure

2.3.3

assembly.
plated.

Conitruction

The material

detail

li brass.

of

the

«xi t

waveguide

The components are gold

Figure

2.3.4

Two

pictures

of

the

Instilment.

shows the optics and the exit waveguide
i5 a

front

view,

showing

assembly.

the electronic!.

boxes arr the shielded c a b i m

The

Picture

a

Picture b
two

Large

that contain the detectors.

Table 2.3.1

Main specifications of the system.
(typical values)

Total spectral range (with 2 gratings)

: 50 - 250 GHz

Radial range covered in one shot

: 0.6 m

Reso lying power

: 60

Spatial resolution along sightline

: ± 30 mm

Spatial resolution perpendicular to
sightline
Sensitivity (detector output)

: ± 80 mm
: 0.01 pV/eV

RHS noise at detector output at
10 kHz electrical bandwidth

: 0-3 jiV

Noise equivalent plasma temperature
at 10 kHz electrical bandwidth

: 30 eV

Maximum electronic bandwidth

: ZOO kHz

Maximum digltiser sampling race

* 1 MHz

Installed memory per channel

: 16 kwords

Maximum chopper frequency

: 50 Hz

Duty cycle of chopper

"• 0.95

2.4

ECE Spectroscopy; Calibration and Applications

Electron cyclotron emission is generated by electrons gyrating around
the lines of force of a magnetic field.

An electron absorbs or emits

radiation at harmonics of the cyclotron frequency:

f=nf

ce

= n e B / v(2 I m )
e'

where B is the magnetic field, n is the harmonic number and e and m
are the electron charge and mass respectively.

The toroidal magnetic

field in a tokamak is inversely proportional to the distance R to the
central axis of the torus. For given harmonic number n. this relation
between

frequency

and

radial

position

represents

a

direct

transformation between a measured ECE spectrum and the radial profile
of the emission intensity.

In specific regions of the spectrum, under conditions that normally
prevail in a tokamak, the emitting plasma is optically thick.

The

emitted radiation level is then given by the Rayleigh-Jeans blackbody
law, which implies that it is linearly proportional to the electron
temperature.

A high optical depth

is reached

in particular

for

radiation in the ordinary mode at the cyclotron frequency and in the
extraordinary mode at the second harmonic.
and extraordinary
regions

of

the

refer

spectrum

The designations ordinary

to the two orthogonal polarisations.
that are not

optically

thick, a

In

rather

complicated analysis of the spectra allows in principle for study of
non-thermal features of the distribution function of the electrons.

A useful introduction to the field of ECE spectroscopy is given in Ref
[9]. Ref [10] is the most comprehensive review to date, with emphasis
on

theoretical

aspects.

An

up-to-date

overview

of

experimental

techniques and instrumentation is given in Ref [11].

Calibration is the determination of the constant of proportionality
between

the ECE system's output

signal and

the plasma's

electron
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temperature (at least in optically thick regions of the spectrum).
Uncertainties in the calibration constitute the dominant source of
errors in the measured

temperatures.

important issue in the field.
sources

of

large area are

For

that reason, it is an

Calibration methods involving thermal
straightforward

in principle.

Their

disadvantage is that, with the temperatures that can be obtained,
signal

integration

required

times of

to obtain a

the order of hours or even days are

sufficient

signal

to noise

ratio.

As

an

alternative, we developed a calibration method in which a large area
thermal source is simulated by spatially scannning a small microwave
source

[12].

In

this way a very high effective

obtained; a typical value is ten million electronvolt.

temperature

is

We tested the

method by applying it to two different ECE spectrometers, a Michelson
interferometer

and

our

grating

polychromator.

In

addition,

we

assessed the feasibility of a second method, based on the use of a
microwave source in connection with an untuned cavity.

The JET report

on this work is included in this thesis as chapter 5.

The grating polychromator contributed to a large number of topical
physics studies.
temperature

at

Because of its capability to measure the electron
twelve positions

in

the plasma with a

high

time

resolution, it is especially suited to the study of fluctuations and
sawtooth oscillations.
causes a periodic

Sawtoothing is the name for a phenomenon that

fast

flattening and

electron temperature profile.

slower peaking

up

of

the

The profiles just before and just after

such a flattening, and the corresponding electron temperature signals
at three radii, are schematically shown in figure 2.4.1.

In figure

2.4.2 we show a measured temperature signal near the centre of the
plasma.

Sawtooth oscillations generally occur in tokamaks when the

central value of the safety factor q reaches a value below one.

Of

the various models that have been suggested to explain the phenomenon,
none has been proved to be correct yet.

In JET a wide variety of manifestations of the sawtooth oscillation
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trace during
(timescale

Example

of

saw too thing.

100 ms) . and

a

measured

We observe
the

fast

electron

temperature

the slow

collapse

rise phase

(timescale

100

l*s). During the rise phase we observe an oscillation with a
frequency of about 500 Hz. This is the typical frequency of
the magne tohydrodynamic oscillations,that of ten occur dur ing
sawtoo thing.

In

these

sawteeth,

oscillations are observed.
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no precursor

or

successor

have been

observed.

There are ordinary

precursor oscillation before the collapse.
on

the

smaller

tokamaks.

The

growth

sawteeth, which

show

a

This type is also common
phase

of

the

precursor

oscillation has been interpreted as a growing magnetic island close to
the flux surface of unity safety factor.

However, the oscillation can

also be interpreted as a kink mode, at least in JET.

In JET, as in

other large tokamaks, sawteeth of differrent types have been observed;
sawteeth

without

precursor

oscillations,

sawteeth

with

successor

oscillations, also so-called partial sawteeth which differ from the
normal

ones

in

the

symmetry

of

the

collapse

phase.

And,

most

recently, monster sawteeth, which have an exceptionally long duration
of the growth phase.

A typical monster sawtooth has a duration of 1

s, as compared to 100 ms for a normal one.

Sawtooth oscillations do

not have a detrimental effect on the plasma, although they limit the
attainable central temperature and they have a slightly adverse effect
on the energy confinement time.

Nevertheless, they are the subject of

rather intensive research, both in JET and elsewhere.

The grating polychromator
studies.

Firstly,

in

has been used

in a number of

the observation and

classification

sawtooth
of

the

different types [13][14], secondly in detailed investigations of the
fast collapse phase [15] and thirdly in a scaling study in which the
correlations between characteristic sawtooth parameters and the global
plasma parameters were investigated.

Sawtooth oscillations in the central regions of the plasma produce
characteristic temperature perturbations in the outer region.

The

study of this phenemenon, called heat pulse propagation, allows one to
determine the heat diffusivity in the outer region.
JET report about our efforts in this area.

Chapter 6 is a

Because the report has an

extensive introduction, we will not discuss the subjects of anomalous
transport and energy confinement here.

An abbreviated version of this

report is submitted for publication to Nuclear Fusion.

The grating polychromator has been used in a series of ICRH (Ion
Cyclotron

Emission

Heating)

modulation

experiments.

The

power

deposition profile of an auxiliary heating method can be inferred from
the response of

the electron

incident power level.
deposition profile oT

temperature

to a

transient

in

the

This technique has been used to determine the
ICRH.

The

ICRH generator

was

square-wave

modulated and the electron temperature response was measured.

Because

the

of

signal

to

noise

ratio

is

low,

coherent

detection

the

temperature with the modulation signal is a necesssity.

Finally, the grating polychromator has been used in attempts to detect
a magnetic island as precursor

to a major plasma disruption.

An

island, on the flux surface where the safety factor q equals two, is
predicted by theories that seek to explain disruptions.

Also, if a

reliable precursor to a disruption can be found, in the form of the
temperature perturbation caused by an island, it is conceivable that
external feedback circuits can be developed to stabilise disruptions.

In conclusion, the operation of the grating polychromator has yielded
a wealth of physical

information during the past two years.

The

physics research in JET is largely conducted in a system of topic
groups.

We made contributions to the work in an appreciable number of

these groups, with emphasis on the groups responsible for the study of
sawteeth and disruptions, the confinement, and a study of the response
to a modulation of the additional heating.

This is reflected in the

number of publications listed in the next section.

Recently, the H

mode (a confinement mode with a better energy confinement than the
usual L mode) was established in JET.
become available.

Also a pellet injector has

We expect that significant contributions in these

areas will be made with the aid of the grating polychromator.
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2.5

Overview of publications

The work with the polychromator has resulted in a large number of
publications in the literature and on conferences.

In particular

during the operational phase, the electron temperature measurements
with the polychromator have contributed to a number of investigations
in JET.

In some of these studies, the grating polychromator was a key

diagnostic.

Examples are the heat pulse propagation, the modulation

experiments with the ICRH and the sawtooth and disruption studies.
other studies, its role was more modest.

In

In this section we present a

complete overview of publications and conference papers to which the
author of this thesis has contributed.

Campbell D J et al.
Analysis of sawtooth instabilities in JET
Proc. 12th Eur. Conf. on Contr. Fusion and Plasma Phys.,
Budapest. 1985

Vol 9F-1 (1985) 130.

Schuller F C et al.
Experimental observations of disruptions in JET
Proc. 12th Eur. Conf. on Contr. Fusion and Plasma Phys.,
Budapest. 1985

Vol 9F-1 (1985) 151.

Tubbing B J D, Barbian E P. Campbell D J, Hugenholtz C A J.Niestadt
R M, Oyevaar Th. Piekaar H W
A twelve channel grating polychromator for measurement of electron
temperature in JET
Proc. 12th Eur. Conf. on Contr. Fusion and Plasma Phys.,
Budapest, 1985

Vol 9F-1 (1985) 215.
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Gambier B J et al.
Electron power deposition profiles during ICRF heating on JET
Proc. 12th Eur. Conf. on Contr. Fusion and Plasma Phys.,
Budapest, 1985

Vol 9F-2 (1985) 152.

Jacquinot J et al.
ICRF studies on JET

(invited paper)

Proc. 12th Eur. Conf. on Contr. Fusion and Plasma Phys.,
Eudapest, 1985
Plasma Physics and Controlled Fusion 28 1A (1986) 1.

Bickerton R J et al.

(invited paper)

Latest results from JET
Proc. 12th Eur. Conf. on Contr. Fusion and Plasma Phys.,
Budapest, 1985.
Plasma Physics and Controlled Fusion 28 1A (1986) 55

Cost.ley A E et al.
Measurements of electron cyclotron emission on JET
27th meeting of the American Physical Society,
San Diego, 1985
Bull. Am. Phys. Soc. 30 (1985) 1414.

Piekaar H W, Goedheer W J. Niestadt R M, Stringer T. Tubbing B J D
Electron thermal conductivity coefficients derived from the electron
temperature relaxation after an internal disruption
27th meeting of the American Physical Society,
San Diego, 1985
Bull. Am. Phys. Soc. 30 (1985) 1525.
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Kissel S E et al.
A

comparison

of

three

different

methods

for

calibrating

ECE

measurement systems
Proc. EC-5, 5th

Int. Workshop on Electron Cyclotron Emission and

Electron Cyclotron Resonance Heating
San Diego, (1985) 65

Campbell D J et al.
Sawtooth activity in ohmically heated JET plasmas
Nucl. Fusion 26 (1986) 1085.

Edwards A W et al.
Rapid collapse of a plasma sawtooth oscillation in the JET tokamak
Phys. Rev Letters 57 (1986) 210.

Niestadt R M, Tubbing B J D, Oyevaar Th,
Calibration of the fast twelve channel ECE spectrometer at JET
Rijnhuizen report RR86-168.

The JET team
Plasma Heating in JET

(invited paper)

Proc. 13th. Eur. Conf. on Contr. Fusion and Plasma Heating,
Schliersee, 1986.

The JET team
Impurity behaviour in JET

(invited paper)

Proc. 13th. Eur. Conf. on Contr. Fusion and Plasma Heating,
Schliersee, 1986.

The JET team
First results of neutral beam heating

(invited paper)

Proc. 13th. Eur. Conf. on Contr. Fusion and Plasma Heating.
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ABSTRACT

From measured antenna patterns of waveguide antennas the distribution
of the power flow over the modes in the waveguide can be derived.
The complex amplitudes

of a set of trial modes are obtained by

fitting their individual antenna patterns to the measured pattern.

We developed this method

for applications in the frequency range

typical for microwave diagnostics for fusion plasmas, 50-500 GHz.

In

order to allow an experimental set-up of moderate size, the antenna
pattern

calculations

and

the measurements

Fresnel region of rectangular antennas.

are performed

in the

A computer code for the

analysis and fully automated hardware for the measurements were
developed.

The method was applied to determine the spurious mode generation in a
rectangular taper and in a mode converter tapering from a rectangular
to a circular cross-section.

The applications show that the method

is sensitive to mode conversion at the procent level, but that there
is a remaining problem.
amplitudes is found.

More than one solution for the complex

If this can be solved, the method is a powerful

tool for the assessment of the performance of waveguide components.
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1.

INTRODUCTION

Important

diagnostic

confinement

information

about

plasmas

in

magnetic

devices' can be obtained with diagnostic systems that

operate in the mm wave region of the electromagnetic spectrum.

In

toroidal devices, the radial electron temperature profile can be
measured by electron cyclotron emission spectroscopy
electron

density

can

be measured

by

interferometry

[1] [2], the
[3]

[4] or

reflectometry [5] [6] and information about plasma turbulence can be
obtained by measurements of the scattering of radiation by density
fluctuations [7] [8].

The diagnostic systems for these applications are usually coupled to
the plasma by waveguides or, alternatively, by Gaussian beam systems.
Also, in the diagnostic systems themselves radiation is transported
by waveguides.

The use of single-mode waveguide for this application

is ruled out because its attenuation, ie. power loss per meter, is
much too high.

Instead, one uses overmoded waveguide, which has an

acceptable attenuation.

Typical cross-sectional dimensions are a few

cm, whereas the typical wavelength is a few mm.

The number of modes

that can propagate is between a few and a few hundred, depending on
the ratio of the dimensions to the wavelength.

Although this solves the problem of attenuation at least in first
order, new problems arise, in particular that of mode conversion.
Mode conversion in a waveguide is the transfer of power between modes
with different order numbers.

It is caused by non-uniformity of the

waveguide, in elements like tapers, stepwise transitions, bends etc
[9] [10] and by the finite resistivity of the waveguide walls [11].
Mode

conversion

generally

increases

the

transmission

losses, by

coupling power from wanted, low ordor modes into unwanted modes with
higher mode numbers.

Because

higher

patterns under

order

modes

have

the maxima

of

their

radiation

larger off axis angles, mode conversion generally

causes side lobes in antenna patterns.

- 4 -

This makes it more difficult

to obtain well-defined patterns, as are required eg. for the creation
of a focus of the radiation.

The objective of the work presented here was to create a tool for the
measurement

of

the

mode

composition

components for mm wave diagnostics.

of

radiation

in

waveguide

A waveguide system or component

is fed from a single mode microwave source.

We then measure the

antenna pattern of the waveguide at a termination into free space.
This

pattern

patterns

is the

result

of

interference

of the individual modes.

Because

between the antenna
the patterns of the

individual modes are unique, and because they can be calculated, the
mode

composition

of

the

measured

pattern

decomposing it in the patterns of the modes.

can

be

inferred

by

Work of this type has

been reported [12]. Here the mode composition of the radiation from
gyrotrons was measured.
of

The measurements were taken in the far-field

cylindrical waveguide apertures.

The calculations of the radiation pattern of the individual modes can
most

easily

approximation

be

performed

[13].

in

the

The expressions

far-field,

or

Fraunhofer,

thus obtained are valid at

distances from the radiating aperture exceeding 2 D2/A, where D is
the maximum cross-sectional dimension of the aperture, and A is the
wavelength.

For our application, this would require the antenna

pattern to be measured at a distance in excess of 5 m.

It was

considered impracticable to construct a device capable of measuring
at such large distances.
antenna

patterns

approximation.

of

This

Instead, we perform the calculations of the
the

individual

approach

modes

complicates

allows distances of about 0.5 m.

the

in

the

Fresnel

calculations, but

The experimental set-up can be of

more moderate size.

- 5 -
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2.

THE MODE ANALYSIS

2.1

TE and TM Modes

The electromagnetic
expanded

field in a uniform metallic waveguide can be

into a linear

combination of modes.

The modes form a

discrete set of solutions of the wave equation which can be reduced
to a two dimensional eigenvalue problem under the boundary conditions
imposed by the cross-section of the waveguide.

This set is both

orthogonal

subset

and

complete

[14].

Only

a

finite

solutions represent modes that can actually propagate.
which

have

wave

numbers

below

the

cut-off

wave

expotentially damped in the longitudinal direction.

of

these

The others,
number,

are

The total number

of propagating modes is roughly proportional to the ratio of the area
of the cross-section to the square of the free space wavelength.

For rectangular waveguide, the modes are designated as TE
or TM .
mn
mn
For TE modes the component of the electric field parallel to the
waveguide axis vanishes, for TM modes the longitudinal component of
the magnetic field.

The modes numbers m and n specify the number of

maxima of the electric field along the x and y axis respectively.
The propagation, in the longitudinal direction, is governed by a wave
number S , which is a function of the mode numbers, and which is
mn
equal for TE and TM modes with equal m and n.

Figure 2.1.1 shows the coordinate system.
dependence e-1

We adopt harmonic time

. The total electric field of a TE and TM mode can be

written as:
Emn(x,y,z,t) = s "(x,y)

In appendix Al we give the equations for the transverse components of
e" 1 for TE and TM modes [13] [14] .

The electromagnetic field is completely described by the transverse
components of e
h

. The transverse magnetic field in a cross-section

can be calculated using the following equation, derived from

- 6 -

Figure 2.1.1 Tne coordinate system
and notation conventions.

Maxwells curl equations:

where Y

is the waveguide admittance and u is the unit vector in
w, mn
~z
the 2 direction. The longitudinal components are not required in the

calculations,

but

can

be

calculated

using

Maxwells

divergence

equations.
The power carried by the wave is given by integration of the Poynting
vector over the cross-section:
P = K tS (e^xh 1 1 " 1 ) • u

dS

(2.1.3)

z
The expressions in Appendix 1 contain a normalising factor a

such

that the power carried by the mode is equal to a reference power
P

2.2

,, independent of mode numbers.

The Section Modes

Often,

the

symmetry

properties

of

the

feeding

mode

and

of the

waveguide geometry dictate that either the x or the y component of
the electric field vanishes.
excited by the TE 1 0 mode:

Eg. in the case of a pyramidal taper
the x component of the electric field

vanishes everywhere for such a taper.

Because TE

mn

and TM

modes,

ran

with equal m and n, have the same propagation constant |3 , this
condition can be met by a proper linear combination of the TE and
TMmn modes, with weight factors w and em
w:
TE

e

x

V

= V

e

e
= w
e

x

™mn

mn

m ex

1

(2.2.1)
y w

ran

m

The condition e = 0 thus determines the relative strength of the two
X
modes.

50
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Those linear combinations are called section modes:
vanishes and (E H)

if e

vanishes [11] [15].

again form a complete and orthogonal set.

(E H)
if e
x mn
x

The section modes

They include TE

modes, which themselves fulfill the symmetry condition.

Q

and TE Q

Depending on

the symmetry considerations, we may thus prefer an expansion of the
field in the waveguide into section modes rather than into TE and TM
modes.
The expressions for the transverse electric fields e
modes are given in appendix A2.

of the section

The fields are normalised such that

the power carried by a mode equals P

,, consistent with the

normalisation of the TE and TM modes.

2.3

The Fresnel Approximation; Region of Validity

In this section we consider a waveguide antenna radiating into free
space.

The fields in space are calculated by integration of the

fields on the aperture times the Green's function.
following expression [13] (see fig.

This leads to the

2.1.1 for the coordinate

system).

E(r) = S
Sa
+

1
jue

/
S

V

V

x [u x E(r")] $(r,r') dr'
(2.3.1)

x (V x [u x H(r')]) f(r.r') dr'

where E(r) is the radiated field, E(r') and H(r') are the fields on
the aperture, S a is the aperture surface, and V r differentiates with
respect

to r.

The function $(r,r') is:

$(r,r') = J_ e -J k l 1 ^'"
An
This

integral

can not

be

calculated

(2.3.2)

llr-r'll
analytically without making

simplifications.

Numerical integration is straightforward, but is

costly

of

in

terms

CPU

time.

In order

- 8 -

to obtain

approximate

analytical

expression,

evaluating

the

various

function $.

approximations

This

leads

can

be

to expressions

made

in

for the

radiated field that are valid in different spatial regions [13] [16] .

In the numerator of $, llr-r'll is replaced by r.
r' << r.

This is allowed if

The denominator of $ is an oscillating function, so that

errors in evaluating llr-r'll lead to phase errors in the field.
llr-r'll

Here

is evaluated as follows:

llr-r'll = r (1 -

2

- ' -' + r ' 2 ) ^

where the square root is expanded up to terms of order (r'/r) 3 .

In

the Fraunhofer, or far-field, approximation, only the first two terms
on the r.h.s are retained, the other two being the dominant error
terms.

In the Fresnel approximation

the

first three terms are

retained; the fourth term cannot be kept because it gives rise to an
integral that is not separable in cartesion coordinates.

For small

2

values of the scalar product (r*r')/r , that is, for narrow antenna
patterns, this term is much smaller than the third.

We can quantitatively estimate the importance of the error terms by
substituting

a maximum

value

r'=

D/2, where

D

is

the maximum

cross-sectional dimension of the ape.rture, further substituting, (r •
r')/rr'= cos (n/2 - 0 ) , where 0

is the half width of the antenna

pattern, and by requiring that the relative error in Mr - r'll does
not exceed the usual

[12] limit of A/16r.

This leads to a lower

limit for r; in the case of the Fraunhofer approximation we find
r . = 2 D 2 (1 + sin20.J , which for B. = 0 reduces to the well-known

mm

—A—

t

t

equation r . = 2 D 2 / A [13]. In the case of the Fresnel
approximation
we have r . = 2 D 1 sin2©,..
rr
min
—j^t

Substituting values that are typical for our applications (D = 8 cm,
9

= 10°, A = 2 mm), yields for the Fraunhofer approximation a value

- 9 -

for r .

= 6 m, prohibitively large for an experimental set-up.

the Fresnel case, we find r .
mm
value.

On

the basis of

For

= 0.3 m, which is a more practical
^

these considerations, we proceed

with

calculating the radiated fields of the waveguide modes in Fresnel
approximation.
We are, at a distance large compared to D, only interested in the
radiated

fields, which have a radial dependence 1/r.

terms of higher order in 1/r, the V
multiplication by

Neglecting

operator can be replaced by a

-jk( r - r/)/Hr - r'll [13]. Carrying through the

approximation then yields the following expression for the cartesian
components of the radiated field of a rectangular aperture:

k

$dS -

s E

'Yw

/ H(y-y") 2

JWEr2

- (x-x")(y-y') E )$dS

E

= -^

S E

E

= ^

/ {(x-x') E

Z

$dS -

r

w

/ {((x-x')2 + z 2 ) E

+ (y-y') E }$dS +

X

k

' Y w z S {((x-x') E

y

X

+ (y-y') E )$ds

(2 3

4)

with
T

$ =

.
1
4nr

-jkr " £ < * ' * -2XX'
eJ
e

+

y--2yy-)

where dS = dx'dy' and where the integration extends over the aperture
area.

Once the electric field E(r) is calculated, the magnetic field is to
sufficient approximation given by

H = Yo u r x E

- 10 -

(2.3.5)

S3

where u = r/r.
2.4

Radiation Patterns of the Individual Modes

With each mode is associated a radiation pattern in free space, which
can be calculated by substituting the mode fields e , h for K(r')
and H(r') in equation 2.3.4.
In this section we derive the
expressions for the radiated fields of TE and TM modes. The radiated
fields of the section modes are obtained as the appropriate linear
combination of these, as discussed in section 2.2.
Carrying

out the substitution,

and some

algebraic

manipulation

yields:
zvxIj(x,O) I2(y,0)
E"1U = ik e -jkr
4nr2

zv I (x,0) I (y,0)
y 2

1 y

-v I (x,l) I,(y,0) - v
,jk Y

-jkr

z>v I,(x,0)I.(y,0) + vl^x.WI.ly^) - v I (x.l)I. (y,l)
X

X

y

z»vy Ia(x,0)I,(y,0) + vyI2(x,2)I1(y,0) - vxII U, l)I2 (y,

(2.4.1)
where for TE modes v = a nn/b and v
x
mn
y
= a mn/a and v = o nn/b.
mn
y
mn

-a mn/a and for TM modes v
mn
x

The integrals are:

(x-x') L cos

I.Cx.L)
-a/2

fflS)
2

2<X

'~^

}

dx'

(2.A.2)

- 11 -

a/2
I.Cx.L) =

3
JrW
2r

.

T

(x-x')L cos (ES.

/
-a/2

+SE)

a

- 2xx')
dx'

e

2

and similar expressions for Ij(y,L) and I 2 (y,L).
By partial integration the L=l and L=2 integrals can be expressed in
the L=0 integrals.
The L=0 integrals can be written as Fresnel
integrals [17] by separation of real and imaginary parts and some
manipulation. The Fresnel integrals are tabulated [17] or can be
obtained from special function routines in a software library.
2.5

Analysis of Multi-Mode Patterns

If the field on the antenna aperture is a linear combination of a set
of modes mn, with complex amplitude c
(ie. lie II is the amplitude,
r
mn
mn
arg (c ) is the phase) then the radiated field is the same linear
mn
combination of the radiated fields of the individual modes:

SCI) - I I c m n l mn (r)
m n

Measurement
detector

of this composite

yields

a

detector

field with a polarised square-law
output

signal

V

that

is

linearly

proportional to the power density P in the polarisation component
that matches the detector polarisation.

Denoting two orthogonal

detector polarisations with unit vectors u , p = 1 or 2,
respectively, we have :
V ( r ) «c P ( r ) = H Y o II E ( r ) • u
i l l

( e l , (E m n
urn

• uj
~p

( r ) II 2

- c mn

(E™

• Up)) J»

m n

(2.5.2)

^

Vmn

V

m n
where we denote t h e r e a l and imaginary p a r t of c and E as c ' , E' and
c " , E" r e s p .

- 12 -
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Given a set of modes m, n with their amplitudes and phases (or
complex amplitudes) we can thus synthesise the antenna pattern as it
would

be measured

with

a polarised

square-law

detector

in two

orthogonal polarisations.

Conversely, we can analyse a measured antenna pattern, determining
the complex amplitude c

, by fitting the calculated patterns Er

a set of trial modes to the measured pattern.

of

If we have N trial

modes, we determine 2N-1 parameters, corresponding to N amplitudes
and N-l phase differences; a phase factor common to all trial modes
does not change the pattern.
absolutely

Also, because the detector is not

calibrated, we normalise the measured pattern and we

determined the relative amplitudes of the modes.

In the choice of the set of trial modes one is guided by the width of
the measured pattern, the position of its side lobes and by symmetry
considerations.

As an example of the latter, consider a measurement

on a pyramidal waveguide taper fed by a TE 1 0 mode.

Because both the

TE 1 0 mode and the geometry have mirror symmetry across the x = 0 and
y = 0 planes, this taper will not generate spurious modes that are
antisymmetric like TE 2 0 or TE J 2 etc [15].
2.6

Uniqueness of the Solutions

In this section we discuss the uniqueness of the set of complex
amplitudes c
trail modes.

obtained from the analysis.

Consider a case of N

We replace the mode number indices m,n, by a single

index and include the scalar products with the unit polarisation
vectors in the notation for the fields.
as E.

Hence we denote the fields

= (E'.,E'.f) = IIE.lKcos (e.), sin(e.)), with complex amplitudes

c. = (c;, c'.') = lie .ll(cos($.) , sin ($.)).

Equation 2.5.2 for the

power density then becomes:

fJ

o

= {I
j=i

(c:E- - C'IEV) }•
J J

JJ
(2.6.1)

5tt
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N
+ {X

(c'.E1.1 + c'.'E'.) } 2

With some manipulation this equation can be written as:

^
X

N
N
= £
Z
llc.llllc.IIIIE.IIIIE.il c o s ( $ . + £ . - $ . 1
J
x
°
j = li = l J
J
J
i

e . )
i

(2.6.2)

The phase of the first mode $j can be set equal to zero, because the
antenna pattern depends on phase differences between the modes only.
The problem thus has 2N-1 unknown parameters, ie. N amplitudes lie.II
and N-l phases $..

Further, we set the phases of all the fields equal to zero, ie. e. =
0 for all j.

This assumption is correct in the Fraunhofer region,

where all equi-phase surfaces are spheres, and hence e. - e. is
constant over the pattern.

(The n/2 phse differences between modes

with even and odd values of m + r. are taken up in the $.). In the
Fresnel region, where the equi-phase surfaces are not spherical, the
discussion is similar in principle, but the equations have a larger
number of terms.
some manipulation:

Thus setting e. and $, equal to zero yields, with

N

2P

f- = l_ lie.II* HE.II'
1

j ~ •"•

o

J

J

+ £
IICjllllc.IIIIEjllllE.il cos $.
1
1
x
i=2

(2.6.3)

N N
+ 2£
J
llc.llllc.IIIIE.IIIIE.il cos ( $ . - $.)
J
x
J
x
J
X
j=2 i=j+l
The r i g h t

hand

measurements,
locations r

side

with
.

now has % N(N+1)
M equal

to

terms.

% N(N+1),

on

Suppose we take M
different

spatial

We can w r i t e a l i n e a r system of e q u a t i o n for
3

unknowns lie.II , lie j l l l l c J I c o s d ^ )

and lie .IlllcJIcostfc. - $ i ) .

the
This*

l i n e a r s e t c o n s i s t s of M rows, each of which i s equation 2.6.3 for a
value

of

r .

T h i s system has one s o l u t i o n p r o v i d e d t h e m a t r i x

- 14 -
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containing as rows the elements HE.II2, IIEjllllE.il and IIE.IIIIE.il is
linearly

independent.

Because the antenna patterns of different

modes have their maxima at different positions in space, we can
always choose a set of positions r
independent.

such that indeed the matrix is

The system will then yield a single solution for the

unknowns.
From the N solutions for lie.II2 we know immediately the amplitudes of
the trial modes.

Further, from the N-l solutions for lie. Illlc. llcos($.)

we know the values of cos ($.), hence of 11$. II, without knowing the
sign.

However, the sign information is obtained from the solutions

for lie .Illlc. llcos($. - $ . ) , because if 11$.II, 11$.II and 11$. - $.11 are
known, the relative sign of $.and $. is known.

The only ambiguity

that remains is a trivial reversal of all phases.

This system is over-determined; there is a remaining set of equations
{% NCN+1) -

(3N-3)) that is not used.

Furthermore, we use the

solutions for the phase differences only to establish the signs.

The

over- determinedness, in combination with statistical errors on the
measured powers P(r ) or in combination with deviations in the
m
calculated patterns in the E matrix (due to the approximations
inherent in these calculations) may lead to numerical instability.
It is necessary to test the consistency of a solution with the fulls
et of equations, in order to qualify the solution as valid.

This

was, however, not further investigated.
We note that in the case of two trial modes the system is not overdetermined.

The number of unknowns, 3, is then equal to the number

of terms in equation 2.6.3.

In conclusion, we thus expect a unique solution for the amplitudes
and the phases.

In our implementation of the method we do not use a

matrix inversion technique to solve the system of equations, but we
employ a linear least squares routine.

This routine should iterate

to the same solution as would be obtained by a matrix inversion.

Although we expect a unique solution, it is possible that other
solutions exist that can not be distinguished from the true solution
SB

- 15 -

by the simple least squares criterion.

This can be due to noise on

the measured powers or deviations in the calculated patterns.

In

fact, it will be shown in chapter 4 and 5 that such problems were
indeed encountered.

- 16 -
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3.

THE EXPERIMENTAL SET-UP

Hardware and software were developed to perform the measurements of
the antenna patterns fully automatically.
is sketched in fig. 3.1.

The mechanical apparatus

It consists of a beam which can be rotated

about two orthogonal axes by two drive units, each consisting of a
stepper motor and a harmonic gear.

The length of the beam is about

1.5 m.

On the beam a diode detector is mounted with a horn of

aperture

size

intersection

10 x

point

10 mm.
of

the

investigation is located.
absorbing material.

The' horn
two

axes,

is directed
where

the

towards

aperture

the

under

The beam is well covered with microwave

The electronic driver of the stepper motors is

equipped with an RS 232 interface to a PDF 11/23 computer, which is
programmed to perform the spatial scans.

In fig. 3.2 we show the coordinate system associated w-th the device,
and we show the definition of the two orthogonal polarisation vectors
ux

and u 2 .

The microwave power into the waveguide system is obtained from a
Backward Wave Oscillator.
170 GHz.

This instrument is tunable between 110 and

The BWO is square-wave modulated (on-off).

The square-wave

signal from the diode detector is amplified by a lock-in amplifier
and digitised by an analog to digital convertor.

It is sampled once

for every spatial location of the detector where a data-point is
required.

The antenna patterns are measured with the detector in Uj or u 2
polarisation, or in both polarisations, depending on the application.
The analysis is performed by a Fortan code called FRAMO, on a main
frame computer.

The output of the code consists of a list of complex

amplitudes of the trial modes.

The code also produces graphical

output in the form of contour plots of the measured and fitted
patterns.

BO
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DIODE DETECTOR AND HORN

WAVEGUIDE

HEIGHT ADJUSTMENT
STEPPER MOTOR
AND GEARS

Figure

3.1

apparatus.

The

experimental

The 1.5m long beam on

which the diode detector is mounted
can be rotated around two orthogonal
axes by combinations of a stepper
motor and a harmonic gear.

The

height of the beam is adjustable.
The configuration ensures that the
detector is always directed towards
Oie intersection of
axes, where

the rotation

the aperture under

investigation is located.

Figure

3.2

associaced
device.

The

defin;Lion

The

coordinate system.

with

the

figure
of

the

experimental

also

shews

orthogonal

vectors u^ = (6r_ / fiyj) /

the
uni*

l(

^±! / 5 y J :

and u 2 = (5r / Sy^) / u&r / 6y.u.

A.

In

APPLICATIONS

this

measured
taper

chapter

two applications of the method

are shown.

We

the spurious mode generation in a rectangular composite

and

a

waveguide.

waveguide

transition

The waveguide

from

rectangular

transition was designed

to

circular

for use

in a

grating polychroraator for electron cyclotron emission spectroscopy
[18] .

The composite taper is not a component of the spectrometer,

but was used as coupling element in various experiments.

4.1

Application to a Composite Taper

The composite taper tapers from fundamental D band (1.65 x 0.83 mm)
to a cross-section of 20.2 x AO.O mm, over a length of 600 mm.
taper is composed of s.everal components.
in figure 4.1.1.

The

Its construction is shown

The reason for the rather complicated arrangement

is that it is convenient to have a square cross-section, which allows
one to swap the orientation of the output aperture with respect to
the input.

The taper was fed at the small end by the backward wave oscillator at
140 GHz, with a pure TE 1 0 mode.

The antenna pattern of the large

aperture was measured at a distance of 1.3 m.
the pattern is relevant.
component, which

Only u 2 component of

The u, component is the cross polarised

is negligible. Figure 4.1.2

shows the results.

Figure a shows contours of constant power density, normalised on the
maximum value.

The datapoints in figures c and d are the measured

data of the corresponding E and H plane patterns.

The results of the mode analysis are also given in the figure. Figure
b shows the fitted pattern in the contour representation.
lines

The solid

in figures c and d are the corresponding fitted E and H plane

patterns.

The

analysis

yields

the

spurious

mode

content:

14%

(standard

devation 0.5%) of the total power is carried by the (E H ) l a mode,
whereas the contributions of the other trial modes (TE,., (E H).,,

- 18 -

20.2x40.4

Figure 4.1.1 Cross-sections of the
ccrposite taper. Between the crosssections shewn the tapering is
linear, the drawing Is not to scale.
Tnis cenposite taper is fed by the
backward wave oscillator.

A
|

tli

Measured

2,
?»0.200 —

1.5

t

O.Q

<

\

^

•%•

5.50

8.2S

7 , (deq)

c
H plane

.

.

0.6

2.0

4.0

6.0

B.O

0.6

12

7 , (*>9)

Figure 4.1.2:
Measured (A) and fitted (B) antenna patterns of the
composite taper. Tfce plots snow contours o£ constant power density. The
corresponding H plane (c) and E plane (D) patterns are also shown. The
points represent the measured data, the solid l i n e i s the lit.
68

(E x H) 34 ) are all smaller than 1%.

4.2

Application to a Waveguide Transition

We designed and manufactured a waveguide transition from the TE 1 0
mode in a rectangular (20.2 x 40.4) cross-section to the TEJJ mode in
a circular (15°) cross-section [19], This component was required in
the grating polychromator [18], in order to couple radiation from the
rectangular
detectors.

exit

waveguides

The TEJJ

to

the

mode, which

circular
is

the

entrances

fundamental

of

the

mode

in

cylindrical waveguide, is the mode to which the detectors are most
sensitive.

Because a microwave source, providing a pure TEJJ

mode, was not

available, and because our mode analysis is restricted to rectangular
waveguides, a direct measurement on one transition was not possible.
Instead, we coupled two transitions back to back with their circular
apertures.

Figure 4.2.1 shows the cross-sections.

This arrangement

is fed by coupling it to the composite taper shown in figure 4.1.1.

The u 2 component of the antenna pattern of the final 20.2 x 40.2
aperture was measured at a distance of 1.3 m.
measured pattern is shovm.

In figure 4.2.2.a the

Figure 4.2.2b shows the pattern that is

fitted by the analysis code.

In figures c and d the comparison

between the measured and the fitted patterns is shown for the E and H
plane patterns.

The analysis showed the following distribution of

power over the spurious modes:

27% (standard deviation 1%) of the

total power in the ( E x H ) 1 2 mode, 1.3% (s.d.0.5%) in the (E X H) 3 4 mode
and contributions of the (E H)j. and the TE-- modes smaller than 1%.
The total spurious mode generation of the composite taper plus the
two waveguide transitions is thus about 30%.

This application, however, revealed a problem with the method that we
have not yet solved.

Under different starting conditions for the

least squares routine, a second solution is obtained. This solution
yields the following division of power over the spurious modes: 34%
(standard deviation 1%) of the power in the (E H ) . , mode, 3% (s.d.
0.5%) in the ( E X H ) 1 A mode and contributions of the (E X H) 3 ^ and the
ee
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20.2x40.4

Figure 4.2.1

Cross-sections in the

measurement on the mode converter.
TVJD

converters,

coupled

back

to

back, were coupled to the composite
taper of figure 4.1.1.

A
Measured

--""' 0.*°°
•^-•^:o>.-7^z:

I III, ildlll

c
H plane

0.6f
0.4

2.0

4.0

6.0

8.0

10

7, (*g)

Figure 4 2.2: Measured (A) and fitted (B) antenna patterns ot the
ccflposlte taper and two transitions. The plots show contours of constant
power density. The corresponding H plane (C) and E plane (D) patterns are
also shown. The points npruant the naaiurad data, th* lolld l i m i s th*
fit.

plane

T E 3 Q mode smaller than 1%. The quality of the fit (the sura of the
squared residuals) of this solution is only about 1.5 times that of
the best solution. Vie prefer the best solution because it has the
smallest

sum

of

squares.

We will

come back

to

this apparent

non-uniqueness problem in the next chapter.

We know that the feeding composite taper is responsible for about 15%
mode

conversion

(see

section

4.1).

transitions converts about 15%.
the waveguide transition.
couple

of

transitions

Therefore

the

couple

of

This is a satisfactory result for

(If we accept the second solution, the

converts

about

25%, still

a

satisfactory

result.) However, the measurement described here is not entirely
decisive about the performance

of the converter.

Spurious mode

generation in the first transition may be partly cancelled in the
second.
required.

More elaborate measurements, at different frequencies, are
To be preferred is a measurement on one transition only,

ed by a pure circular TE.... mode.

- 20 -
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5

DISCUSSION

The application of the method to the two waveguide components shows
that the analysis can resolve spurious mode generation down to a
level of a few procent. This is a satisfactory result; a higher
accuracy will, in practice, seldom be required.

The problem with the double solution, mentioned in section 4.2, has
not yet been completely diagnosed.

We observe that even in cases

where we fit only two trial modes to a synthesised antenna pattern,
two solutions are obtained that differ distinctly in the amplitudes
of the fitted modes.

The synthesised antenna pattern was obtained

with a code that calculates antenna patterns by a straightforward
numerical integration of fields on the antenna aperture, for a given
combination of modes (see eqn. 2.3.1). We note that in the case of
two modes the proof of uniqueness (see section 2.6) is particularly
simple.

Hence we conclude that the problem is not with the algebra,

but that the system of equations we are solving is mathematically
ill-conditioned.

In other words, there

is in principle one true

solution, but there are spurious solutions possible.

The spurious

solutions have antenna patterns which can not be distinguished from
that of the true solution, neither by the simple

least squares

criterion we employ nor by visual inspection of the plots.
reason

that

the

true

solution

does not have

residuals that is significantly

lower

a sum

of

than that of the spurious

solution(s) , is that the sum of squares has a lower limit.
limit may be determined

The

squared

This

either by the statistical noise on the

measured pattern or by deviations in the evaluation of the patterns
of the individual modes in the Fresnel approximation.

The problem encountered is similar to the issue of uniqueness in
Fourier transform phase retrieval work [20].

Here one reconstructs

the phase spectrum of a Fourier transform from the, usually measured,
amplitude spectrum.

The solutions for the phase spectrum are known

to converge to the true solution only if the initial estimate of the
jShase supplied to the iteration routine is sufficiently close to the
solution itself

TO

[21].

In this area, however, one

- 21 -

is generally

concerned with a number of Fourier components that is much larger
than our number of trial modes.

Further research into the convergence and the uniqueness is required.
The method may now be used in applications where one has some a
priori knowledge

of

the

level

of mode

conversion.

However

in

applications where such knowledge does not exist, it may be difficult
to decide which solution to choose.

The difference between two solutions will most clearly be visible in
regions of the pattern where the contributions of neighbouring modes
are of comparable magnitude.

We recommend to investigate the use of

weight functions that favour these areas over the main lobes of the
patterns of the modes. For example in the case discussed in section
4.2 the sum of squares is dominated by the residuals in the central
part of the pattern, and the overlap regions get relatively little
weight.

We may increase the weight of the overlap regions by appying

an appropriate weight function.
of

analyses, using

different

It may be necessary to do a series
weight

functions,

to

discriminate

against spurious solutions; only the true solution should work with
all weight functions.
spatial

coordinates

As weight functions simple functions of the
can

be

chosen,

like

the

product

Yi

Y2•

Alternatively, one may take the square root or the logarithm of the
pattern before entering the least squares iteration.

The problem of apparent non-uniqueness will be more serious if a
larger number of trial modes is to be fitted.

It may thus set a

limit to the number of modes that can be handled.

If we succeed in finding a solution for this problem, the method is a
useful tool for the study of mode conversion.

- 22 -
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APPENDIX 1

In this appendix we give the equations for the fields of TE and TM
modes in a rectangular waveguide.

The relevant coordinate system is

show in figure 2.2.1 and harmonic time dependence e-'

is adopted.

The transverse electric field amplitude are

a

nn cos (mn (x + a/2)) sin (nn (y + b/2))

TE"
e
y
y

= -a
mn sin (mn (x + a/2)) cos (nn (y + b/2))
mn —
—
T~
a
a
b

(AH)
a
mn cos (mn (x + a/2)) sin (nn (y + b/2))
mn —
—
T"
a
a
b

e
y

=

a
mn

nn sin (nm (x + a/2)) cos (nn (y + b/2))
b
a
b

where m and n are the mode numbers, a and b are the waveguide
dimensions and a
is a normalising factor,
mn
a
is defined such that the total power carried by the mode is equal
mn
^
to a reference value P
ref'
a

= (

mn

2A

Y

m A n Fref

)*

(A1.2)

ibl^

w,mn

c,mn

where A. = 2 for i > 0 and A . = 1 for i = 0.
l

k

l

is the cut off wave number, given by:

(A1.3)
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The propagation of the wave is governed by the wave number p :

where k is the free-space wave number u/c.

The total transverse

field is thus obtained by multiplication of e with the phase-factor
exp (jwt - p z)
The waveguide admittance Y
T E mn

is given by

IY

=y p m n
w,mn
° -j—

[

(A1.5)
TM™

i
\

Y
= Yo k
w,mn
°g —
mn

v
where Y o is the admittance of free space, ( U 0 / E 0 ) .

The transverse magnetic field amplitude h follows from:

h = Yw uz x e

(A1.6)

where u is the unit vector in the z direction.
z
The

longitudinal

calculations,

but

field
they

components
follow

from

are

application

divergence equation V • E = 0 and V • B = 0.

76

not
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required
of

the

in

the

Maxwells

APPENDIX 2

The section modes are linear combination of TE and TM modes, such
ran
mn
that the x or y component of the resultant field vanishes.
The relative amplitudes of the TE and TM components are thus obtained
by setting ex = 0 for section modes labelled (ExH)mn, and ey = 0 for
section modes (E H)
y mn
The field of the section modes are written as (see eqn. 2.2.1):
TE
mn
ey = we ey

TM
m
» e
m y
(A.2.1)

(E

yH)

TE
nm

mn
e
=w e
x
e x

TM
mn
+w e
m x

TE
where the e mn fields are obtained from eqn. Al.l.

The weight

factors w and w are given by
,mn.2
a

w =
e

(k2 - (r^) )

p

%
ref .

' c,mn

(EH)
w

TE
mn na
"TM mb
a
ran

= -w
m

e

(A.2.2)

w

e

=

b >

n

(

-o

""

(k

2

(EH)

y
w

m

a

= - w

e

P

ref

2

c,mn

TE

mn mb
TM na
mn

- 28 -

77

With these expression for w and w , the field is normalised such

em
that the power carried by the mode is P
normalisation of the TE and TM modes.

78
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ABSTRACT
The design and manufacturing of a waveguide mode converter from
the T E ° Q

mode in oversized

circular

waveguide

is

cross-sectional

shape

stainless-steel

mandrel

milling

machine.

rectangular

described.
of

the
was

Sixteen

A

to the TE°i i mode in oversized
differential

converter
produced

converters

on

was
a

were

equation

solved

numerically
produced

for

numerically.
by

the
A

controlled
means

of

electroforming on one mandrel.

•3

1.

INTRODUCTION
This report describes the design and manufacturing of a broad-

band waveguide converter from the TE°o mode in oversized

rectangular

waveguide to the I E n mode in oversized circular waveguide. The demand
for such a converter arose during the design of a far-infrared grating
spectrometer

to perform

electron

cyclotron

emission

spectroscopy

on

the Joint European Torus [1 ]. The wavelength range of the spectrometer
is about 0.3 mm to 5 mm.
The spectrometer has twelve exit channels, consisting of smooth
rectangular

waveguide

cross-section

tapers

from the exit aperture dimensions

of 20.2x40.4 mm. It is expected

TEio mode will be excited

in the exit

to a

that, dominantly, the

apertures, resulting

in pre-

dominantly the TE"IO node in the 20.2x40.4 mm cross-section*.

Fig. 1.1. The TE°0 and TE°! modes.
a = 20.2 mm, b = 40.4 mm, d - 1^.0 mm.
The r a d i a t i o n has to be coupled i n t o
entrance

apertures.

These d e t e c t o r s

guide modes, ( t y p i c a l l y
Therefore,

a converter

3-10),
is

TE^o t o the T E j i mode f o r

accept

12 d e t e c t o r s
a limited

but p r e d o m i n a n t l y

w i t h 0 15 mm

number

of

the T E i i mode.

r e q u i r e d to p e r f o r m the c o n v e r s i o n from the
the waveguide dimensions

mentioned.

*) The normal convention i s not followed for this cross-section. The dimension
along the x-axis, a, i s the smaller one; a = 20.2, b = 40.4 (see Fig. 1.1).

84

wave-

-2Twelve

of

these

converters

are

applied

in

the

coupling

waveguide

structure between exit apertures and detectors.
Another

two

converters

are

applied

in

the

waveguide

system

leading to the entrance aperture. The entrance aperture of the spectrometer

is rectangular, as are the feeding waveguides. Because the

entrance aperture has to be rotated around its central axis as a function

of the

frequency

selected

by

the grating*, a rotating

consisting of a short piece of circular

waveguide

section

was included

(see

Fig. 1.2). Although the radiation incident to the spectrometer will be
largely

in

the

TEio

mode

(in

the

sense

of

Fig.

1.1), the

mode

structure in the entrance waveguide will be rather complicated due to
the rotation.
The design

procedure

as described

by Solymar

and Eaglesfield

was used [2]. This method yields a differential equation for the shape
of an arbitrary transverse cross-section of the converter. By solving
this equation for a sufficient number of cross-sections the converter
surface can be completely specified. The method is theoretically ideal
for infinitely
finite

long converters

length.

The

method

and is approximate

gives

no

predictions

For converters
about

the

of

quality

(spurious mode excitation, reflection coefficient) if the converter is
not infinitely
length

one

20.2x40.4

long. A length of 400 mm was chosen considering what

would
to

minimally

15.0x15.0

mm

choose
(Solymar

for

a

rectangular

[3]), and

taking

taper
into

from

account

geometrical restrictions imposed by the spectrometer.

Fig. 1.2. The rotating section.
Summarizing, the specification of the converter are as follows:
rectangular aperture a = 20.2 mm, b = 40.4 mm
TE°o mode
circular aperture diameter 15.0 mm
TE°i mode
length 400 mm.
•) This is a peculiarity of the type of grating instrument.

-32.

THEORY OF THE CONVERTER

2.1

Derivation of the converter surface
In waveguides uniform along the z-axis, the Helmholtz equation

is reduced to the scalar expression (Collin [4])
+

k

(2.1.1 )

)

where
V^ is the transverse part of the A operator
k c is the cut-off wave number
>(i is the cross-sectional wave function.
Modes of propagation are found as solutions
eigenvalues kc and eigenfunctions i|i(x,y).

of

this equation, with

Fig. 2.1.1. Non-uniform section between uniform waveguides.
In the non-uniform

section, the modes can be approximated by

making the assumption that the section is locally uniform.
A given mode in the entrance waveguide A can be converted i.\.u
a specific mode of the exit waveguide B by a suitable choice of the
shape of the cross-sections

of the joining

section. Conversion

into

other modes than the desired one can be neglected, provided

that the

transition

kc

spurious

is sufficiently

mode

is

equal

to

gradual
kc

of

and

that

the

desired

no eigenvalue
mode

in

any

of a
cross-

section. The fields in the converter section can then be described by
one, gradually

varying, eigenf unction i|j(x,y,z) with a varying eigen-

value k c (z) .
Conversely,

if

the

gradually

varying

function

l

)'(x,y)z)

is

known, cross-sections of the converter can be found that satisfy the
boundary
86

conditions

for <\>.

E.g. for a TE mode, the boundary

surface

-4s h o u l d always be p e r p e n d i c u l a r
differential

equation for

to the e l e c t r i c

field.

the boundary c o o r d i n a t e s

This

leads to <

xt,,y D
(2.1.2)

ytj(xtj) can be found by integration of this equation.
Now the function <|> is chosen to be a linear combination of the
wave functions of the modes of the uniform section, iK(x,y) and
• B ( x , y ) , respectively.
•(x,y,z) = gfl(z) a *fl(x,y) + qQ(z) *g(x,y) ,

(2.1.3)

where
a is the relative amplitude of the mode in waveguide A,
g A (0) = 1,

g A (L) = 0,

g s (0) = 0,

g B (L) = 1,

L is the length of the converter section.
In

order

to

satisfy

Eq.

(2.1.1)

in

any

cross-section, i|i.

and i|)R are chosen such that their eigenvalues k . and k „ are equal.
This puts a restriction on one of the dimensions of waveguides A or B.
The amplitude o is then determined by the requirement

that the power

flows in sections A and B should be equal.
Only in the cross-sections A and B there is a restriction on
the starting points of the integration
should

lie

on

the

boundary

curve.

For

of Eq. (2.1.2), namely, they
convenience,

we

choose

the

starting points y o (z) on a curve y = h(z) in the yz-plane. See Fig.
2.1.1. This curve should be a continuous and smooth function of z so
as not to violate local uniformity. Then, h(0) and h(L) are determined
by the dimensions of waveguides A and 8.
The
solving

entire

surface

Eq. 12.1.2), with

of

the

converter

the starting

can

be

constructed

by

point h(z), for a sufficient

number of z-values. As mentioned, the requirement

that kcn

and kcg

are equal sets a restriction on one of the dimensions of the waveguides A or B. This may be unsatisfactory
view. For example, a kc
gular

to circular

converter
However,

can
it

is

preserving

will have a circular

never

be

always

electroformed
allowed

to

from a practical point of

converter

from 20.2x40.4 rectan-

diameter of 23.4 mm. Such a
on

an

change

the

extractable
size

of

mandrel.

a waveguide
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-5without changing its cross-sectional
guide

taper).

A z-dependent

applied

to a converter

causing

spurious

mode

size multiplication

shape (consider any normal wave-

transverse

which

scaling

was designed

excitation

factor

C(z) can be

to preserve

or eigenvalue

k c , without

degeneracy.

If this

factor is chosen appropriately, a converter

will

result with suitable dimensions of both the terminating waveguides.
The
Helmholtz
valid.
and

solutions
equation

The weight

obtained

satisfy

factors

general

Helmholtz

(non-uniform)

of local uniformity is

g/\ and gg, the starting

the size multiplication

point

curve h

factor C should be continuous and their

derivatives should be sufficiently
the

the general

as far as the assumption

equation

small to justify
to the scalar

the reduction of

transverse

equation

(2.1.1).
D

2.2

0

Application to a converter from T E I Q •» T E i i
a
The wave

function ^ ( x j v ) of the TE j Q mode in uniform

rectan-

gular waveguide reads (see Collin [*])
VA = sin (irx/a) ,

(2.2.1)

where a is the size of the waveguide in the x-direction.
The origin of the coordinate

system

is at the centre

axis of

the waveguide. The cut-off wavenurober kc/j is given by
k c A = a/a .

(2.2.2)

The power carried by the mode is

(2.2.3)

b

is the size of the waveguide in the y-direction

Z o is the vacuum impedance
k 0 is the wavenumber in vacuum.
The wave f u n c t i o n

is [3]

<J>Q of

the

TE°i mode i n c i r c u l a r

waveguide

-6-

*B

= 3

l(kcBr)

C0S

* '

(2.2.4)

where
3i
k

is the Besssl

function of the

is the cut-off

n

first

order

wavenumber.

CO

kcg

is

given

by

the

first

root

of

the

derivative

of

the

Bessel

function

= 0 ,

(2.2.5)

where s is the waveguide radius.
The powerflow associated with this mode is given by

P

z

B =

/ k

o V

o

"

k

cBCkcB

Substituting the numerical value for kcg yields
kcB

= 1.8A1/S

,

(2.2.7)

and
PD

= 0.2022

Z k it / k 2

D

0

0

-

3.389/s2

.

(2.2.8)

0

The condition that the cut-off wavenumbers (in the terminating
waveguides

kca

and

kcg

are

equal

gives

n

relation

between

the

dimensions a and s. Using Eqs. (2.2.2) and (2.2.7) we find
s = 0.5B6 a .

(2.2.9)

The dimension b of the rectangular guide is unrestricted.
To determine the amplitude a of the TEio mode (Eq. (2.1.3)) the
power

flows

in

the

terminating

waveguides

are set

equal. Equations

(2.2.3) and (2.2.8) then give

(2.2.10)

89
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factor

g/\(z) and gg(z) of Eq. (2.1.J) are chosen

as follows
g A (z) = 1 - z/L ,
g B (z) = z/L .

(2.2.11)

The composite potential 1> is now given by

a sin (£*) + g 2 (z) Ji(k c B r) cos » .

(2.2.12)

The derivatives of •„ and V* „ read

A

n

fixi

x- = ac o s (T>

•5
<jy

B

d3i

.

Oicos$

a
= -5—L cost?
s m ta ) or

*

sint?

r

/—

* i \

n
(2.2.13)

.

For practical reasons, the starting point function h(z) was not
chosen linear, but a cosine function of z. This results in a converter
that hardly tapers at its ends, thus allowing for machining of an external cylindrical section near the circular end of the electroformed
device.

h(z) = (1 + cos {—-)) j * (1 - cos {Zj-) ) I .

Equation

(2.1.2) is solved, with

starting

points

(2.2.14)

y 0 = h(z)

for a number of z-values. Because of the 4-fold symmetry a solution
for one quadrant suffices.
Finally, the transverse size multiplication factor is applied.
For given dimensions a and b, the radius s of the kc preserving converter is given by Eq. (2.2.9). The size factor is then chosen such
that

the dimensions of the rectangular

end are unaffected, but

circular end is scaled to a convenient radius s 0 (15 mm).
90
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The function is chosen as:

C(z)

=

1 + (!° - 1 ) 1 .

Figure 2.2.1 shows a set
different values of z.

0.000

(2.2.15)

of

0.004

quadrants

0.008

of

cross-sections

at

0.012

X
Fig. 2.2.1. Cross-sections of the converter
at intervals of 40 mm.
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3.

THE TOOL CORRECTIONS: OBTAINING

3.1

Data reduction

and calculation of normal

vectors

The

had to be electroformed

on a

converter

mandrel. A numerically
manufacture

controlled

the mandrel.

centre of the spherical
to the converter

a

stainless-steel

required

as input

was used to

the coordinates

of the

data. Hence, vectors

normal

surface had to be calculated.

It was decided
be milled,

used

COORDINATES

vertical milling machine

The machine

mill

THE MACHINE

rather

cross-section

that a series of transverse cross-sections

than contours
is accessible

3 . 1 . 1 ) , separate machining

of constant
to the mill

would

x or y. Because

only

in this

(see

set-up

half
Fig.

of the two halves cannot be avoided.

Tin
Fig. 3.1.1.

Fig. 3.1.2.

The set-up on the milling machine.

The machining sequence.

For machining e f f i c i e n c y
indicated

in

Fig.

3.1.2;

the h a l f

sequentially

in

cross-sections
clockwise

and

were m i l l e d as
anti-clockwise

direction.
The p i t c h
surface

quality

spherical

mill

distance

between cross-sections

required. From simple geometrical
and a plane

surface

(see

Fig.

is

determined

by

considerations

3.1.3}

the

pitch

the

for a
t

is

given by

t = 2/D o ,
where
D

m

is the mill diameter

o is the peak-to-peak value of the surface structure.

92

(3.1.1)
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nill radius

Fig. 3.1.3. Spherical mill on a flat plane.
However, the
factors

degrade

use

the

of this equation

surface

smoothness,

is doubtful

because

particularly

on

other

stainless

steel.
The position of the centre of the mill corresponding to a point
on

the

surface

is

given

by

the

surface

coordinate

and

the

normal

vector of the length of the mill radius on that point. The mill moves
in straight lines between consecutive data points. Two factors play a
role in determining

the minimum

number

of mill

coordinates

that is

required:
1. the deviation of straight sections between two data points from the
ideal surface,
2. the variation of the slope of the cross-section curve between consecutive surface coordinates.
To obtain the mill

coordinates

from the points generated by

the integration a two-step algorithm is applied. The integration stepsize is much

smaller

than the minimum

distance between coordinates.

Therefore, in step one, related to point one above, a data reduction
is

done

(see

Fig.

straight

line

is

3.1.4).

set

up

Let

through

x n ,y n
x n ,y n

be

a surface

with

the

coordinate. A

known

coefficient

of direction y1 = (dy/dx)
n

xn

xn
points generated
by integration

Fig.

^_
xk_,

3 . 1 . 4 . The data r e d u c t i o n .
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the

following

points

generated

by

the

integration

the

distance d to this line is calculated. If d exceeds a critical value
ERSIZE

for

the

point

x. ,y. , then

the

previous

point

x. ,>yk , is

added as a surface coordinate. The value of ERSIZE is specified in the
input data set of the code.
The second step is related to point 2 above. If the change of
the

y1

derivative

between

consecutive

surface

coordinates

is

too

large, d portion of the surface is cut away. See Fig. 3.1.5. Therefore, when
critical

the

angle

value ANCRIT

between

consecutive

- input

parameter

normal

vectors

exceeds a

to the code - extra normal

vectors are added in between. Then a set of mill coordinates
from one surface coordinate. This procedure is particularly

results
relevant

near the rectangular end, where sharp corners occur.

Fig. 3.1.5. Addition of extra normal vectors.
For this calculation, 'in plane' normal vectors are used, i.e.
they have no z-component.
coordinates,
shallow

the

To complete the calculation of the machine

z-components

of

the

normals

- resulting

tapering - have to be added. The complete

from

the

three-dimensional

normal can be written as a normalized vector product of two vectors of
the surface. One of these is the tangent to the cross-section curve,
the second is the vector from the current point to the nearest point
of the next cross-section.

3.2

Points around the singularity
The numerical

nates.

Because

all

integration

is

cross-sections

angles, there is a singularity

performed
intersect

in
the

cartesian
x-axis

coordi-

at

right

in the slope dy/dx. dy/dx is a mono-

tonously increasing function from x=0 up to the x-value of the inter-
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-12cept of the curve with the axis. The integration loop breaks off on a
criterion

for

the

slope

dy/dx.

Call

the

last

point

(x n _i # y n -1) •

The x-value of the x-axis intercept (xnjn.) is not yet known then.
For cross-sections with a sufficiently
than a critical

value ZMARK

can be made equal

to xn_i«

to be specified
The last

large z-value (z larger
on input) the value x^

part of the cross-section

is a

straight line parallel to the y-axis.
For smaller z-values (z < ZMARK) this procedure appeared inadequate,
0.01
ZMARK

and

obviously

incorrect

values

of

x^

were

obtained

(about

mm errors). To solve this problem, for cross-sections with z <
x n (z)

x n (z=z m ),
x n (z=z m )

is

where
is

the

chosen

on

the

x n (z=0)

is

known

last

x coordinate

straight
to
of

be
the

line
a/2
first

from
(=

x n (z=0)

10.1

mm)

cross-section

to
and
with

z > ZMARK. In practice, ZMARK values of about 5 to 10 mm were used.
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DETAILS OF THE CODE AND THE MACHINING

4.1

The data transfer
The dimensions of the converter are as follows: length 400 mm,

rectangular aperture: a = 20.2 mm, b = 40.4 mm, circular aperture diameter 15.0 mm. A number of cross-sections is shown in Fig. 2.2.1.
It was decided that a peak to peak surface irregularity

after

milling of 5 to 10 micron would be desirable for the mandrel. Then the
amount of polishing required would not be excessive. A mill with a radius of 10 mm was chosen. On the basis of the geometrical considerations outlined above, a pitch distance between cross-sections of 1 mm
was chosen, yielding a total number of 417 cross-sections (401 for the
actual converter and an additional 8 at both ends)*. On the average,
about 90 mill coordinates were necessary

to describe one half cross-

section. This yields a total amount of data of about 40 k mill coordinates.
Input

data

to

the milling

machine

is

in

ASCII

(7 bit

plus

parity bit). For each mill coordinate one machine record is required,
consisting of about 20 ASCII characters (including addressing overhead
and if written in an efficient way). The 'machine file' thus contains
about BOO k ASCII characters.
The machine was fitted with a floppy disc unit as input device.
This replaced the papertape reader which was originally
realized

used. It was

that papertape is not an appropriate medium to transfer 5 M

bit of information without errors.
The machine has a data buffer of 54 k characters. Partition of
the machine file in smaller machine files of less than 50 k each was
necessary, 4 k being reserved for overhead.
The mandrel was milled with the side b horizontally, in view of
the limited

length of the mill. Then the transformation between the

coordinate system used in the calculation

and the machine

system

is

given by (index c indicating calculation, m-machine)

*m

= z

o' *m = V

z

m = *c '

The machine c o o r d i n a t e s should be w r i t t e n i n mm, w i t h t h r e e
decimal p l a c e s . The s m a l l e s t step the machine can take i s 1 m i c r o n .
The converters are electroformed on a 417 mm long mandrel. During f i n a l machining of the converters, the extra 8 mm at both ends are removed. This procedure reduces edge effects of the electroforming.
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4.2

5ome details of the code

The
performs

code

the

vectors

numerical

and

paragraph

consists

the

numerical

curve

current

MOCO

exceeds

scribing

one

The
of

mill

and

the

data

set.

data

of

set

then

it in incremental
absolute

coordinates

in

numerical

the

data

code

The

number

of

such

To
end

normal
in

are

surface

when

(Except

for

coordinates

specified
The

on

surface

writes

and

input,

de-

coordinates

points and
a data

set

for

the

for

the

the
and

MOTO

the
the

final

of the milling

ASCII

characters

treated

that

the

printed
and

conversion

to A S C I I ,

replacement
have

no

this

of

some

equivalent

'carriage return' characters.

in

machine

on

of

position

characters

machine. After

the

using
rather

increments.

mill

position

in

sequence

coordinate

control

includes

them

the

the

the

input

coordinates

code of the computer

The conversion

an

writes
in

initial

mill

containing

second
of

was reduced by

absolute

absolute

the

from

and

calculates

first

by

diameter

coordinates

to the machine

set

resulting

read
the

increments between

writes

cross-sections

is

reads

coordinates

code and omission of all

the

size

terminates

value.

half cross-sections

given.

data

to

the

also

mill

from the internal

characters

The step

3.2. )

machine

transfer

format

file.

that

of the machine

a

final

coordinates

in

between

MOTO

in the

in the internal

chosen

the

described

type.

integration

its

also

MOTO

the

calculated

input.

machine

internal

is

produces

of this data set
is

of
as

MOCO,

(dx/dy) of the cross-

for all normal

MOCO

for milling

of data

cross-section

MOTO

The

z-values

the

m o d e , in which

increment

specified

of

MOTO.

calculates

in Fig. 3.1.2.

output.

called

of cross-sections.

position

indicated

first

Euler

cross-section.

containing
called

appropriate

The amount

the

a number

the order

first

vectors

the

containing

a number

are calculated

initial

It

of

urn of

cross-section.

the "code,
its

1

a dataset

quadrant

of

is

value.

within

for

of plotting

part

The

part,

calculation

normal

See the remark in paragraph

vector

point

than

first

as soon as the slope

a given

is

are in mm. These data

purpose

The

the

extra

integration

produces

normal

last

of

is reduced

x-value

small z-values.

the

parts.

3.1.

The

the

two

integration,

addition

of the algorithm
section

of

one

file

run

does

of
not

MOTO

should

exceed

the

be

50 k

buffer.

machine

the

a small machine

B additional

file was written

cross-sections
manually.

at

the

rectangular

Only 4 coordinates

are
97

-15required per half cross-section. The cross-sections are simply rectangles of 20.2x40.4 mm, and the normal vectors lie in the xy-plane, i.e.
these sections do not taper.
Tor the 8 additional
codes MOCO

cross-sections

and MOTO are used

at the circular end, the

up to z-values of 408 mm on a 400 mm

taper length.
4.3

The machining
The mandrel is made of stainless steel 304. After the initial

shaping, the milling

of the mandrel was performed

in two stages; a

rough milling stage and two stages of final machining.

In all cases

the procedure is as follows. A machine file (of sire smaller than 50
k) is read into the machine buffer, in which a main program resides.
The corresponding portion of the mandrel is milled. Next, the mandrel
is rotated 180° about its central axis and the opposite half is machined. In this way all machine files are treated. For the rough machining

a pitch

Cross-sections

distance
were

of 4 mm

calculated

between

that

are

cross-sections
slightly

was

larger

used.

than

the

final ones by entering a mill diameter of 22 mm into the code, while
the actual mill diameter was 20 mm. For final machining this distance
was 1 mm and the correct mill radius of 20 mm was used.
It appeared

that the surface structure of the mandrel was ap-

preciably worse than was expected. This is partly due to the inapplicability of the simple geometrical notions to the complicated milling
process, and partly

to vibrations

in the set-up. These problems are

made worse by the fact that stainless steel is a difficult material to
machine.

To reduce

increment

was

direction

of

the

repeated,
the

roughness, the
but

rectangular

wifh

final machining

a displacement

with

of 0.5

aperture. However, after

mm

a 1 mm
in

the

machining, a

fair amount of filing and polishing was still required. A picture of
the mandrel is shown below (Fig. 4.3.1).

98

-164.4

The electroforming and goldplatinq
The

forming

activated
20

Mm

copper

converters

technique.

After

were

produced

cleaning

and

by

a two-stage

degreasing,

the

electro-

mandrel

was

in a nitric acid solution. A first copper deposit of about

thickness

was

applied

in

a pyrophosphate

copper

bath,

using

highly oxygen-free copper as anode material. The half bonding character

of

this

layer

eases

the

separation

of

the

converter

from

the

mandrel. A second deposit of 3 mm thickness was applied by means of an
acid based

copper-gleam

p.c. (printed

circuit) process, again

using

highly oxygen-free copper anodes. The converters were separated

from

the mandrel simply by pushing and pulling.
Initially, a converter was formed without firstly applying the
20

pm

layer.

It

appeared

impossible

to

separate

this

one

without

exerting undue pressure, and it had to be milled open.
The converters

were now machined

to their correct

length

and

external dimensions at the ends, after which the flanges were soldered
on.
After
hydrochloric

careful
acid

cleaning,

solution

the

and

converters

a nickel

layer

were
was

activated
applied

in a

with

a

thickness of 10 \>m on the outside and 5 pm on the inside.
Immediately

after

this

the

converters

were plated

internally

with a 2 urn thick gold layer in a p.c.b. (printed circuit board) gold
bath, using a carbon electrode. (See Fig. 4.4.1.)
A 0.5

urn thick

intermediate

layer

of p.c.b. gold

strike was

used to improve the bond between nickel and gold.
After the final cleaning, the converters were ready for use. A
picture is shown in Fig. 4.4.2.

9S
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carbon anode

Fig. 4.4.1. The internal goldplating.

Fig. 4.4.2. The final product.
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ABSTRACT

We investigated the feasibility of two methods for calibration of ECE
systems, both based on the use of a microwave source.

In the first

method - called the Antenna Pattern Integration (API) method - the
microwave source is scanned in space, so as to simulate a large
area

blackbody

source. In the second method - called the Untuned

Cavity (UC) method - an untuned cavity, fed by the microwave source,
is used to simulate a blackbody. For both methods, the hardware
required to perform partly automated calibrations was developed.

The microwave based methods were compared with a large area blackbody
calibration on two different ECE systems, a Michelson interferometer
and a grating polychromator.

We conclude that the API method is successful.

A deviation of

typically 20% with respect to the blackbody calibration is ascribed
to the microwave power standard.

Deviations of up to 50% were found when comparing the UC method with
the blackbody calibration on the grating polychromator. This exceeds
the estimated error. In application to the Michelson interferometer
better consistency with the blackbody calibration was found. In view
of these discrepancies, further development work in the area of
cavity design is recommended.

Both microwave based methods can be automated to a large degree. As
far as time consumption and user interaction are concerned, they are
competitive with the large area blackbody calibration method.
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1.

INTRODUCTION

Electron

cyclotron

diagnostic

tool

emission

in present

spectroscopy

(ECE)

day tokamak physics

is

a

powerful

[1][2] [3]. Under

conditions that are usually satisfied during tokamak operations, the
emission in the relevant region of the spectrum is at a blackbody
level. In particular for the ordinary mode at the electron cyclotron
frequency f
2f

and for the extraordinary mode at the second harmonic

, the optical depth of the plasma is usually large.

The measured

spectral intensity at these frequencies is then linearly proportional
to the electron temperature. The typical

frequency range of the

optically thick emission is 50-300 GHz.

The electron cyclotron frequency is linearly proportional to the
total magnetic field B(R), which is a known and unique function of
the major radius R; f

= eB(R) / 2nm , where e and m are the

electron charge and mass respectively. By this relation between f
C6
and R the electron temperature profile along a radial sightline T (R)
is mapped onto a spectrum T (f). The temperature profile can thus be
measured by measuring the emission spectrum in one of the optically
thick

harmonics. The

determined

by the

spatial

frequency

resolution
resolution

along

the

sightline

is

of the spectrometer, the

gradient of the magnetic field and the optical depth of the plasma.
ECE spectrometers view the plasma through a waveguide or Gaussian
beam

system

determines

terminating
the

spatial

in

a

highly

resolution

directive

perpendicular

antenna.
to

the

This
line of

sight.

In order to measure electron temperature, ECE systems have to be
calibrated; to

assess

the

conversion

factor between the systems

output signal and the electron temperature at a particular frequency
one

needs

Calibration

a

reference

radiator

of

well

known

temperature.

is perhaps the most urgent issue in the field.

At

present it is the dominant factor in the uncertainty of the measured
plasma temperature [3].

112
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Often ECE systems are cross-calibrated versus Thomson scattering
systems.

Although

this is a satisfactory procedure as such [A], it

is desirable to perform a calibration that is independent of other
diagnostics.

The most straightforward approach towards an independent calibration
is the use of a large area thermal source of known temperature and
high emissivity.

The limitation of this method lies in the signal to

noise ratio of the spectrometer systems, the noisi. originating from
the

systems

detectors

and

preamplifiers.

For

Michelson

interferometers at reasonably high frequencies (^100 GHz) [5] and for
heterodyne

systems

[6]

the

method

has

been

implemented

with

considerable success, using either a hot (^-600 K) or a cold (LN2, 77
K) blackbody source.

However, even then signal integration times of

many hours are required to obtain a sufficient accuracy.

For grating

polychromators [7] [8] and Fabry-Perot interferometers [5] , it seems
that, with the present state of the art in detector technology, this
method is out of the question.

The work reported here was undertaken in order to investigate the
feasibility of two alternative methods, both based on the use of
tunable, single mode microwave

sources.

backward wave oscillator (BWO).

We consider in the first place the

In our

case

this

is a

accuracy of the methods, taking a calibration with a large area
blackbody
consumption

as

a

reference.

is an

important

Secondly,
element

if

considering
calibrations

that

time

have to be

performed on a routine basis, we compare the time requirements of the
various methods.

The

first

method

investigated,

called

the

'Antenna

Pattern

Integration' (API) method, introduced by Tubbing [9], is based on the
notion

that

a

large area wide band source can be simulated by

spatially scanning and frequency sweeping of a small, single-mode
source.

The second method, called the 'Untuned Cavity1 (UC) method

proposed by Costley [10], employs a cavity of irregular shape, with
typical dimensions of many wavelengths.

The cavity is excited by a

microwave source, which sweeps over a small frequency interval with
constant power output.

In the ideal case all cavity-modes in this
- 4 -
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frequency interval are excited with equal power-density.

Coupled

directly to the entrance antenna of the ECE system, the emission from
the cavity then resembles that of a blackbody source.
cavities are traditionally used

Untuned

[11][12] for measurements of the

complex index of refraction of gaseous and solid samples in the
microwave region of the electromagnetic spectrum.

We implemented both methods on a Michelson interferometer and on a
grating polychromator.

The instruments are part of the array of ECE

spectrometers installed at the JET tokatnak [3].

In chapter
outlined.

2, the principles

of

the two microwave methods

are

In chapter 3 we provide' details of the instrumentation,

and we present results of investigations into the behaviour of the
untuned

cavity.

In

chapter

4 we

present

the

comparison of the methods on both ECE systems.
discussion of the results and conclusions are given.

- 5 -

results

of

the

In chapter 5 a

2.

PRINCIPLES OF THE METHODS

2.1

Introduction

In this chapter we introduce the basic principles of calibrating an
ECE system with a large area blackbody and with the two microwave
techniques.

For this discussion it suffices to symbolise the ECE

system as consisting of an entrance antenna, a waveguide system, a
spectrometer and a detector.

The waveguide system is supposed to

contain a polariser which selects the mode of electron cyclotron
emision for which the system is used.

The equations in sections 2.3 and 2.4 are formulated for sources that
are located in the far field of the ECE systems entrance antenna.
This restriction merely simplifies the equations, and is by no means
essential.

It follows from simple thermodynamical considerations

that the response of the ECE system to a large- area blackbody is
independent

of

the

distance

from

the

entrance

antenna

to

the

blackbody.

In section 2.2 we show how the calibration curve is obtained in the
case of a blackbody calibration.

We further give expressions for the

power incident to the ECE system from a blackbody source.

These will

enable us to derive the equivalent temperature for the API method in
section 2.3, and for the UC method in section 2.4.

2.2

Response to a Large Area Blackbody

The calibration curve of an ECE system is obtained by measuring the
systems

response to a large area blackbody

temperature T T 4 B .

(LAB) of well known

The qualification 'large area' implies that the

LAB fully covers the antenna pattern of the ECE system.

The response

is, in general, the spectrum of the systems output signal, S tAI1 (f).
LAD

S.A_ represents the detector output voltage in the case of dispersive
systems

like

spectrometers

a grating

polychromator.

For

Fourier

like a Michelson interferometer, S.

transform
(f) is the

spectral detector output voltage, obtained by Fourier transformation
of the interferogram.

The calibration curve C(f) is defined as:
- 6 -
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Figure 2.2.1: To derive the power through the aperture A froa an element of
a large-area blackbody subtending a solid angle do.

11ft

C(f)

=

S

UB(f) '

T

U

LAB

-

2 A )

E l e c t r o n t e m p e r a t u r e p r o f i l e s T (f(R)) in t h e tokamak are then
o b t a i n e d by normalising the system's response to the plasma, S (f) ,
on the response to the large area blackbody:
T (f(R)) = S (f) / C(f)
e
e

(2.2.2)

In the remainder of this section we give two expressions for the
power incident to the ECE system from a large area blackbody source.
These expressions will enable us to derive the equivalent blackbody
temperatures for the two calibration methods with microwave sources
in the sections that follow.

In

order

to

derive

an

equivalent

temperature

for

the

API

calibration method we use the Raleigh-Jeans law to give the spectral
powerflow through the entrance aperture of area A with unit normal
u , in one polarisation, from a surface element of the blackbody
subtending a solid angle dfi (see fig. 2.2.1):
dP(u ,f)
dfl

k T f= A (u .u )
(2

df

where r is the vector from A to the surface element, u

? 3)

= r/r, c is

the speed of light, k is Boltzmann's constant and T the temperature.

The response S

(f) of the ECE system is given by the product of P
1J A D

and the instrument function H(u ,f,f) of the system, integrated over
the area of the blackbody and over the frequency width f

of the

instrument function:
S.,n(f) = / d f / dfi P.(u
,f) H(u
,f,f)
x
r
r
LAB
f
Q
for

the derivation

of

the

effective

temperature

(2.2.4)

of the untuned

cavity, we have to consider the ECE system from the point of view of
microwave theory. It is well known [1] that a large-area blackbody

- 7-
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excites all propagating modes in a waveguide antenna with equal
spectral power kT :
d Pm'n
df

=

kT

where m and n are the mode numbers.
equivalent, as can be seen

(2.2.5)

Expressions 2.2.3 and 2.2.5 are

by multiplying eqn. 2.2.5 by the number

of modes N = Afi / A 2 in a waveguide as derived from its
pattern.

antenna

Here A is the area of the aperture, Q is the solid angle

subtended by the pattern and A is the wavelength.

The instrument function of the ECE system can now be written for each
particular mode as H(m,n,f,f); it describes the dissipative and
radiative losses, and the reflection of the mode by the system.

The

system's response S- AB is:
S LAB (f) = / df • I I kT H(m,n,f,f)
f
m n .

(2.2.6)

In general ECE systems are sensitive only to a limited number of
modes, with low mode numbers, the function H being small for high
values of m and n.

These modes are a subset of the total number of

waveguide modes generated in the entrance antenna.

2.3

The Antenna Pattern Integration

The method of antenna pattern integration is based upon the notion
that a large area wide band source can be simulated by a summation
(or

integration)

over

a

set

of

small

single

frequency

sources

distributed in space and frequency.

Consider a single mode microwave source, radiating a power P

at

frequency f and fitted with a launch horn of antenna gain G(f) which
points into the direction of the entrance aperture A of the ECE
system.

G(f) is by definition the powerflow density in the forward

direction, normalised

on

the

radiator of the same power

118

powerflow

[13].

density

of an

isotropic

The lobe width of the antenna

- 8-

pattern of the launch horn should be sufficiently large to ensure an
approximately uniform power density on A. The polarisation of the
source corresponds to that of the mode of ECE selected by the
polariser in the ECE systems waveguide. The power through A is
then:
p

. P s G(f) A

V

uf

{23l)

4n ra
The antenna gain G(f) is a function of the frequency.
For horn
apertures larger than a few wavelengths G is linearly proportional to
the square of the frequency, and to the aperture area D of the horn
[13]:
f2

G = g D

(2.3.2)

where g is a constant of proportionality.
For example, for an
oversized, uniform, rectangular waveguide antenna g is given by
g = 32/n c*

(2.3.3)

If the launch horn is not uniform, but has a slight taper, there is a
correction to the numerical factor.
Now consider a spherical surface in front of the ECE system's
entrance antenna, uniformly divided in area elements AS. Let each
area element AS be occupied by a set of sources of power P , covering
a frequency range from f-df/2 to f+df/2, with increment Af. We have
thus created a grid of sources with a source density 1/Af in
frequency and a source density I/AS in space.
The power through the entrance aperture A from an element of this
grid subtending a solid angle dO is, on substitution of eqn. 2.3.2,
given by:
d P

i (Vf)
dfld f

=

p
8

g

p

f2
A
V ^ r
An Af AS

- 9 -

(2.3.4)
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Equating eqns. 2.2.3 and 2.3.4 yields the equivalent temperature of
the grid of sources:

Ari

An k Af AS

We have thus effectively created a large-area blackbody source of
temperature T AI)T . The calibration curve C(f) of the ECE system and
the calibration of signals is performed as outlined in section 2.2,
^where T. ...should be replaced by T,..,

The integrations in eqn. 2.2.3 are replaced by numerical integrations
with stepsize Af and AS respectively, where Af should be small in
comparison with the width of the instrument function H and AS should
be small compared to the typical length scale of the structure of the
antenna pattern.

In practice the grid of sources will be created by performing a
spatial scan of a microwave source at a number of source-frequencies.
Because the output power of the source is most likely frequency
dependent, we normalise the instantaneous detector output signal to
the reference power P .
It is interesting to note that the factor f2 in the Rayleigh-Jeans
law

(eqn. 2.2.3) is obtained

in the API method

dependence of the launch horn's antenna gain.

2.4

through

the f2

(eqn. 2.3.2).

The Untuned Cavity

The untuned cavity consists of a closed, highly conducting surface,
fitted with a single mode feeding waveguide, a single mode reference
output

waveguide

and

an

connected to the ECE system.
microwave

source

is

overmoded

output

waveguide,

which

is

Figure 2.4.1 is a sketch. A single-mode

connected

to

the

input

waveguide, and the

reference waveguide is connected input waveguide, and the reference
waveguide is connected to a single mode power meter.

120
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GEOMETRY
MODULATION

ECE SYSTEM
ANTENNA

Figure 2.4.1 : A schematic drawing of an untuned cavity.
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The possible modes of oscillation in the cavity are solutions of
Maxwell's equations which posa an eigenvalue problem under the closed
boundary conditions imposed by the cavity's geometry.

Solutions

yield an infinite set of discrete modes each characterised by an
eigenvalue, the frequency, and an eigenfunction, which specifies the
pattern of the electromagnetic field.

The number of modes N per unit frequency is determined by the volume
V of the cavity:

Because the typical dimensions

(10 cm) are much larger than the

wavelength this is a large number, typically lO* GHz" 1 .

(Note that

all typical values quoted are relevant to our application).

The line width in frequency of a mode is determined by the quality
factor Q of the cavity, which comprises a contribution 0
resistive wall losses and a contribution Q
through the output waveguide.

.. of the

, of the radiative losses
rad

The equation for 0

.- and Q

. are

[14] [15]:
(2

where A

-4-2)

is the total internal wall area of the cavity, A, is the

area of the output aperture and 6 is the skin depth (5 = (nfuo)~l
where a is the electrical conductivity of the wall material).
Q wa ii

and

Q

J

are of tne

a

)

Both

order of magnitude of 10*. The line-width

of the modes ( f / Q ) is thus much larger than the spacing between
the modes, (dN/df)"1.

Now suppose the cavity is fed from a single-mode microwave source at
a frequency which sweeps uniformly between f+Af/2 and f-Af/2, where
Af is typically 0.5 GHz, which is small compared to the width of the

122
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instrument function of the ECE system.
very

large number

of modes.

The sweep thus extends over a

Modes that are resonant with the

instantaneous frequency will be excited.

It is assumed that if the

source power is constant over the frequency interval of the sweep,
all modes is that interval are excited with equal power density.
This results in a field inside the cavity that is homogeneous and
isotropic.

To enhance this, usually the whole ensemble of modes in

shifted back and forth in frequency by modulating the geometry of the
cavity - the so called mode stirring.

The typical stirring frequency

is 10 Hz.

The

field

in

the cavity couples

reference and output waveguides.

to the waveguide modes

in the

A homogenous, isotropic field will

excite all propagating waveguide modes, all carrying equal power
flux.
meter

The power per mode is then measured by a single-mode power
on the reference waveguide.

coupled

to

the

blackbody source.

output

waveguide,

To the ECE system, which is
the

cavity

now

looks

like a

Calibrations are then performed as outlined in

section 2.2, where the integration over frequency is performed by
stepping the central source frequency f with an increment equal to
Af.

The equivalent temperature is given by 1..r = P /k if, where eqn.

2.2.5 is used and where P
power meter.

is the power measured by the single-mode

For every central source frequency the ECE system's

output signal is normalised on the power P . P is measured in our

mm
system by a slow bolometer detector, on a timescale of about Is. It
is thus an average value, averaged both over the frequency sweep Af
and over the geometry modulation.
Homogeneity and isotropy of the field in the cavity are by no means
guaranteed in principle.

The power density of a particular mode

depends on the coupling factor from the input waveguide to that mode,
which

depends

strongly

on

the

field

distribution

of

the mode.

However, it is possible that the UC method is successful even if
these conditions are not satisfied.

In other words, homogeinity and

isotropy are sufficient, but not essential conditions.

The reason is

that the ECE system is, in general, sensitive only to a subset of the
propagating modes in the output waveguide.

- 12 -

The weaker conditions,

123

that decide the usefulness of the method

are firstly that the modes

of this subset are excited with equal power density, and secondly
that the power P
output

is representative for the power per mode in the

waveguide.

Whether

or

not

these

weaker

satisfied can only be established experimentally.

conditions

are

It depends on the

design of the cavity, for which no general guidelines exist.

In

section 3.6 we will present the results of relevant experiments on
our cavity.
r

2.5

Coupling of the Cavity to the ECE System

The untuned

cavity used

in this work was fitted with an output

waveguide of 10 x 10 mm, which is smaller than the typical entrance
aperture of the ECE system ("v. 50 mm) .
waveguide taper.

The connection is made by a

Mode conversion in this taper may result in errors

in the calibration.

Namely, power is coupled from modes to which the

ECE system is sensitive to modes that are invisible to the system.
The power P

is then larger than the actual power per mode incident

to the ECE system.

The

seriousness

conversion.

of

this

effect

depends

on

the

degree

of mode

If the tapering is gradual, mode conversion is strong

only between modes that are close in mode-numbers [16]. Because the
net effect of conversion between two modes with equal power density
vanishes, mode conversion will only affect the mode spectrum at high
mode-numbers (modes that are near cut-off in the small cross-section;
the 10 x 10 mm waveguide has approximately 25 propagating modes at
150 GHz).

If the

ECE system is sensitive only to modes with lower

mode numbers, the effect will be small.

If, however, the coupling

involves a substantial mismatch, like a stepwise transition, mode
conversion also occurs between modes that are far apart in mode
numbers, thus transferring power directly from the modes with low
mode numbers to which the system is sensitive, to invisible modes
with high mode numbers.

The effect of mode conversion will then be

larger.

A

quantitative

components
124

assessment

can be made

of

the

performance

experimentally,
- 13 -

of

the

coupling

for example by comparing

measured antenna patterns at the cavity output with measured patterns
at an aperture at the output of the coupling components.
however, only perform pattern
will

be

shown

in

section

We did,

measurements at the cavity output, as
3.6.

In

chapter

4 we

will

report

discrepancies that nay be explained partly by a bad coupling between
the cavity and the ECE system.

- 14 -
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3.

THE METHODS IN PRACTICE

3.1

Introduction

This chapter describes the instrumentation and the practical aspects
of the two microwave methods.

The errors inherent in the methods

will be discussed.

Section 3.2 introduces the two ECE systems that were used ie. a
Michelson interferometer and a twelve-channel grating polychromator.
Section 3.3 provides details about the large- area blackbody, the
microwave

source

and

the microwave

power- meter.

Section

3.4

describes the implementation of the API method and section 3.5 that
of

the

UC

method.

In

section

3.6

we

present

the

results

of

measurements on the performance of the untuned cavity.

3.2

The Spectrometer Systems

The Michelson

interferometer

is one of JET's standard Michelson

interferometers [5]. It is a fast scanning polarising interferometer
with rooftop mirrors.

The spectral range is 70 to 350 GHz, the

spectral resolution is about 10 GHz and the maximum scan-rate is 35
Hz.

For tokamak operation it is absolutely calibrated by means of a

large area blackbody source [17].

The twelve-channel polychromator
diffraction type
(employing

two

[7] [8] .

is an instrument of the conical

The spectral range is 50 to 350 GHz

gratings) , the

resolving

power

is about

70. The

frequency to which the central channel is tuned is chosen by rotation
of the grating. The frequencies of the other channels are then fixed,
determined

by

the

instument's

geometry.

The

minimum

detectable

temperature fluctuation is typically 30 eV at 150 GHz and with a 10
kHz electrical bandwidth.

The instrument is sensitive to radiation

at harmonics of the frequency of observation.
use a low-pass

To suppress these we

filter consisting of a cascade of two echelette

gratings mounted on bends of the S-band feeding waveguide [8]. To
select the mode of ECE which is to be observed, a wire-grid

128
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STEPPER MOTOR AND GEARS

LAUNCH HORN

BWO

STEPPER MOTOR
AND GEARS

Figure 3.M.I: The calibration device. The im long beam on which the BWO is
mounted can be rotated around two orthogonal axes by stepper motor/harmonic
gear combinations. The height of the bean is adjustable. The configuration
ensures that the launch horn always points to the intersection of the
rotation axes, where the ECE system's entrance aperture is located.

1 27

polariser is mounted close to one of these filters. The waveguide
system also includes a radiation chopper with a 95% duty-cycle and a
maximum

frequency of

lOOHz. This is used to obtain AC signals.

During tokamak operations, the instrument is routinely calibrated by
cross calibration against the Michelson interferometer.

All the

calibrations reported here were performed on one channel of the
polychromator only, ie.

the central nr. 6.

3.3

The Sources and the Power Meter

The

large-area blackbody was

Laboratory

[17].

developed by the National

Physical

The surface is a glass plate of 200 x 200 ram,

electrically heated to a temperature up to 850 K.

The emissivity is

85%.

Alternatively, a large-area cold source was used consisting of a
piece of 'Eccosorb' microwave absofber immersed in liquid nitrogen.
The surface area is 200 x 200 mm, the temperature is 77 K and the
emissivity is close to 1.

The microwave source is a Siemens RWO 170 Backward Wave Oscillator
with a Micro-Now power supply.

The tuning range is 100-170 GHz and

output power levels are of the order of 25 mW.

Square wave (on-off)

amplitude modulation and frequency modulation are possible.

The BWO is fitted with a launch horn, tapering from fundamental D
band

(0.83 x 1.65mm) to an aperture size of 3.5 x 7.0mm, over a

length

of

60mm.

The

antenna-gain, which

has

been

calculated

including a correction for the tapering, is 50 at 140GHz. The error
in the calculated gain is about ±5% [18].

The

power

meter

is

an

Anritsu

frequency range 100-170GHz.

in-waveguide

bolometer

for

the

Minimum detectable power level is a

few microwatt, provided the source can be switched off quickly enough
to allow a reliable zero-reading.

We have compared the power meter with different power meters of the
same type and with a radiometer of the National Physical Laboratory.
128
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The general conclusion of these comparisons is that there are mutual
differences between the different instruments of the order of ±20%,
and

that it is not clear which pf the instruments is the most

accurate. To our knowledge, none of the power meters available at
these

frequencies has been compared with a temperature standard,

using the Rayleigh Jeans Law.

We have to allow for an estimated ±20%

systematic error in the power measurements.

3.4

The API Method in Practice

Special

hardware

calibration.

was

designed

and

constructed

The device is sketched in fig. 3.4.1.

for

the

API

It consists of a

beam which can be rotated around two perpendicular axes, driven by
stepper motors.

The BWO tube can be mounted at the end of the beam,

which is about lm long.

The drivers of the stepper motors are

interfaced to an Apple micro computer, so that two- dimensional scans
can be made fully automatically.

The coordinate system associated

with the apparatus is shown in fig.

3.4.2.

A schematic diagram of the experimental set-up is given in figure
3.4.3.

For

the data acquisition we use a Nicolet

averager, which is interfaced

to the computer.

LN70 signal

This instrument

digitises the detector output voltage at a rate of typically 50 kHz.
Trigger pulses for the signal averager originate either from the
start interferogram signal of the Michelson interferometer (typ.

25

Hz; this is a pulse generated each time the interferometer starts a
scan) or from the chopper signal of the polychromator (typ. 50 Hz;
this is a signal that indicates whether or not the chopper blade is
blocking the waveguide).

The signal averager, when active, sums in

its

traces

memory

the

signal

-

typically

1000

samples

long

- that it receives after each trigger.

We

perform

the

spatial

integration

by

combining

the

internal

summation of the signal averager with the spatial motion of the API
device.

The movement pattern is sketched in figure 3.4.3.

horizontal (or Yi) motions are made at a uniform angular velocity
typically
active.

1°

s"1,

while

simultaneously

the

data acquisition

The
of
is

The horizontal integration stepsize Aya is thus equal to the
- 17 -

120

BWO

ECE SYSTEM
APERTURE

Figure 3.1.2:

130

The coordinate system associated with the calibration device.

angular

velocity

divided

by

the

acquisition (typically 25Hz).
with

the signal

typically 0.5°.

averager

trigger

frequency

of

the data

The vertical (or y 2 ) steps are made

inactive. The vertical stepsize Ay2 is

The overall dimensions of the pattern exceed the

width of the antenna pattern of the ECE system, which is typically
±5° at 140 GHz.

The fact that in principle a dQ integration in this coordinate system
involves

a

cos

y2

in

the

Jacobian

is

neglected

here;

it

is

insignificant for the narrow antenna-patterns of the ECE systems.

These

spatial

scans

are

made

at

a

number

of

equidistant

BWO

frequencies with a stepsize Af (typically 0.5 to 2.5 GHz, depending
on the application), and a total range exceeding the width of the
instrument function..

Before and after each scan the output power of

the BWO is measured.

In order to suppress effects of standing wave

resonances

in the system the BWO is

frequency modulated with a

triangular waveform with a sweep width of typically ±Af/2 and a sweep
frequency of 5 kHz, ie. much faster that the trigger frequency.
After each spatial scan, the contents of the averager's memory - a
1000 samples long trace - are stored in the computer.

For the

grating polychromator the spatially integrated detector voltage is
represented by the amplitude of the signal stored in this trace.

The

integral of eqn. 2.2.3 is obtained by adding the resultant traces of
the spatial scans, normalising each on the BWO output power.

For the

Michelson interferometer, the resultant trace is an interferogram
which is the sum of the interferograms recorded during the active
phase of the data acquisition.

Addition of the normalised traces now

yields an 'integral interferogram'.
interferogram

is

the

instrument's

The Fourier transform of this
response

to

the

simulated

blackbody.

The equivalent temperatures obtained with this method are very high.
A typical value is 10* keV. This is to be compared with the plasma
temperatures which are of the order of a few keV, and with the
temperature of the LAB which is of the order of 0.05 eV.
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WAVEGUIDE

BWO

STARTINTERFEROGRAM
MCHELSON
SIGNAL
NTERFEROMETEP

^••j

LAUNCH HORN

ANTENNA

!&72
STEPPER
MOTORS

DETECTOR
SIGNAL

SIGNAL
AVERAGER
CONTROL

DATA
MICROCOMPUTER

DRIVERS
INTERFACE

CONTROL

b. START-INTERFEROGRAM

a. MOVEMENT PATTERN

thterferogram return phase
c.

DETECTOR SIGNAL

*~
d.

(1024 points)
tSIGNAL AVERAGFR OUTPUT

Figure 3.4.3:
Implementation of the API Method on the Mlchelaon
Interferometer. The movement pattern of the source is shown in plot a.
T h e signal averager Is active during the horizontal (Y,) notion of the
s o u r c e . The Instrument Is triggered by the start lnterferogram signal
(plot b) and sums digitised lnterferograms (plot c) in a Ik trace in the
averagers amory (plot a). The resultant trice is transferred to the
computer on completion of a spatial scan. Vertical (Yt) notions are made
with the data acquisition Inactive. The measurement or the BWO output
pooer and the aelectlon of the BUO frequency are not autonated.
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SIGNAL

The errors inherent in the method arise from the following sources,
listed in descending order of importance:

• the error of the power meter.

This is a systematic error of about

± 20%, possibly varying with frequency, as was discussed in section
3.3.
• the BWO power varies during a spatial scan.

This is the

dominant

source of random errors, which are estimated at about ±20 to ±40%
in the result of one spatial scan, depending on frequency.
noted

that

the

power

stability

is

notably

worse

in

(We

certain

frequency ranges - in our case around 140 GHz - than in the rest of
the BWO tuning range).

Because of the integration over frequency,

the error is reduced in the final result; we estimate the error in
the calibration factor at ±10 to ±20%.
• uncertainty in the gain of the launch horn; a systematic error of
±5%, as discussed in section 3.3.
• integration errors due to finite integration stepsize, or due to
not fully covering the antenna pattern of the ECE system.
The stepsize and the width of the integration grid are chosen such
that these errors are much smaller than the other errors.
check, several times we repeated
stepsize

and

a

larger grid.

As a

a calibration with a smaller

This did not

lead

to different

results.

3.5

The UC Method in Practice

The untuned cavity is sketched in figure 3.5.1.

It consists of two

gold-plated hemi-spheres, the upper one of which can be rotated.

The

hemi-spheres were produced by electroforming on a stainless steel
mandrel, which consisted of a (convex) hemi-sphere of which small
facets were milled off in a random fashion.
thus shows the negative of this structure.

The inside of the cavity
Geometry modulation is

achieved by rotating the upper sphere at typically 500 rpm.

The input waveguide of the cavity is of fundamental D-band size.
There are two output waveguides, both of dimensions 10 x 10 ram. One
is connected to the power-meter by a taper to D-band size, the second
is connected to the system under calibration by a taper.
- 19 -
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MOTOR

IRREGULAR
SURFACE

10xl0mm
OUTPUT WAVEGUIDE
SINGLE-MODE
INPUT WAVEGUIDE

Figure 3.5.1:
surfaces.

10x10 mm
REFERENCE WAVEGUIDE

The untuned cavity consists of two aemi~3pheres with irregular

The upper half can be rotated by an electric motor. The cavity Is

fitted with a single-mode input waveguide, a reference waveguide of 10 x 10 na
which i3 tapered down to a 3ingle-mo(ie powei—meter and a 10 x 10 mm output,
waveguide which la connected to the ECE system's entrance antenna.
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Figure

3.5.2

arrangement.

The

averager, which
Michelson

shows

a

schematic

detector

is triggered

interferometer

polychromator.

or

diagram

output
from
the

is
the

of

the

connected
start-scan

chopper

signal

experimental

to

the

signal

signal of the
of

the

grating

The signal averager is used here to average over a

large number of cavity revolutions, and to obtain a high signal to
noise ratio; a typical averaging time is 30 s.

For

an

equidistant

set

of

BWO

frequencies

with

a

stepsize

Af

(typically 0.5 to 2.5 GHz) we measure the average system's response.
In order to access all modes of the cavity, the BWO frequency is
modulated with a triangular waveform, a sweep width of ±Af/2 and a
sweep

frequency of typically 5 kHz.

After each measurement the

contents of the averagers memory are stored in the computer.

These

traces are then added, normalising each on the reference power P .
In this way the integral of eqn.

2.2.5 i? directly obtained in the

case of the grating polychromator.

For the Michelson interferometer,

the 'integral interferogram1

is Fourier transformed into a response

spectrum.

The measurement of the reference power P suffers from the fact that
m
the power levels obtained are at the limit of what can be measured
with the power-meter.

Therefore, we take an average over six power

measurements for each frequency, three before and three after the
data-acquisition phase.
about ±10%.

The estimated random error in the average is

Because of the integration over frequency the error is

reduced in the final result.

It is estimated to yield a ±5% error in

the calibration factor.
A typical equivalent temperature obtained with this method is 10 keV.
This is of the same order of magnitude as the plasma temperature.

We list the errors inherent in the method in descending order of
importance:

• deviation of the behaviour of the cavity from its ideal.

We will

consider this subject in section 3.6.
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TAPER

ECE ANTENNA

ROTATION 500 rpm,
GRATING
30LVCHROMATOR

MICROWAVE
POWER-METER
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Figure 3*5.2: Implementation of the UC Method on the grating polychromator.
The signal averager is active for a fixed period of tine for each BVfO
frequency. It is triggered by the chopper signal of the polychromator (plot
a) and averages the detector output signal (plot b) over a large number of
cavity revolutions. The resulting Ik long trace obtained is shown in plot c.
Tne aeaaurenent of the power on the cavity's reference output and the
selection of the BVfO frequency are not automated.
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• the systematic error of ±20% of the power meter.
• the random error of about ±5% due to the power measurement,
fluctuations of the BWO power during the data acquisition phase.
These are not considered serious (the data acquisition phase takes
much less time than a spatial scan of the API method, for which
this is an important source of errors).
• errors due to finite integration stepsize.

These are considered to

be negligible.

3.6

Characterisation of the Untuned Cavity

In order to assess if the design objective of equipartition is met,
we have conducted a series of experiments.

A first requirement is that, if we measure the power in the reference
and the output waveguide with a single-mode power meter, the value is
equal for both waveguides and independent of the orientation - ie.
polarisation - of the power meter.

Table 3.6.1 shows the results of

these measurements at three frequencies.

The BWO was frequency

modulated with a triangular waveform at a sweep frequency of 5 kHz
and a sweep width of ±0.3 GHz, and the cavities upper half was
rotated at 500 rpm.

Multiple readings were taken for each power

measurement, resulting in an error in the values in the table of less
than ±5%.

We conclude from the table that there are discrepancies of the order
of 50% between both outputs and between the two polarisations in one
output.

Repetition of the measurements showed that these are badly

reproducible, the spread being of the order of 50%.
expected

that

the

unbalance

between

the

power

It is to be

measured

in the

reference waveguide and the power in the output waveguide will result
in an error in the calibration factor of the ECE system of the same
order of magnitude.

A second experiment was undertaken in order to see in how far the
cavity generates all propagating modes in its output waveguide.

We

do this by measuring the antenna pattern of the ( 10 x 10 mm) output
waveguide of the cavity. If the cavity were ideal it would excite all
- 21 -
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TABLE 3.6.1:

Behaviour of the untuned cavity.

The output waveguide or the

reference waveguide of the cavity CIO x 10 mm) la tapered down to the single
mode power-meter, the orientation of which (arbitrarily designated aa
vertical or horizontal) selects the polarisation.

Thus we measure the

alngle-mode power of the two waveguides in two polarisations.

He normalise

the measured values to the power in vertical polarisation in the reference
waveguide.

The errors on the measurements are leaa than 5$-

Frequency

Reference Waveguide

Output Waveguide

Horizontal
Polarisation

138

Polarisation

Polarisation

Polarisation

119.5

1.0

0.95

0.61

1.29

110.0

1.0

0.99

0.68

0.90

165.0

1.0

0.93

1.11

1.89

propagating modes in this waveguide with equal power flux.

The

antenna-pattern in that case would be a cosine function, as it is for
a blackbody radiator.

Results of measurements of the pattern at 140 GHz are shown in figure
3.6.1 for two polarisations.

The pattern was measured as a function

of the angle Yi. the coordinate system being defined as shown in
figure 3.4.2. The BWO was frequency modulated as above and the cavity
was rotated at 500 rpm.

The curves are normalised to their central

value (Ya = 0) and the ideal cosine function is added.

The modes of

the type TE „ have the maxima of their individual radiation patterns
on the Yi axis. The angular positions of the maxima for the modes
T E 1 Q , T E 2 Q , T E 3 0 , TE^ 0 and TE g Q are approximately 0, 12, 18, 24 and
30 degrees.

We can thus roughly conclude from the deviations between

the cosine curve and the measured curve that all higher order TE „
mO
modes lack power when compared to the fundamental TE... This will
most probably be equally true for the other, TE
modes.

, higher order

Measurements at 110 and 165 GHz produced similar results.

The degree to which this effect leads to errors in the calibration
factor depends on the relative sensitivity of the ECE system to the
different modes.

We shall come back to this issue in chapter 5.

There the results are compared of calibrating two systems that are
rather different in their sensitivity to the various modes.

We conclude from the results described in this section that the
untuned

cavity

that we used has

shortcomings

that may

lead

to

appreciable errors in the calibrations.
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Figure 3.6.1: Measured antenna-patterns at the output waveguide of the
untuned cavity. The pattern was measured as a function of the angle Ylt which
la defined as in figure 3.t.2. Patterns are shown for two polarisations; the
upper plot shows the pattern for a polarisation parallel to the Yt axis, the
lower plot shows the pattern for a polarisation parallel to the Yt axis. The
dotted line represents the Ideal coalne function.
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4.

EXPERIMENTAL RESULTS

A.I

Introduction

We performed two series of measurements.
microwave

methods

and

the

Michelson

interferometer.

LAB

In the first [17], the two

calibration

were

applied

to the

The waveguide between the calibration

source and the spectrometer that we used in this experiment is not
the

same waveguide

instrument.

that is used

for plasma operations with the

Instead, it is a 20 m long mock-up S-band (34 x 72 mm)

waveguide, containing

several

E plane

and

H plane

bends.

The

termination of the waveguide served as the entrance aperture; no real
antenna was fitted for the LAB and API calibrations.

For the UC

method, a 600 mm long, linear taper from 10 x 10 mm to 34 x 12 mm was
used to connect the untuned cavity's output waveguide to this 34 x 72
ram entrance aperture.

In the second series of experiments, the methods were applied to the
grating polychromator.
waveguide

run,

to

It appeared impossible, even with a short

calibrate

the

grating

polychromator

with the

large-area blackbody source, the signal-to-noise ratio being too low.
It

was

then

decided

to

perform

the

reference

indirectly, by making use of the JET plasma.

LAB

calibration

The plasma temperature

is measured by the Michelson interferometer, which is calibrated in
situ with

the LAB

calibrations

with

[3].
the

We thus had
waveguide

polychromator to the tokamak.

run

to perform
that

links

the microwave
the

grating

The waveguide was branched off close

to where it enters the torus, and a model of the interior parts was
connected.

The calibration equipment was operated an a platform next

to the diagnostic port of octant seven of the machine.
from

the untuned

entrance

aperture

The coupling

cavity's output waveguide to the 50 x
of

100 mm

the ECE system was - by lack of suitable

components - made with a 600 mm long linear taper from 10 x 10 mm to
34 x 72 mm.

The flange' of this taper was positioned flush against

the entrance aperture, thus leaving a stepwise transition from the 34
x 72 mm to the 50 x 100 mm cross-section.
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Figure 1.2.1J Calibration curves of the Mlchelson Interferometer obtained
with the three calibration techniques.
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In section 4.2 we present the results of the first series of
experiments, ie. the implementation of both methods on the Michelson
interferometer. In section 4.3 we present the results obtained with
the grating polychromator.
4.2

Calibrating the Michelson Interferometer

The Michelson interferometer, with its mock-up waveguide system, was
first calibrated by means of the large area blackbody source. The
results are presented in figure 4.2.1, which shows the calibration
factor as a function of frequency over the frequency range of
interest. The random error and the systematic error of this method
are both estimated to be ±5%. Six hours of data acquisition were
required to record the interferogram from which this curve is
derived.
The results of calibrating the system with the API method are also
shown in figure 4.2.1. We covered the frequency range from 125 to
150 GHz with a stepsize of 2.5 GHz. However, due to the width of the
instrument function ("v.5 GHz) the parts of the curve between 125 and
130 GHz, and between 145 and 150 GHz, have no relevance and are
truncated.
We observe that the calibration curve obtained with the API is
between 16% and 352 lower than the curve obtained with the largearea blackbody. This result is within the composite error bars, ie.
±10% on the blackbody curve, ±25% systematic on the API curve and
about ±15% random on the API curve.
The time consumption is dominated by the spatial scanning, which
takes five minutes per frequency. It takes about lM hours to measure
the curve shown.
The third curve in figure 4.2.1 shows the results of the UC
calibration. We covered the frequency range from 110 to 170 GHz in
steps of 1 GHz. Again, due to the width of the instrument function,
there is a truncation at either side.
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TABLE 1.3.1

API calibration of the polychromator.

The table shows the results of 11 calibrations at three central frequencies.
The frequency stepatze and the equivalent temperature T

, normalised to !
eq/

mW BWO output power are given,
compared with the calibration factors (

from a large-area blackbody

calibration.

The measurements were performed under the following conditions:
• Spatial grid Yi from -10° to 10°, stepslze AY, - 0.16°
Yj from -10° to 10°, atepsize AY 2 - 1.0°
• Distance from launch horn to entrance aperture 660 mm
• Entrance aperture:
• Launch horn:

100 x 50 mm

3.5 x 7.0 mm

• Frequency modulation:

Nr.

Central
Frequency

±LC/2 with a 3 kHz triangular waveform

• Signal chopper frequency:

25 Hz

• Typical BWO output power:

10 mW

Frequency flange
From

To

Step

Eq. Temperature

API

Blackbody

Normalised to

Calibration

Calibration

P
[GHz]

1

119

116.0

121.5

- 1 mW

[kev]

[GHz]

0.5

1.26 10"

Ratio
C

«PI/CUB

10

C
UB
[uV/kev]

12.5

0.8

9

0.7

3

8

0.7

110

137.5

111.5

0.5

1.26 10"

23

23

18

0.8

6

20

0.85

165

158.0

170.0

1.0

0.63 10"

28

31

0.88

0.85

8

28

0.8

9

30

0.9

10

30

0.9

11

27

0.8

144

0.73

1 .0

5

7

API/CLAB

FaOtOr

[liV/keV]

2

it

Average
C

0.66

We observe that the deviation between the UC curve and the large-area
blackbody curve is between 0% and 35%.

This result is just inside

the composite error bars, ie. 10% on the blackbody
systematic and ±5% random on the UC curve.

curve, ±20%

The error bar on the UC

curve does not include effects due to non-ideal behaviour of the
cavity, as discussed in section 3.6.

The time consumption is determined mainly by the measurements of the
reference power P , which takes about 2 minutes per frequency.

The

calibration curve shown is obtained in about 3 hours.

4.3

Calibrating the Grating Polychromator

Calibration

factors

for

blackbody

calibration

Michelson

interferometer)

the

grating

(indirect
are

by

polychromators

cross

routinely

calibration
available

large-area
versus
from

the

plasma

operations.

Calibrations with the API method were performed at three different
central frequencies - selected by setting the polychromators grating
angle - ie.

120, 140 and 165 GHz.

The measurements were repeated a

number of times in order to assess the reproducibility.

The results

are presented in table 4.3.1, which also provides information about
the frequency ranges and stepsizes.

The calibration factors are also

shown in figure 4.3.1.

We observe that the API calibration factors are typically too low by
about 20%, for all three frequencies, indicating a systematic error
of 20% that is fairly frequency independent.

The standard deviation

of the full set of values for C,_T/C.,_ is 0.09, indicating a random
Air J.

error of about 10%.

J-IAJJ

These observations on the errors are consistent

with the predictions made in section 3.3.
Time-consumption is dominated by the spatial scanning.
scan

takes

about

5 minutes, so that one

calibration

One spatial
factor is

measured in about one hour.
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Figure 4.3.1! Calibrations of the grating polyohromator at 120, 110 and 165
OHz, obtained with the three calibration techniques.

140

'••i

In

table

A.3.2

presented

for

calibration
were

the
two

results

central

of

the

frequencies,

factors are also shown

repeated

in

order

calibration

to

ie.

with

140

and

in figure A.3.1.

assess

the

the

165
The

UC

are

GHz.

The

measurements

reproducibility.

We

also

investigatedthe effect of changing the orientation- or polarisation
- o f t h e s i n g l e - m o d ep o w e r - m e t e r o n t h e r e f e r e n c e w a v e g u i d e .

We

observe

low.

that

These

all

section

3.4, which

or

imperfect

the

the

source

list
GHz

of

of

errors

case

the

the power
behaviour,

The

calibration

deviations
points

the

errors.

These

in

section

meter..
by

This

This

one central

frequency

the

elements
We

further
sensitive

only be

and

were

is

can

a

factor

bars

behaviour

cavity

3.4.

effect

the

not

caused

of

too
in

of the
ECE

that

the

cavity

system

included

observe
to

2

estimated

in

as

in

the

the

140

orientation

by non-ideal

of

cavity

problem.

is dominated
about

about
error

factor

a coupling

taking

are
the

to either non-ideal
between

calibration

not

factors
outside

coupling

time-consumption

power.

are

by the measurement

2 minutes

is obtained

per

frequency,

in about
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of the
a

reference

calibration

for

minutes.
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TABLE U.3.2

UC calibration or the poiychromator.

Ths table shows the results of 5 calibrations at two central frequencies.
The frequency range and frequency atepsize are given.

The equivalent

temperature T
is normalised to a power P in the single mode reference
eq
m
waveguide of 1 uW. The orientation of the power meter on the reference
waveguide Ls varied.

The obtained calibration factors C

the calibration factors C

are compared with

from the indirect large-are blackbody

calibration.

The measurements were performed under the following conditions:
• Entrance aperture:
• Connection to UC:

100 x 50 mm
by taper to S band, involving a stepwise transition

• Frequency modulation:

±0.25 GHz sweep with a 3 kHz triangular waveform

• Signal chopper frequency:
• Cavity rotation:

50 Hz

500 rpm

• Typical power level on reference waveguide:

Mr.

Central

10 wW

UC

Frequency Range

Calibration

LAB
Calibration

Ratio
C

UC/CLAB

FaOt

f*.

[OHi]

[KCVJ

[uV/kev]

VERTICAL

9.5

2

VEHTICAL

9.0

3

HORIZONTAL

6.5

1

1
5

148

110

165

137.5

158.0

111.5
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5.

DISCUSSION, CONCLUSIONS AMD PROSPECTS

5,1

The API Method

In the previous chapter we have observed that in both applications
the calibration factor C,

is in agreement with the blackbody

Air J.

calibration.

The remaining deviations between CAp_ and C LAfi are in

agreement with our estimate of a ±25% systematic error and a ±15%
random error.

We also observed that the systematic error is not

strongly dependent on the frequency.

The time-consumption of the

method, when applied to the Michelson interferometer, is of the same
order of magnitude as that of the blackbody calibration.
The accuracy of the method can be considerably improved by relatively
simple

means.

The

dominant

source

of

random

errors, ie. the

fluctuation of the BWO output power during a spatial scan, can be
reduced

by

constantly monitoring

directional coupler.

this power, using

a calibrated

Although the observations on the systematic

errors are consistent with the expectations they do not decisively
prove that it is the power meter and not a different element of the
method that causes the discrepancies.

We have made an attempt to pin

down the error on the power meter; the Michelson interferometer was
equipped with a single mode filter in the waveguide run, close to the
entrance aperture.

With this arrangement, the spectral input power

from the LAB is known to be kT, according to eqn.

2.2.5.

Coupling

the BWO directly into the mode filter, and integrating over frequency
in the usual way (see eg. section 2.4 ) , then allows for a direct
comparison of the power meter and the temperature standard. This
experiment

failed because the single to noise ratio of the LAB

measurement was too low due to the mode filtering. It is suggested
that the experiment be repeated with a heterodyne receiver, because
these systems have a much higher sensitivity and signal to noise
ratio.

A more pragmatic approach towards the systematic error is to

determine a correction curve for the power meter on the basis of a
comparison

of

interferometer.

the

API

and

LAB

methods

on

the

Michelson

This implies that the LAB calibration is taken

as the standard; The microwave methods are made consistent with it.
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The time-consumption and the amount of user-interaction required can
be reduced by further automation.

We estimate that with a fully

automated system, based on a more compact design of the mechanical
apparatus, one will be able to perform calibrations at a rate of
about one spatial scan per minute, without any user interaction.

For

example a calibration of the Michelson interferometer over the full
100 to 170 GHz frequency range of the BWO with a 1 GHz stepsize would
then take less than lK hours, compared to about 6 hours of signal
averaging required for a blackbody calibration.

In conclusion, the API method seems feasible for performing routine
calibrations

of

ECE

systems.

The

method

is

theoretically

straightforward, there are good prospects of improving the accuracy
and the hardware is suitable for full automation.

5.2

We

Th. UC Method

have

observed

that

in

the

application

to

the

Michelson

interferometer the UC method yields calibration factors that are in
agreement with the LAB calibration.

In contrast, the results on the

grating polychromator showed discrepancies that should most likely be
due to non-ideal behaviour of the cavity, and perhaps partly as a
coupling problem.

The reason for the differences between the results on the two systems
are not clear. However, a possible explanation can be suggested; the
antenna-patterns
apertures

are

of

the

strongly

two

systems, measured

different.

That

of

at

the

the

entrance
Michelson

interferometer has a solid angle (of the -3 dB contour) of about 2.5
10"3 sr.

This implies that the number of waveguide modes admitted by

this system is of the order of 2 at 170 GHz, as given by the equation
N = Afi/A2, where A is the area of the entrance aperture (34 x 72 mm).
The grating polychromator's antenna-pattern, on the other hand, has ft
= 14 10"3 sr, which leads to N = 15 in the 50 x 100 mm apertures.
The Michelson interferometer
number of modes.

is thus sensitive to a much smaller

Considering that power is lacking in almost all the

higher order modes in the cavity's output waveguide, as we observed

150
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in section 3.6, this observation can at least partly explain the
discrepancies.

It should be stressed however, that the observed

dependence of the obtained calibration factor on the orientation of
the power meter can only be explained by a lack of equipartion of
power over the cavity modes.

In conclusion it appears that better understanding of the behaviour
of the cavity and of the coupling between cavity and ECE system,
leading to an improved cavity design, is required.

We consider the

results on the Michelson interferometer as somewhat fortituous.

5.3

General Conclusions

In this section we discuss briefly the relative merits of the two
microwave methods.

In this work, the API method has produced better

results than the UC method.

This is due to the untuned cavity

employed, which does not fulfill the requirement of exciting all
modes in its exit waveguides with equal power flux.

Research in the

area of cavity design is recommended in order to arrive at a cavity
that performs better.

A problem with such work is that, in a sense,

the ECE system under calibration is part of the cavity; high order
modes generated by the cavity can be reflected back by the ECE system
into the cavity, and may change the cavity's characteristics.

It is

then possible that a cavity that performs well with one ECE system
can not be used on a different system.

Suppose, however, that this research is successful and that a cavity
is available that performs satisfactorily.

In that case the UC

method has some advantages over the API method.
associated

parts

will

be

considerably

required for the API calibration.

smaller

The cavity and
than

the

device

It will thus be easier to perform

in situ calibrations, ie. calibrations with the source

located

inside the vacuum vessel of the tokamak.

Although this may not be so

relevant

of

for

a machine

of

the

consideration on smaller tokaraaks.

size

JET, it

is

a

serious

Also, the UC method is easier to

implement, because it requires less hardware and software.

- 29 -

151

--i

As far as time consumption is concerned, the API method has the best
prospects of being improved.

Here the time consumption is dominated

by the time required for the spatial scans.

It is straightforward to

construct a smaller and more compact device which can move faster
than the present one.
The time consumption
required

for

A factor of 2 to 5 can be gained this way.
of the UC method is dominated by the time

the power measurements.

Multiple measurements are

necessary in order to obtain sufficient accuracy.

To reduce the time

consumption a more sensitive power meter is required.
however, broadband

bolometers

with

improved

At present,

sensitivity

are not

commercially available.

In conclusion, it is shown that ECE systems can be calibrated with
the method of antenna pattern integration.

The most importany source

of errors in this method is probably the power meter.

With modest

hardware developments, and further automation, it will be possible to
perform routine calibrations almost without user interaction.

The

API method is competitive to the large area blackbody method in time
consumption.
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ABSTRACT

Heat pulse propagation studies in JET have been carried out
using a twelve-channel ECE grating polychromator.

Emphasis is

placed on the behaviour of the heat pulse under strong
auxiliary heating.

The conventional diffusive model for the data-interpretation
has been extended so as to take into account the source- and
sink terms in the electron power balance equation.

We conclude that the heat pulse is governed by an 'incremental'
heat

diffusivity,

which

is

related

to

the

incremental

confinement time rather than to the confinement time as such.
This

is

shown

to be

an explanation

for the discrepancies

observed in previous heat pulse studies.

The experimental values for the heat diffusivity inferred from
the heat pulse for 3.0 to 3.5T, 3MA, limiter discharges in JET
all lie in a band of 2.4 ± 0.5 m 2 s" 1 . without a tendency to
increase when the input power increases from 2MW to 13MW. We
conclude on this basis that the incremental confinement time,
to which the real confinement time asymptotically converges for
high input power, is a constant for constant plasma conditions,
with only the input power varying.

According to our analysis

the presently observed confinement time is, at high power
levels, close to its asymptotic value.

A model for the heat diffusivity is suggested that would unify
the

observations

confinement

on

the

heat

pulse, the deterioration of

and a certain degree of profile consistency.
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1.

INTRODUCTION

Heat diffusion is the dominant energy loss mechanism in tokamaks. The
global energy confinement time of the plasma is largely determined by
the diffusive transport in the confinement region, which extends
roughly from 50% to 95% of the minor radius.

The neoclassical transport theory, which describes the transport for
particles

confined

in a stationary magnetic

geometry, predicts that

field in a toroidal

the heat diffusivity of the ions should

exceed that of the electrons by roughly two orders of magnitude.
Experimental evidence however [1][2], shows that the electron heat
diffusivity is anomalous. This became especially apparent in tokamaks
operating in a low density regime [3][4], where the losses via the
electron channel were much larger than those via the ion channel,
which, in turn, were close to the neoclassical predictions.

At

higher density the heat losses via the two channels are of comparable
magnitude, although the loss via the electron channel is generally
somewhat larger.

The anomalous heat diffusivity of the electrons has been attributed
to microscopic plasma turbulence.

Models for anomalous transport are

generally based on either electrostatic fluctuations or fluctuations
of magnetic field lines due to micro-instabilities.

There is no

consensus

is actually

yet

on which

of

the potential

responsible for the transport.

mechanisms

The theoretical and experimental work

in the field of tokamak transport has recently been reviewed by
Liewer [5].

The determination of a local value of the heat diffusivity of the
electrons xe> by
from

serious

an

analysis of a steady-state power balance suffers

uncertainties.

These

result

from

experimental

uncertainties in the electron and ion temperatures, and from the fact
that the power deposition profile is not well-known. It is therefore
desirable to have an independent measurement of x •

Heat pulse propagation (HPP) is the only method to date that directly

164

yields a local value of the heat diffusivity x
the

response

of

the

electron

perturbation is measured.

temperature

•

In

this method,

profile

to

a

small

* s then derived under the assumption

x

that the relaxation to the equilibrium profile is diffusive.

Two

different approaches can be distinguished in heat pulse propagation
studies.

In the first type of experiment a perturbation is actively

imposed on the electron temperature profile.

Work of this type was

performed on Doublet III [6] , T10' [7] and Wendelstein VII [8] using
electron cyclotron resonance heating as the localised heat source,
and on Tortur [9] , where the temperature profile is perturbed by a
fast toroidal current pulse.

In the second category, the relaxation

of the profile after a sawtooth collapse is used.

Our work falls

into this category.

The

original

discussion

of

HPP

in

tokamaks, using

the sawtooth

collapse as a source of perturbation, is by Callen and Jahns [10].
The method

was

applied

to ORMAK

[11]

[12], where

temperature was inferred from soft X-ray emission.

the

electron

Bell et al. [13]

have improved the analysis of the S.XR data by properly taking into
account

the

chord-averaging

effect

of

the

SXR

measurements

in

application of the method to ISX-B.

More

recently,

the

subject

has

received

considerable attention.

Measurements were reported from FT [14], T10 [7], TFTR [15] , and from
our earlier work on JET [16] [17].

These investigations focus on two issues:
diffusivity x

firstly, how does the heat

derived from HPP compare with estimates obtained from

the local or global power balance?
auxiliary heated discharges?

Secondly, how does it behave in

It is generally obsarved that the

energy confinement time degrades under additional heating.
heat pulse show a corresponding increase of x

Claims for the agreement of x
power
Values

balance
from

Discrepancy

vary
HPP

from HPP with estimates based on the

considerably

usually

factors

exceed

range

Does the

?

from

between

the different machines.

those

from

the

power

small

(say

1-2

for

- 5 -

balance.
Dili, FT,

185

Tortur) via reasonable (say 2-5 for JET, T10) to substantial: in TFTR
they lie between 2 and 20.

Also on the second issue contradictory results have been reported.
In ISX-B [13] , x

from HPF is reported to increase in accordance with

the

of

degradation

energy

confinement.

In

JET

we

found

no

significant change even in discharges where the auxiliary power (3 MW
ICRH) was up

to two the times the ohmic input, and the global

confinement time deteriorated by a factor of about 2 [16],

The present study has been undertaken primarily in order to extend
the already existing HPP data on JET to a larger range of the total
input power. The existing data on ohmic and ICRH heated discharges
have,

however,

been

re-analysed

using

improved

data-analysis

techniques.

HPP work

in

emission.

JET has

been

carried

out using

electron

cyclotron

The 12 channel grating polychromator [16] [18] measures

the electron temperature at 12 positions along a radial line of sight
with high time resolution. From the measured electron temperatures
two parameters characterising the heat pulse are derived, ie. a heat
pulse velocity and a damping rate of the heat pulse amplitude.

A

novel feature, introduced in [16] , is the coherent addition of many
sawteeth during a stationary phase of the discharge, in order to
improve the signal to noise ratio.

This improvement is beneficial,

because the signal to noise ratio is an important limitation of the
method.

It was considered essential for the credibility of the method to find
a viable explanation for the discrepancies between x

from HPP and

estimates from the power balance observed in earlier work.
this, the v
quantity

that

Without

inferred from HPP can not be considered to represent a
is relevant

to

the energy

confinement.

In this

context, the model used for the interpretation of the data has been
reviewed and two important improvements have been made.

In the first place, it is shown that a hypothesised dependence of x
on
189

the

temperature

gradient

can
- 6 -

be

an

explanation

for

the

discrepancies.

Such a dependence would imply that the x

inferred

from HPP is related to the incremental confinement time, rather than
to the confinement time as such. This matter is highly relevant to
the generally observed decrease of the energy confinement time under
auxiliary heating, and to several observations of a rigidity of the
electron temperature profile [19][20][21] , known under the generic
qualification 'profile consistency'.

The second improvement concerns the derivation of x
measured heat pulse parameters.

from the

To analyse HPP data one needs - in

principle - to solve the full set of transport equations for the
electron- and ion temperatures.

This being a very large amount of

work (for the computer) it has become rather standard to work with a
simplified
electrons.

model

involving

only

a

diffusion

equation

for

the

This equation can be solved numerically or, under some

extra restrictions, analytically

[15].

Goedheer

[22] has pointed

out, on the basis of measurements by Sillen et al. [23] on T10, that
the x e values obtained by the use of the simplified diffusive model
may be too high by a factor of 1.2 to 2, as compared to a full
transport simulation code. In this work, we introduce a new method in
which the diffusive model is extended to include terms that account
for the source and sink terms in the power balance. It is shown that
the

extended

model

agrees

favourably

with

a

full

transport

simulation.

In chapter 2, the relevant physical phenomena are introduced.

It is

shown how the diffusive model for the temperature perturbation is
derived

from

the

electron
on

dependence of x

power

balance

equation,

and

how

a

the electron temperature gradient leads to

6

the introduction of an 'incremental' x • This i s shown to be a
possible explanation for discrepancies between x from HPP and x
derived from the power balance.
Chapter 3 introduces the diagnostic and shows examples of raw
signals.
The data processing and the definition of the
characteristic parameters are elucidated.
In chapter A we describe the derivation of x e from the measured heat
- 7 -
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pulse speed and damping rate.

The diffusive model and the extension

that models the source and sink terms are discussed.

In chapter 5 the experimental results are considered.

The x

values

derived from the HPP are compared with estimates obtained from the
global and the local power balances.

Chapter 6 is dedicated to a discussion of the experimental results.

In cnapter 7 we discuss the results of this work in relation to the
study of anomalous transport in tokamaks in a more general sense, and
in particular to some points of view that have recently received
attention.

Finally, in chapter 8 the main conclusions are summarised.

16B
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2.

THE PHYSICAL PHENOMENA

2.1

Introduction

In this chapter various physical phenomena relevant to the process of
heat pulse propagation are introduced.
of

the

electron

schematically

temperature

explained.

In section 2.2 the evolution

profile

during

sawtoothing

is

In section 2.3 an approximate relation

between the heat diffusivity of the plasma and the energy confinement
time is given.

In section 2.4 we look at the transport equations

that describe the heat pulse.

We consider the possibility that the

heat diffusivity depends on the temperature gradient and introduce
the incremental heat diffusivity.

In section 2.5 we derive a value

for the incremental heat diffusivity from the global power balance.
In section 2.6 a tentative model is introduced describing x
function of the temperature gradient.

as

a

Finally, in section 2.7 we

consider an alternative model in which it is assumed that the heat
transport is the result of a balance between an outward diffusive
flow and an inward heat convection.

2.2

Sawtoothing

Sawtoothing

generally

occurs in tokamak plasmas when the central

value of the safety factor q reaches a value below unity.
illustrated

in

figure

2.2.1, showing

schematically

the

It is

electron

temperature profile at three instants of time, and the electron
temperature as a function of time at three radii.

The rapid collapse

of the sawtooth (,< 200us) flattens the electron temperature profile
from the centre up to the mixing radius r . On the inversion radius
r. the fast change of temperature is zero by definition.

Outside the

mixing radius, r > r , no change of temperature is observed on this
fast time scale, but on a slower time scale the perturbation is
observed to spread outwards, towards the limiter.
called heat pulse propagation (HPP).

This phenomenon is

The characteristic parameters

that are used in the analysis are the delay time t (r) between
between sawtooth collapse and the time of maximum temperature at
radius r, and the amplitude A(r).

- 9 -
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Figure 5.2.1.
The evolution of the electron
temperature during sawtootrting.
The upper plot
shows profiles Just before the collapse of the
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2.3

Heat diffusivity and the energy confinement time

In a tokamak three radial regions with distinctly different transport
properties can be distinguished

[24][25] ; firstly a central - or

sawtoothing - region, inside which the periodic flattening of the
profiles

dominates

the

transport;

secondly

an

outer,

radiation

region, in which the transport is governed by atomic processes; and
thirdly

an

intermediate

confinement

region,

extending

from

the

sawtooth mixing radius to about 95% of the minor radius, where the
transport is dominated by the diffusive heat flow via the electronand ion channels. In discharges without sawteeth, the distinction
between the central region and the confinement region vanishes.

The ratio of the diffusive heat losses via the electron channel and
the ion channel in the confinement region depends on the plasma
density. At low density the electron channel dominates; the inferred
anomalous heat diffusivity of the electrons is inversely proportional
to the density [A][24][26][27][28], and the ion heat diffusivity is
close

to

its

neo-classsical

prediction.

At higher

density, the

electron heat diffusivity becomes independent of the density [27] and
the two diffusivities are close [29]. The ion channel then carries of
the order of 50% of the diffusive heat loss [30].

The global energy confinement time is defined as T,, = W/P,. ^, where W
h
tot
is the total kinetic energy of electrons and ions. For the type of
discharges that we have studied, almost all of which have a density
in excess of 3 10 19 m" 3 in the confinement region, we assume that the
electron- and ion heat diffusivities

are equal. Then the energy

confinement time of the electrons, defined here as t.

= W

equal to x . From T_, we can derive an estimate x

/ P , is
*

°f the

electron heat diffusivity, using the well-known relation:
X e g l 0 = ^k_

where

a and

b are

the minor

direction respectively.

radii

(2.3.1)

in horizontal

and

vertical

This equation can readily be derived in

- 10 -

in

cylindrical

geometry

for

a

parabolic

temperature

T0(l-(r/a)2) and a flat density profile.

profile,

T

=

For different profiles the

numerical factor may be different.

It was confirmed that for actual

JET profiles the value of x

as

i

B i v e n by equation 2.3.1 is

consistent with an approxiinate local power balance at a radius r =
'/, a.
A value for the heat diffusivity can also be derived from the local
power balance, which we evaluate at a radius close to that where we
perform the HPP measurements, ie, r = 2 / 3 a. To do this, an estimate
for the power

lost through

the r = V 3 a

electron channel, is required.
fraction P

flux surface, via the

We estimate the electron channel

as 50% of the total input power P

, given that the

power loss through radiation is small in the confinement region [29].
Hence P e = *

2.4

P^.

The equation describing the heat pulse

The equation describing • the process of HPP is the heat transport
equation
tion for the electrons. In cylindrical geometry, and for constant
density:

'/ nk f^e = -V Q + p
r
at
n which

Q = - nk x e

and

'/, nk (T^-T^
p

_

T .
ei

where Q is the diffusive heatflow, p represents the energy source and
sink terms, n is the electron density, k is Boltzmann's constant, T
the electron temperature, T. the ion temperature,

n the resistivity,

J the current density, T . the electron-ion energy exchange time and
61
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p

, is the radiated power density.

The operator V_ differentiates

1*3.0.

IT

with respect to the radius only; all quantities are constant over a
flux surface.
To analyse HPP data this equation is usually reduced to a diffusion
equation for the temperature perturbation only [5]:

3

/ 2 nk

e

=

V

nk x e V 51

(2.4.2)

at
where T
ie.

= T - T ,T
being the unperturbed electron temperature,
e
e
eo
eo
just before the sawtooth collapse. The assumptions made by

going from eqn.

2.4.1 to eqn. 2.4.2 are firstly that in the relevant

region of the plasma contributions due to variation of the source and
sink terms are negligible; secondly that x e is not a function of T g
or V T ; thirdly that the density perturbation is appreciably smaller
than the temperature perturbation.
Numerically solving eqn. 2.4.2 is straightforward, given profiles of
the density

, x (r)

an(

*

tne

initial perturbation T (r,t=o).

Simulated t (r) values are obtained that can be compared with
experimental ones.

The

assumptions

Hence values for x

implicit

can

in equation

be determined.

2.4.2 are too restrictive.

Goedheer [22] has already shown that the source and sink term p shows
fluctuations so that it may not be ignored in the equation for the
perturbation.

In chapter 4 we will show that this term can readily

be included in the diffusive model.

A possible V T

dependence of

X is of more theoretical significance, and will be considered here.

The starting point for this discussion is an approximate local power
balance for the electrons, evaluated at a minor radius r = */3 a. The
diffusive heatflow Q per unit area through the flux surface is given
in eqn. 2.4.1. The power-loss P

via the electron channel is (Q S ) ,

where S is the area of the flux surface.

If x

were a constant and if there is no convection of heat, the

- 12 -
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O)

Figure 2.H.1 An approximate local power balance at
r = 2 / 3 a. The plot shows JET data during the
current f l a t top, with the following selection;
2.9 < t o r o i d a l field < 3.5 T
2.9 < plasma current < 3.0 MA
2.0 < local density < 3.0 10 l5 m" a
1.1 < minor radius
1.4 < elongation

< 1.2 m
< 1.5

The f i t t e d l i n e yields the value
incremental heat d i f f u s i v i t y x ,
area of the flux surface is 114 m*.

174

for

the

2.5. The

heatflow Q would be linearly proportional to the temperature gradient
V T , according to eqn. 2.4.1. Existing experimental evidence however
suggests that this is not the case.
versus V T

Figure 2.4.1 is a plot of P /n

for a selection of JET discharges with a narrow range of

toroidal field, plasma current and density. P

is calculated under

the assumptions outlined is section 2.3. Clearly, a straight line
fitted through the data to V T

points does not go through the

origin, ie, Q is not linearly proportional to V T , but follows an

r6
off-set linear behaviour.
X on V T .

This can be interpreted as a dependence of

It is not possible to decide from these (steady-state)

data if the dependence is explicit or implicit, involving for example
T

itself or the current density.

On the basis of the discrepancies reported in most HPP studies we
rule out that the heat diffusivity inferred from HPP represents the
X

from the power balance, which is defined as Q/(nk V T ) ,

according to eqn. 2.A.I.
that

x

from HPP

a(Q/nk)/a(V r T e ) .
only T

In this work we will examine the postulate

is related

to the

slope

of the

line,

Because the heat pulse perturbs, in first order,

6 and V rT G , we observe that, in order for the postulate to be

true, x

has to be an explicit function of T
S

or V T , on a timescale
6

2T G

faster than the typical timescale for HPP. (An implicit dependence
via

the

current

density

would

manifest

itself

on

a

resistive

timescale, which is much slower than the heat pulse time scale.) We
will in this section concentrate on the consequences of an explicit
dependence on the gradient.

A possible dependence on T g itself will

be considered in section 2.7.
An alternative interpretation of the curve shown in fig. 2.4.1 is
that there are terms in Q that are not accounted for in the, purely
diffusive, eqn. 2.4.1. In section 2.7 we will consider a model in
which the equation is extended with a convective term.

We will now introduce the incremental heat diffusivity, as given by
the slope of the curve in fig. 2.4.1, ie. v

.

6 f lilC

If X

« d(Q/n)/3(V_T ) .
i 6

is an explicit function of the temperature gradient, the

equation for the perturbed heat flow Q is:

- 13 -
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Q = -nk x e V r T e

nk x e V r T e
(2.4.3)

= -nk x s V r ^ e - nk V r
where x

is the perturbation on x •

The perturbed diffusion equation is: (still ignoring the perturbation
p of the source- and sink terms. )

,rikf^e «

(2.4.4)

nk
inc

9t
where

X

The V T
X

but x
©

X

e

3(V r T e )

dependence does not change the equation, but only replaces

by )[o ,

X

e,i

. The heat diffusivity relevant to a perturbation is not
•

•

The diffusive nature of the process is retained; in

s tinc

the linearised equation the perturbation does not dynamically change
X

e,inc'
From the data in figure 2.4.1 wa can derive that under the particular
=

plasma conditions the incremental heat diffusivity is x

2.5 ±

6r m e
0.7 m's" 1 , where the specified error reflects the uncertainties in
the denrivy and temperature measurements.

Further, that as far as

the data can be represented by an off-set straight line, x
no dependence on 7 T .

• has
e, inc

This value is of course subject to the

assumptions involved in calculating P

, ie. P

= H P

( see

section 2.3 ) . These assumptions are, however, not essential to the
general

argument

of

this

section;

varying

the

electron-channel

fraction between the credible limits of 40% and 80% changes the value
of x • between 3.2 and 1.6 .
s P inc

176
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2.5

The global energy confinement

It has been observed by several authors [31] [32] that the total
kinetic energy W as a function of the total input power P
can be
represented as an off-set straight line as an alternative to the
usual power-law scaling, like eg. the Goldston scaling [33]. The
expression is:
W = W + T
W

W

°

T

p

(? S 11

E,inc F tot

U.5.U

where T-, .
is the slope of the W(P) curve. This is illustrated in
figure 2.5.1 in which the same data are used as in figure 2.4.1.
From the plot we calculate that •:„ .

= 210ms and W

= 0.8MJ.

£i f m e

Under the assumptions outlined in section 2.3 we can derive a value
for x •
from T_, . . Using eqn. 2.3.1 with substitution of the
incremental variables yields x • = 2.6 ± O.Sm's'1, where the error
represents the experimental uncertainties. This value is in good
agreement with the value derived from the local analysis in the
previous section. The agreement is not surprising, considering that
both derivations are based on the same assumptions. We show here
only that the numerical factor in eqn. 2.3.1 yields a value for
X • that is consistent with the local analysis.
2.6

A model for the heat diffusivity

Over the explored range of 7 T

the data in fig. 2.4.1 suggest a

representation of the Q(V T )/n curve as an off-set straight line.
We observe that the features of this curve imply a x

that is small

for low values of 7 T
increases above a certain threshold V T and
r st
r 6C
asymptotically approaches a high value for high gradients.
A
convenient and fairly general mathematical formulation is:

- 15 -
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• ohm i c
o heated
10
Pt0,

Figure

t.5.1

The

global

kinetic energy versus total

15

(MW)

power

uaiance;

total

input power. The plot

shows the Sana data as fig. 2.1.1. The fitted line
yields
tine T

178

the values for the incremental
E.ino

210 ms and W.

0.8 MJ.

confinement

= Xe>low + Xe>sat
for V T > V T
r e
r ec
Xe = Xe,ilow

(2.6.1)

for V rTe < V rT ec

i
is a lower limit, Ax
^ i s t n e increase for high
6
e, low
e,sat
gradients,
V
T
is
a
critical
gradient
and
s
is
a
parameter
which
gradients, V T
is a critical gradis

where Y

describes how saturation is approached.
This

formulation

stability

theory

is

qualitatively

of

high

m,n

consistent

electrostatic

fluctuations in the confinement

with
and

the

marginal

electromagnetic

region, which are believed to be

responsible for the anomalous transport [34] . At a certain threshold
of a critical parameter an instability sets in. The fluctuations
enhance the transport with respect to background transport governed
by x

,

.At

higher levels saturation occurs due to non-linearity

and a constant level of diffusivity is reached. The actual critical
parameter of the instability may have a more complicated form than
just V r T e .

Figure 2.6.1 shows x

according to equation 2.6.1 for two values of
s
the saturation parameter s. Also x •
and the heatflow Q are shown.
The values for the parameters shown in the figure are chosen such
that the Q curve reasonably fits the experimental Q curve in fig.
2.4.1.

The value X

i

=

1 w a s chosen on the basis of the knowledge

that at low power levels the discrepancies between x

from HPP and

from the power balance are about a factor 2.5 on average [16][17].
This value is roughly in agreement with values obtained on the basis
of existing, low power, low density scalings for !„, eg. Alcator
Intor or neo-Alcator [33][34])
For the case s = 1 the Q curve is a straight line as can be inferred
from eqn. 2.6.1 and eqn. 2.4.5, with X e > i n c = X e > l o w + X e p S a t for
7 T exceeding the critical value. The value of x ,
is independent
r s
©ixnc
sa
of V T . The difference between x •
and X ifactor of 2.5 for
re
etinc
e
low gradients, - which we implied by our choice of x iow ~ . whereas
for high gradients the difference decreases.
- 16 -

179

s
s
•-

•

1
3

A/
^ ^ ^ 7 A e , 1n c
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grad

T

1
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Q
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/

m"1
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M O "

n

)
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MW

5
m3)

Figure 2.6.) The model for x . The upper plot
shows x

and te

ln0

according to eqns. 2.6.1 and

- 3.5 keV m"1, for two values of si s - 1 (solid)
and

s - 3

corresponding

(dashed). The
plot

of

lower

plot

the temperature

shows

the

gradient

versus the heat flow u S, where S is the area of
the flux surface, S - 111 a'. This plot Is to be
compared with fig.

1SO

2.1.1.

For the s = 3 case the Q curve is not straight. However the errors on
the experimental data would not permit a choice between s = 1 and s =
3 on the basis of this curve.
decreases with increasing V T
of a much larger range of x e

The value of x e

now

sharply

inc

, which would lead to the observation
values for the same range of xe-

i

Furthermore, the discrepancies at gradients slightly exceeding the
critical are larger in this case.

Finally, in the s = 1 case we can write <J as:

Q = - nk

(

X e ,low

+

Xe.sat5 V e

+

«* Xe,sat V a c

(2

'6"2)

The second term is now independent of the gradient. In the next
section we will see that this is mathematically equivalent to a
constant convective power input.

2.7

Alternative models

An alternative explanation for the behaviour observed in fig.
has been put forward in the paper by Frederickson et al.

2.4.1

[15]. There

it is suggested that the equation for the heat flow should not only
contain a diffusive term, but also a term that represents convection
of heat. The inward convective heat flow, given by 5 /, nk v . . ,
where v .
the

, is the velocity of the convection, then partly cancels

outward

diffusive

flow, which

is determined

by

a

constant

diffusivity. This so-called heat pinch does not significantly modify
the characteristics of the heat pulse [35] , but it does increase the
global confinement time and, therefore, it leads to discrepancies
between x

as

derived from HPP and the estimates based on the power

balance.

A mechanism
dependence

underlying
on

plasma

the heat
parameters

pinch
has

is not
not

yet

explained,
been

and a

established.

However, a similar particle pinch is usually hypothesised in order to
account for the fact that the density peaks in the centre while all
particle sources and sinks are at the edge. [36],

The mechanism

driving the particle pinch is not explained either; particle pinch
velocities certainly exceed estimates based on neoclassical theory.
- 17 -

Hi

Experimentally obtained particle pinch velocities are, however, still
significantly smaller

(about an order of magnitude [35]) than the

velocities that would be required for the heat pinch, if this were a
normal convective process.

The equation for the heatflow Q is now:

Q=-nk

X e

VrT

e +

' / . «* v p . n c h T e

(2.7.1)

The experimental data shown in figure 2.4.1 would lead to an estimate
for the pinch velocity v .

, = -3 m/s. In the framework of this

model the slope of the Q(V T ) curve yields x .
X

.

an

^ the concept of

does not exist. The pinched power is about 5 MW as can be

inferred from extrapolation to the power-axis in figure 2.5.1. If a
larger

range of plasma parameters

is considered, the pinch power

varies typically between 1 and 5 times the ohmic input power.

The equation for the perturbation is, if we consider the general case
where v . . i s allowed to be a function of T :
pinch
'
e

Xe

V ^

+

V , nk ( v p . n c h

+

av p . n c h

Te ) ^

(2.7.2)

3T

This is equivalent to the equation we would obtain from a dependence
of x

on T . To show this, we rewrite eqn. 2.4.3, but now allow
6

6

X (T ) . This would lead to:

-nk x e V r ^ e - nk ay^

This is similar to equation 2.7.2.
T

if we consider

VrTe

^

(2.7.3)

Any explicit dependence of Q on

can be interpreted as a, possibly T

whereas a V T

=

x

6

dependent, pinch velocity,

dependence can be interpreted as a diffusivity. Hence,
the convective

term we automatically consider the

option of an explicit temperature dependence of the diffusivity.

The model as originally proposed contains a pinch velocity that does

182
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not depend on T , so that the pinch power is linearly proportional to
T .

We observe that this will again introduce possibly substantial

discrepancies between the diffusivity derived from HPP and the value
derived from the Q(V Te) plot. The reason is that T g and V T g are
strongly correlated at r = 2 / 3 a. If we write, to good approximation
T

e

= - 1 /,
3 a V T , and if we substitute in eqn.
r e

2.7.1, we obtain:

(2.7.4)

Substituting a value of -3 m/s for the pinch velocity then yields the
result that the apparent x

( = Q / nk V T

) from the Q(V r T g ) plot

is smaller than Ay by
the term 5/. a v . , = 3 m's" 1 . This is not
e }
*
pinch
consistent with experimental observations [37], an observation that
has resulted in a formulation of the heat pinch model containing a
pinch power P .

, that does not depend on temperature or input

power, but may depend on other plasma parameters.

The process need

not necessarily be convection of heat by a particle flow, but can
best be described as unexplained.
A constant power pinch is mathematically identical to the s = 1 case
of a x (V T ) dependence as discussed in the previous section.

On

comparing eqn. 2.6.2 and 2.7.1 we see that:

Xe.sat V e

= P pinch /nk

(2

-7'5)

The constant power pinch can thus not be distinguished from the s = 1
case of eqn. 2.6.1.

- 19 -
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3.

THE MEASUREMENTS AND DATA PROCESSING

3.1

Introduction

The analysis of heat pulse propagation data consists of two steps.
The

first

one

is

the

derivation

from

the

measurements

of

the

parameters that characterise the heat pulse, ie. the delay times
t (r) and amplitude A(r).
heat

diffusivity

from

The second step, the derivation of the

the

characteristic

parameters,

will

be

discussed in chapter 4.

In section 3.2 the diagnostic system used for the measurements is
introduced.
the data.
defined

Section 3.3 describes the data processing performed on
Section 3.4 explains how characteristic parameters are

and how they are

corrected

for elongation and Shafranov

shift.

3.2

The

The far-infrared grating polychromator

far-infrared

grating

polychromator

[16]

[18]

measures

the

electron temperature at twelve radial positions along a line of sight
in the median plane of the plasma, by means of electron cyclotron
emission in the second harmonic extraordinary mode.

Emission

in

temperature.

this

mode

is

linearly

proportional

to

the

plasma

The 12 channels cover a radial region of roughly 60cm.

The spatial resolution is about 5cm FWHM along the sightline and 15cm
FWHM in perpendicular direction.

The noise equivalent temperature is

of the order of 30eV, at 10kHz electrical bandwidth.

(It depends

rather on the toroidal field: the. value quoted is for B

= 3T. For

lower fields the noise equivalent temperature is higher, because the
electron cyclotron emission is proportional to the square of the
frequency, hence to the square of the toroidal field).

The instrument is calibrated by cross-calibration against a standard
JET Michelson interferometer [38], which is absolutely calibrated by
means of a large area black body [39].

184
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At a particular setting of the angle of the grating, the frequencies
corresponding to the twelve channels are known.

The corresponding

major radii in the plasma are calculated, including corrections for
the paramagnetic effect and the poloidal field.

To obtain the minor

radii, the major radius of the centre of the outer flux surface is
subtracted.

Figure 3.2.1 shows an example of the raw data.

The signals shown

here are of relatively high S/N ratio, due to the large sawteeth and
the

high

toroidal

field.

The

noise

on

the

signals

is purely

instrumei'.tal; plasma noise is not observed.

3.3

Data processing

In order to improve, the S/N ratio of the traces we apply a coherent
addition procedure which will be explained here.

First the signal is time-windowed to obtain a period of the discharge
during which the sawtoothing is reasonably stable.

In general the

time windows are 1 to 2 seconds during the flat top and during a
period of constant auxiliary power.
originating

Then one of the signal traces,

from a position inside the mixing radius is used to

determine the exact times of the sawtooth collapses in the time
window.

This is done by searching through the signal arrays for a

jump exceeding a certain threshold

(say 200eV) within a specified

time (say 0.3ms).

Next a time interval is chosen from t. before (Iv-20ms) to t
b
e
(^•70) ms each sawtooth collapse.

after

The signals in these intervals are

then coherently added, and the resulting array (t, <t<t ) is divided
by the number of intervals summed.

The gain in S/N ratio is equal to

the square root of the number of intervals.
result

of

the procedure

applied

to a 2.5s

Figure 3.3.1 shows the
time window of the

discharge shown in figure 3.2.1.
The procedure is justified under two assumptions;

firstly, that the

process of HPP is independent of sawtooth amplitude;
the

time scale governing

secondly, that

the process is independent of sawtooth
- 21 -
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For a few discharges with a particularly high signal to

ratio, these

assumptions

were

confirmed.

We

compared

the

characteristic parameters of the 'average' heat pulse with parameters
that were obtained from individual heat pulses.

Further, apparent,

improvement of the S/N ratio is obtained by digital filtering.

For

the outer channels, where the temperature fluctuations are relatively
slow, low-pass filters of a few hundred Hz can be applied.

3.4

The characteristic parameters

From signals as shown in figure 3.3.1 we determine values for the
delay times t (r) and the amplitude A(r).

Figures 3.4.1 a and b

shows these quantities as derived from the data shown in figure
3.3.1.

The t

values obtained for the individual channels have large error

bars, estimated at ±10 to ±20%, depending on S/N ratio. Determination
of the detailed t

curve, which in principle could yield information

about a radial dependence of x > i s therefore not possible.

Instead,

we fit the part of the t (r) curve close to the mixing radius
(typically from 5 to 20 cm outside it) with a straight line, defining
the mixing radius r* as the radius where this line intersects the t
m
p
= 0 axis. The inverse slope of the line, dr/dt , is defined as the
heat pulse velocity v*.

Given the values of the error bars this data

reduction is justified.
Similarly to the determination of v*, we reduce the A(r) curve to a
damping rate a* in dB/m.

v*, a* and r* are determined along the line of sight of the
spectrometer.
cylindrical

To be able to compare them with simulations for a

model

Shafranov shift.

they have

to be corrected

It is assumed that T

for elongation and

is constant over the flux
e

surfaces because equilibration of flux surfaces takes place on a very
fast time scale.
dr/dt

188

The speed v

should then not be calculated as

along the sight line, but as d(Gr)/dt , where Gr is the
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Figure 3.4.1a.
Pulse delay time t
as a
function of the minor radius for shot 7960. The
f i t t e d l i n e yields the value for the mixing
r a d i u s r =0.68m and the heat pulse v e l o c i t y
v* =• 7.5m/s.
P
of 1,2m

The limiter is at a minor radius
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g
< 50.0
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MRSIOR RADIUS

Figure

3-1. ">.

Heat

0.9

0.8

pulse

function of the minor radius.

(m)

amplitude

as

a

The fitted line

yields the damping rate a* = 33dB/m.
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10

average radius of the flux surface.

The correction factor G is to

good approximation

G = ( b / a ) ^ (a /(a - A g ))

(3.4.1)

where a is the horizontal minor radius, b the vertical minor radius
and A

the Shafranov shift.

Hence the corrected speed is

v = G v*
P
P

(3.A.2)

Simulations are done for a circular plasma of the (average) radius
G(a-A ) , with a corrected mixing radius r = G r* .
s
°
m
m
Concerning the damping rate, we define a damping a

as the damping

over a minor radius, ie.

a

= a* (a-As)

[dB]

(3.4.3)
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4.

MODELLING THE HEAT PULSE

4.1

Introduction

Once

the

heat

pulse

velocity

and

the

damping

rate

have

been

determined, a second step of data analysis is required to obtain the
heat diffusivity.

According to equation 2.4.5 the small perturbation

analysis yields a value of x

•

•

temperature gradient, we have x

•

If X
=

Q t in.C

X

.

does not depend on the

X •

The relation between

S

and the characteristic parameters speed, damping rate and

mixing radius depends on the transport model one uses.

The most

complete model is a full transport simulation taking into account all
the transport equations.
routine basis.

These codes are not easy to run on a

We have used a transport code mainly as a reference

for simpler models which we do use routinely.
Under the assumptions mentioned in chapter 2, the electron transport
equation

is

reduced

to

a

diffusion

equation

perturbation in cylindrical geometry.

for

a

temperature

Ohmic power, radiation and

electron-ion exchange power are assumed not to deviate from their
steady-state values.

The application of a full transport code reveals that given a heat
pulse velocity the diffusive model yields x
typically a factor

1.5

too high.

•

values which are

Moreover, the transport code

reproduces the damping rate while the diffusive model does not.

We have therefore formulated an 'extended diffusive model' in which
variation of ohmic power, radiation and exchange power are expressed
in a first-order correction term in the diffusion equation.
model allows the determination of both x
damping

term

from

the

heat

pulse

speed

•

an

and

This

<* the value of this
the

damping

rate.

Agreement with the full transport code is good.

In section 4.2 we introduce the transport code.

Section 4.3 is

devoted to the diffusive model and in section 4.4 the extended model
is described.
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4.2

The Transport Code JETTO

JETTO is a

1% D transport simulation code

[40] [41] .

It solves

self-consistently the equations for electron and ion pressures, ionand impurity densities and the poloidal field.

Models are specified

for the electron and ion heat conductivity, the particle diffusivity
and the plasma resistivity.

The expressions are either obtained from

theory or have the form of empirical scaling laws.

For

the

comparison

with

our

models,

JETTO

was

run

using

an

Alcator-Intor type scaling for the heat diffusivity [4]:

Xe(r) = a 1
n

(4.2.1)

where a is a constant of proportionality and n is the local density.

Starting from a set of initial profiles, the code iterates until
equilibrium

profiles

are

obtained.

Sawtooth

oscillations

simulated by using the standard Kadomtsev model.

are

Simulated heat

pulse speeds and damping rates are determined from the evolution of
the electron temperature profile in the code.
JETTO, using eqn. 4.2,2 with a = 5 10 19 m" 1 s" 1 , reproduces the
experimental global energy confinement time to within 10%. It does
not reproduce the experimental heat pulse velocities; here we find
the usual discrepancies of a factor 2.5 on average.

JETTO was used

here not directly to interpret the HPP data, but as a norm for our
models.

4.3

The diffusive model

This section describes the details of the cylindrical heat pulse
model based only on a diffusion equation [10].

To solve the equation, we specify a density profile, an initial
perturbation profile T (r,t=0) , a boundary condition T (r=a,t) , and
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an assumed profile of AY
. normalised on its value at a radius r =
*
e, m e
2
/ 3 a. The (numerical) solution consists of a set of electron
temperatures from which a heat pulse velocity and a damping rate can
be determined, over the radial region corresponding to that used in
the experiment. Dimensional scaling then yields the multiplier for
the assumed x

•

profile that would make the simulated speed match

the experimental value. In this way x

is

•_

obtained as an average

6 t XI lC

over the region of the measurement.
As in the simulations with JETTO, the x

•

profile in our model is

inversely proportional to the density profile:

'inc
where x

•

*e.inc ( 2 / 3 a )
n(r)

n(2/

3a)

(4.3.2)

(2/3a) is the free parameter, r = l / 3 a was chosen

because the HPP measurements are made close to this radius.

The choice of this particular x

•

(r) profile was made mainly for

historical reasons, and is rather arbitrary. We could have chosen
different profiles on the basis of other, existing, scaling laws.
However, as a result of the fact that we determine the heat pulse
velocity over a small region of the minor radius only, the particular
profile does not have a significant effect on the values for x
© j inc

we will find for a given heat pulse velocity v .
The density profile is measured by a far infrared multichannel laser
interferometer.

It has the parameterised form
P

n(r) = (n(0) - n(a))(l - (r/a)»)

where n ( 0 ) , n(a) and P
peaking parameter. P

The

initial

+ n(a)

(A.3.2)

are central density, edge density and a

is typically about 0.7 .

temperature

perturbation

parameterised form.

198

n
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is

also

specified

in

a

T" (r,t=O) = 0

for r > r

p
T' (r,t=0) = %. (1 - (r/r,)») t

(A.3.3)

for r < r

where T o is the central sawtooth amplitude and P
usually P

a peaking parameter

= 1.0 .

The profile has to fulfill the requirement of energy conservation
during the sawtooth collapse, ie.

"
S

r n(r) T*e (r,t=0) dr = - I

r n(r) T e (r,t=0) dr
(4.3.4)

In the model r. is varied until this balance condition is satisfied
l

to within 1%.
The diffusive model appears to be insensitive to the precise profiles
of the density and the initial temperature perturbation, as long as
sensible profiles are used and equation 4.3.A is satisfied.

This is

consistent with the findings of Frederickson et al. [15].

Comparison with JETTO showed that the diffusive model needs heat
diffusivity values exceeding

those in JETTO by typically 50% to

obtain the same heat pulse velocities.
see Section 4.1 - that JETTO uses x

(It should be noted again -

values that reproduce the global

energy confinement time, but which do not reproduce the experimental
heat pulse velocities).

The details of the comparisons will be

provided in the next section.

Moreover, the diffusive model produces

damping rates that are a factor 1.5 to 2 too small. These differences
can be traced back to the neglect of the source- and sink terras in
the power balance.

In the next section we will take a closer look at

these terms.
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4.4

The extended model

The source and sink terms on the r.h.s of equation 2.4.1 can be
linearised and incorporated in the model as follows.

For the ohmic heating term we can write:

* - (dJa) * - ''» nk *e

(4.4.1)

where we have defined a time constant T :
x n = 3/2 nk (^tJ)"1

(4.4.2)

e
i

i

An estimate for T_ can be obtained from JETTO.

A typical value is

180ms.

The radiation term can similarly be linearised, defining a t

x
An

. = V , nk ( aP rad)" 1

rad
estimate from

JETTO

-^—
is about

,:

(4.4.3)
400ms, but

this value

depends

strongly on the impurity model.

The electron-ion energy exchange term is more difficult to assess
because the variation T. in the ion temperature cannot be measured.
There are two extreme cases; firstly if the ions undergo a heat pulse
of the same shape and magnitude as the electrons, then T. = T

and

there is no variation of the exchange power density; secondly if the
ions show no heat pulse at all, the energy transfer is given by
3

/ 2 nk T /T. , T. being the energy exchange time constant.

198
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In intermediate cases, when the ions have a heat pulse which is not
of the same shape as that of the electrons, the situation is more
complicated.
heatpulse.

The exchange power will then deform the shape of the

As a first approximation however we linearise the term:

£ . = 3/a
ei
—

nk

\

(4.4.4)

ex
x
can vary between infinity and x. , depending on the amplitude of
ex
le
the heat pulse T. on the ion temperature. Estimates for x
obtained
from

JETTO involve assumptions regarding ion sawtoothing and ion

transport and may therefore not be directly comparable with the
expermental data.
A typical value for x
is 200ms, with T. \ 0.7
T . A typical valve for x. is 50 ms in the confinement region,
e
ie
Adding the linearised source and sink terms to the diffusion equation
2.4.2 now leads to

*/, n k a

e = - V nk x •
r
e>inc
at

V T
r e

-

'* "*
T,

e

(4.4.5)

dam
where x ,

is given by
T,
= (x-i + x" 1 , + x " 1 ) " 1
dam
0
rad
ex

(4.4.6)

It appears on inspection of equation 4.4.5 that, if T (r,t) is a
solution of the original diffusion equation 2.4.2, then T (r,t)
exp(-t/x, ) is a solution of the extended equation. Hence x,
has
dam
dam
a strong effect on the damping of the heat pulse. This provides the
option of using the experimental damping rates to obtain a value of
x,

, and to correct for the damping effect of the source and sink

terms.
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>
IS

m
•a

T

dam '

Figure 4.U.i. Simulations with the extended
model. Each data-point is a simulation. The
points show the dimensionless quantity (a v ) /
X6(1nc
,
and the damping a p as a function of the

a2 / (y
T ).
*e,inc dam
Note that o Is the damping over a minor radius.
The mixing radius for these simulations is r •
dimensionless variable

m
'/j a.
200

The solid line is a fit to the data. It

represents eqn. I.4.7.

dam'
approximate it as a constant. This is reasonable in view of the small
region over which the heat pulse parameters are determined and the
S/N ratio of the signals.

Eqn. A.A.5 is solved numerically with profiles for the density, the
initial temperature perturbation and the heat diffusivity identical
to

those

in the diffusive model. From

the simulated

traces we

determine the heat pulse speed and damping rate, over a radial region
corresponding to that in the experiment (typ. from about 5 to 20cm
outside the mixing radius). The data-points in fig. A.4.1 show the
dimensionless quantity (a v ) / x

•

and

the damping a versus the

2

dimensionless variable a / ( v • tj )• The value of the mixing
e,inc dam
radius in these simulations is r

= V 2 a.

These curves can, to good

approximation, be described by the following expressions, which are
shown as the solid lines in the plots:
X

A.2 a v
£
P

e,inc -

(A.A.7)
0.6 a2

dam

Vine

( a
P

-

26

>

The numerical factors depend slightly on the value of r

and on the

d i s t a n c e between r

and the region over which v and a are
m
P
P
determined. For the data we will present, we have used eqn.
A.4.7
throughout; the errors in x •
introduced by the small variation of
r

m

and t h i s distance over the data set do not exceed 10%. Errors in

dam

are estimated at about 20%.

Both the diffusive and the extended model were compared with the full
transport code JETTO.
derived

Heat pulse velocities and damping rates were

from the electron temperature evolution as calculated by

JETTO under a variety of plasma conditions and with a x e profile
given by the Alcator-Intor scaling of eqn. A.2.1.
five cases.
derive x

•

Table A.A.la lists

The diffusive and the extended model were then used to
values at r = V , a from the simulated speed and/or
- 30 -
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Table I.U.la.
Runs of JETTO used for comparison
with the heat pulse models.
B I s t h e t o r o i d a l f i e l d , I la t h e plasma
current, <n > i s the line average density; Note
t h a t t h e x values quoted do not reproduce
experimental heat pulse velocities. They correspond
to the correct global energy confinement time.

nr

B

t

[MA]

[T]

<v

X e (r-V,a>

[lO'V]

[B'S-M

[Is]

[dBJ

1

3.'

1.0

1.8

1.5

10

«3

2

3.1

4.0

2.6

1.1

6.9

15

3

3.4

1.0

3.1

1.0

6.1

«3

4

3.1

3.0

1.6

1.7

11

«7

5

2.5

2.0

1.5

1.8

12

Table k. 4.1 b. Compar 1 son of the heat pulse
models with JETTO. v and/or a from table a
P
P
are analysed with the models. The resulting
X . c values are shown together with their
f a c t o r of d e v i a t i o n From the x value in
JETTO.
I t should be noted that simulations with the
diffusive model yield a damping r a t e a of
typically l8dB/m.

JETTO

X 6 (r- 8 /,a)

[m's-'J
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D I F F . MODEL

*..lno ( '" / '*>

EXT. MODEL

FACTOR

[«»3-'l

FACTOR

[m»s-']

1

1.5

2.5

1.7

1.5

1.0

2

1.1

1.7

1.5

1.0

0.9

3

1.0

1.6

1.6

1.0

1.0

U

1.7

2.8

1.6

1.5

0.9

5

1.B

3.0

1.7

1.7

0.9

damping r a t e .

(x

•

and x

V T , according to eqn.

a r e

equal if there i s no dependence on

2.A.5).

values in JETTO at the same radius.
We see t h a t

the diffusive

typically a factor

1.5

These are compared with the x
Table 4.4.1b shows the r e s u l t s .

model y i e l d s x

•

values t h a t

too high, whereas the extended model i s

are
in

close agreement with JETTO.
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5.

EXPERIMENTAL RESULTS

5.1

Introduction

In this chapter the experimental results obtained during the
1985/early 1986 operation of JET will be presented. x values
experimentally obtained from HP? will be denoted as x v _ i n this
and the following chapters.
The data were acquired for two main purposes. Firstly, to attempt to
establish a scaling of x
asses the behaviour of x

h

.

with plasma parameters. Secondly to

under high power auxiliary heating.

In section 5.2 we introduce the data set that contains the
experimental results, its parameter range and its constraints.
Sections 5.3 and 5.4 are devoted to the experimental results for
ohmically heated and additionally heated discharges respectively.
Values for the heat diffusivity from HPP are compared with estimates
obtained from the global power balance. In section 5.5 we evaluate an
approximate local power balance at a radius r = 2/3 a.
5.2

The Data Base

The data base covers 44 discharges all of which were analysed during
the current flat-top. They can be divided into two classes; firstly
the data obtained in discharges with ohmic heating only and during
ohmic phases of auxiliary heated discharges. The toroidal field, the
plasma current and the density vary. We will call these the ohmic
data; secondly the data obtained during auxiliary heating, with input
powers up to 13MW, but with a fairly restricted range of toroidal
field and plasma current. These will be called the heated data. In
this chapter there will be some emphasis on six shots which form a
combined MBI/RF power scan. These are six consecutive discharges
under identical discharge conditions except the total power level.
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Table 5.2.1.

A selection of the variables

available In the heat pulse dataset

T

toroidal f i e l d

t 1

MA

plasma current

±1G

l o c a l d e n s i t y , r-2/3a

±10

101*BTS

elongation
safely

factor

a t plasma edge

ms^1

heat pulse v e l o c i t y

;25

dB

heat p u l s e damping over minor r a d i u s

+15

m

average r a d i u s of o u t e r T l u x
m i x i n g r a d i u s normalized

e.hpp

surface

on minor r a d i u s

±10

ra2s"1

Incremental heat d l f f u s i v l t y

*30 a

s" 1

damping time constant from extended nodel

*>20 b

HW

onmic power

MW

coupled HF power

MW

NBI power

MW

radiated power

MW

t o t a l input power

MJ

t o t a l Kinetic energy of electrons

s" 1

global energy confinement time

keVnT1

temperature graaient corrected for
elongation at r- a /) a

a)

No model dependent error included in t h i s estimate.

oJ

The error is strongly dependent on the actual value.

c)

Systematic error for constant B .

+io c
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Table 5.2.2.

Parameter range for the ohmlc data

ortmie snots

ohmlc phases of
heated shots

rain

<

«fl

Table 5.2.3.

max

max

2.5

3.5

2.9

3.5

2.0

4.0

2.0

3.0

1.3

1.6

1.1

1.5

1.1

2.6

1.6

2.3

8.2

1.9

1.5

9.8

Parameter range for the heated data

heated shots
min

B

t

max

2.9

3.5

2.0

3.0

1.1

1.5

n

l

1.6

1.8

q

u

1.5

9.8

1.3

11.0

K

""total
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oin

A
A

t'

o

3
A

A

*7

A^A

1 "
• o h m i c
A h e a t e d

data
data

10
t ot

Figure 5.2.1.
power.

15

(MW)

Local density versus total input

The plot shows

those quantities.

the correlation between

The plot shows all heat pulse

data.
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Table 5.2.1 lists and explains the most important variables stored in
the data base, and provides estimates of random and systematic errors
where relevant. Table 5.2.2 and 5.3.3 show the range of the most
important machine parameters covered by the data base.
data at low toroidal field (B

There are no

< 2.5T) due to the low S/N ratio under

this condition.
An important constraint on the heated data is that density and input
power are correlated as illustrated in Fig 5.2.1. The correlation is
broken in two discharges only.
JET,

for

discharges

This is due to the effect that in

resting

on

the

limiters,

application

of

additional heating gives rise to an increase in density.

5.3

HPP during ohmic heating

The x

v.

values can be compared with the estimates from the global

energy confinement time, x

i > the derivation of which was

discussed in section 2.3.

In figure 5.3.1 the values of x

v,

are

plotted versus x

the ohmic data. The figure shows that the values of v

.

i

Ior

lie in a

"e,hpp
range of 2.5 ± 0.7m 2 s" 1 , which approximately equals the range that
could be expected on the basis of the error bars
of about ± 30 %.
a
F u r t h e r m o r e , t h a t Av e , h, p p exceeds Axe , g lio by
f a c t o r of 2.5 on
J
average.
It has been attempted to obtain a power law scaling o f x
toroidal field, plasma current, and local density.

,

with

Such a scaling

was found previously for a subset of the ohmic data (shot 4772-4801)
[17].

After reanalysis of the same data it appeared

existing scaling could not be reproduced.
of

the regression

analysis as shown

that this

Although the new results

in table 5.3.1

are not in

contradiction with the earlier scaling they have too large errors to
be

meaningful.

On

closer

inspection

it

appears

that

the

inconclusiveness is due to the statistical error in the determination
of the v

values which we

now estimate at ± 20%; it is not related

to the use of the extended model.
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A

<M

a
x:
o

A

•A

X

• ohm i c
A ohm i c

.0

shot
i n
h e a t e d

1 .5

1 .0

0 .5

ie , g I o

2 .0

(m2s"

X ,
versus
e.hpp
e.glo
shows the ohmic data,

Figure 5.3.1.
The

plot

discharges

and

ohmio

phases

of

ie.

ohmic

auxiliary

heated discharges.
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Table 5.3.1t

Variables

Value

Parameters f o r a scaling of the

Standard Dev.

95% Conf. I n t e r v a l
Lower

210

Upper

c

1.2

0.5

0.1

2.3

a

0.5

0.1

-0. M

1.14

8

0.5

0.3

-0.2

1.1

Y

-0.6

0.3

-1.3

0.0

Attempts to include the local (r = V
temperature

gradient

3

in the scaling

similarly inconclusive results.

a) temperature and the local

for these discharges yielded

Also attempts at scaling a larger

subset of the heat pulse data were not successful.

5. A

HPP during auxiliary heating
i f°rt h e heated data.

In this section we compare x j, with x

anc
Fig 5.A.I shows x v
* X
1 plotted versus the total input
e,npp
e,g10
power P
= P.. + P_ F + Pyrg- X
i increases with increasing input

power, from about 1 to 2m 2 s" 1 . This reflects the deterioration of
confinement;

t r decreases from about 500 to about 250ms. v v.
A
Ee
e,hpp

values generally appear to l i e in a range of 2.A ± O.Sm's"1 , which
is

similar to the range found for the ohmic data in figure 5 . 3 . 1 .

There

is

no i n d i c a t i o n

of a c o n s i s t e n t

increase

in x

,
e , hpp
discrepancy between
1
d
is a factor of about 2.5 for
A xV
proportional
to the x
increase
inY
e.glo
e,hpp . . W e thus observe that the
discharges with low input power - including the ohmic data - and that
an

X

, converges to x ^

with increasing input power.

Values of the damping time constant t ,

suffer from large

uncertainties due to the way they are defined (see eqn. A.A.7). We
found T .

ranging between 20 and 200ras.

In figure 5.A.2 t,

are plotted versus total input power.

values

For the six consecutive

similar discharges of the power scan (7956 - 7961, B_ = 3.AT, I =
3.0MA, 2.7MW < P,. < 13.5MW, 2.8 < n. < A.0) t, seems to decrease
tot
t
dam
as a function of input power.

The t ,

values

expectations,

the

do, on average., agree
electron-ion

energy

fairly
exchange

well with the
time

in

the

confinement region being of the order of 50ms. We have, however, not
performed a detailed interpretation of the x,
T,

values. We consider

mainly as a by-product of the correction of the heat pulse

velocity for the observed damping.

-

3A -

211

i

A

A A

0

a

•v.. •% J f

V .•

• global
A h pp
10

to t
Figure 5.1.1. X
input power.

212

u

and X

(MW)
,

versus the total

The plot shows the heated data.

15

250
# o h m i c

d a t a

A heated
a D owe r s c a n
200

f

1 50
E
a
100

50

10
P

Figure 5 . 1 . 2 .

t 0

,

15

CMW)

The damping time c o n s t a n t T

versus the t o t a l input power.

The plot shows the

olimic and the heated data.

21 3

5.5

The electron power balance

In this section we will present the same material as in the previous
two sections, but in a way that allows more detailed observations.
We evaluate the local power balance of the electrons in the heat
pulse region ie, at the radius r = 2 / 3 a.

From

a

complete

local

power

balance

analysis

made

on similar

discharges [42] it is known that about 70% and maximally 80X of the
ohmic power is deposited inside the r = 2 / 3 a flux surface.
losses due to radiation are negligible.

Power

An upper estimate for the

total power to electrons and ions is thus:

p = 0 8 P + P + P
in
Q
RF
NB

f5 5 1)
^

The power loss b y heat diffusion v i a electrons through t h e r = 2/3 a
f l u x s u r f a c e is given bJy n . Av
, V T A , where A is t h e area o f
°
8 e,glo
r e s
s
t h e f l u x s u r f a c e a n d n . i s t h e l o c a l d e n s i t y . To show h o w y .
3
A
5
e,hpp
behaves with respect to the expectations, we calculate the apparent
power loss P
on the basis of Av u '•
app
e,hpp
P
= n. AV i. V T ( V3, a) A
app
8 e,hpp r e
s
with

where K

is the elongation.

In figure 5.5.1a the apparent loss P
is plotted versus P. for the
app
in
ohmic data. We observe that for the ohmic data P
values are found
app
exceeding

P.

by a f a c t o r

Apparently, X u

of

2 . 5 on average and maximally 5.

i s appreciably larger than the estimates from the

power balance.
In figure 5.5.1b the same comparison i s made for the heated d a t a . We
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Q.

Pin

Figure 5.5.1a.

CMW)

Apparent power loss via electron

conduction vs input power, evaluated close to r =
2

/j a.

The plot shows the ohmic data.

21 5

15

10

a
a

o
n

A
A
a powerscan
A other
10
Pjn

Figure 5.5.1b.

(MW>

Apparent power loss via electron

conduction vs. input power, evaluated close to r
-

216

2/

i a. The plot shows the heated data.

15

observe that at low powers P

exceeds P. iust as for the ohmic
app
in
data. For high power levels we notice that P
is systemetically
app
smaller than P. . Ruling out the possibility that X
than x

u

i s smaller

i i we interpret this trend as showing that now X

approximately equal to x
about 40% of P.

u

is

T > a n ^ that the remaining fraction of

is lost by diffusion via the ion channel. We note

that this observation, which itself is not subject to assumptions
concerning the division of the power-loss over the electron- and the
ion

channel,

is

a

confirmation

of

the

assumptions

ion-channel fraction that we made in section 2.3.
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about

the

6.

DISCUSSION OF THE EXPERIMENTAL RESULTS

6.1

Does HPP yield the incremental heat diffusivity ?

The general trend emerging
sections is that x

,

from the observations in the previous

values lie in a fairly narrow range of 2.5 ±

0.7 m 2 s" 1 , without a tendency to increase with increasing heating
power.

Over the same power range the global confinement deteriorates

and the corresponding x

i values increase from, say 1.0 to 2.0

m's" 1 , as can be seen in figure 5.4.1.

This leads to differences between x u
e.hpp

an

d X i
A
e,glo

roughly 1 to 4 in ohmic and low power heated discharges, whereas with
increasing heating power x

i

approaches x

•

• In general the

largest discrepancies occur for the lowest values of x
Measurements

in TFTK

[15] have produced a quantitatively similar

result [37]. The largest values of x e
Xe

lo

i•

h

(5-10) and the lowest

values (0.5) occur for low power and ohmic discharges.

discrepancies decrease at higher power.

The

The TFTR results differ from

the JET results in that there is a much larger range of y

,
e, hpp

values.
Qualitatively, these observations confirm the proposition that HPP
analysis yields a value for x

• • The behaviour of x u
is in
e,inc
"e,hpp

good agreement with the expectations for x

•

. A s far as the

quantitative agreement is concerned, we have obtained two values for
X •
from the rpower balance. In section 2.4 we derived a value 2.5
A
e , xnc
± 0,7 m 2 s " 1 from a Q(V T )/n plot of a power flow versus temperature
gradient, and in section 2.5 a value 2.6 ± 0.5m2s"1 from a W(P) plot
of

total

stored

energy versus

total

input power.

The machine

parameters for these data correspond roughly to those for which all
the heated HPP data was taken, ie.

limiter discharges, with a plasma

current of 3 MA, an elongation ox 1.45, and a minor radius of 1.2 m.
The value from HPP, x

= 2
h

-'> ± O.7m2s-' is, given the error bars

and approximations, in good agreement indeed.
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Unfortunately a Q(V T )/n plot can not be made for the HPP data set
itself because of the correlation of the density with the input
power;

an

increase

of

the

density

during

suppresses the increase of the temperature.
can however be obtained from
electron kinetic energy W

a W(F) plot.

additional

heating

An estimate for x
Figure 6.1.1 shows the

versus the estimated power loss via the

electron channel P

= % P . ( see section 2.3 ) , for the six shots
e
tot
of the power scan mentioned in section 5.A. From the fitted line we
•
= 2.8 ± 0.6m2s-'. The average value of v ,
for
e, m e
°
"e, hpp
1
six discharges is 2.2 ± 0. Sin's" .
Again there is

infer that x
the

same

agreement.
We thus conclude that the available experimental data confirm that
analysis of HPP yields a value for the incremental heat diffusivity
X

.

s,inc

from

.

The assumptions made in deriving the estimates for x

the power

s f inc

balance, as discussed

essential importance.

in chapter

2, are not of

Varying the ion-channel fraction between the

credible limits of 20% and 60% changes the x

•

values by roughly

±30%, a change which would not alter the conclusion.
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210

PB

(MW)

Figure 6.1.) Kinetic energy of the electrons vs.
power loss via electrons for the discharges of the
power scan. These are l i m i t e r discharges with
combined NBI/RF heating.
Shots : 7956 - 7961
Toroidal f i e l d : 3.5 T
Plasma current : 3.0 MA
Elongation
: 1. M
The f i t t e d
l i n e y i e l d a t h e v a l u e of t h e
i n c r e m e n t a l confinement time T-. , • 190 ms and,
using eqn. 2 . 3 . 1 , X 6 ( l n o • 2-3 m* s" 1 .
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7.

CONSEQUENCES FOR THE TRANSPORT

7.1

Introduction

In this chapter we will consider how the results of this work relate
to the study of anomalous transport in tokamaks, and in particular
to some points of view on the subject that have received attention
recently.

We do so from the point of view that y

,
= v . , and y
6 1 npp
st m e
€

=

X (V T ) , but keeping in mind that the constant power pinch model
represents the data equally well.
for x

When discussing theoretical models

however, we can leave the power pinch aside; that is, these

models should aim at giving a complete description of the transport.
In section 7.2 we comment on the purely theoretical models for x • In
section 7.3 we discuss the relevance of HPP to empirical scalings for
Tj, or x • The Goldston scaling will be used as an illustrative
example. In section 7.4 some comments are given on the subject of
profile consistency and possible non-locality of the transport.

7.2

Theoretical models

The purely theoretical models for anomalous transport [5] can roughly
be divided into two classes. The first of these contains models based
on electrostatic fluctuations. In particular the various members of a
class of instabilities known as drift waves have been the subject of
investigations.

These waves cause enhanced transport due to E x B

drift, where E is the electrostatic field associated with the
instability. Different regimes of collisior.ality, trapped particle
effects, toroidicity etc.

lead to a variety of manifestations of

drift wave instabilities.

The second class of models contains those based on (electro) magnetic
fluctuations, which create magnetic islands on rational q surfaces

- 39 -
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[42] .

Because the temperature across a magnetic island becomes

uniform on a particle transit timescale, the island formation in
combination with particle collisions, enhances the transport.

In

addition, if the magnetic islands are sufficiently large, they cause
an ergodisation of the field line structure in the region between the
rational

q surfaces

[43] [20].

Field

lines then have

a

finite

probability of crossing over between adjacent rational surfaces, as a
result of which the transport is increased.

The theoretical studies normally predict a scaling of x

with local

plasma parameters, and they are compared with experiment on that
basis. They should also be required to properly model the heat pulse
propagation.

In

occurrence of V T

this

work

we

have

presented

evidence

for

the transport, and we have indicated that the saturation of x
asymptotic

the

as part of the critical parameter that determines

value proceeds

fairly

smoothly, as expressed

to its
in eqn.

2.6.1. Theoretical studies have been performed on instabilities of
which the temperature gradient is the source of free energy. Examples
are the micro-tearing mode [44] and the rippling mode [45]. Further
study is needed to decide whether one or more of the available models
fits the observations described in this report.

7.3

Empirical scalings; the Goldston scaling

A substantial number of scalings has been published that are entirely
based on experiments. The usual procedure is to determine T

over a

hi

range of plasma conditions and then to obtain a powerlaw expression
of T_ in the independent variables by applying a regression analysis.
Some of the most representative are the Alcator-Intor

[4] and the

neo-Alcator [27] scalings, which cover ohmically heated plasmas and
which break down when additional heating is applied.

These scalings

do not contain an explicit power or temperature dependence. Therefore
the concept of the incremental confinement time is not relevant, and
they can not be expected to properly predict X
which auxiliary heating is applied.
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u

in plasmas to

More recently various scalings have been put forward in an attempt to
describe the decrease of the energy confinement time with increasing
input power

[33][46] [47] . These explicitly contain the total or

additional

input power in the expression for t , so that an

incremental

confinement

time

can be

derived.

As

an

example we

consider the Goldston scaling [33] , and we compare this to a scaling
that represents the W(P) curve as an off-set straight line [31]. It
appears non-trivial to decide between these two scalings on the basis
of the experimental W(F) curve only; they predict almost the same
value for T_ over the range of power explored.

The two scalings do, however, make very different predictions for the
incremental confinement time, and consequently, for x
eqn.

•

• Using

2.3.1, the off-set straight line scaling, W = W o + x

.

P

hi t m e

(where P is the total input power), yields:

e, inc

4

a

b
,inc
E

X

(7.3.2)
and

a

_
e

4 ( T

E,inc

b
+ W

°

/ P ;

The Goldston scaling, for constant plasma geometry, is:

(7.3.3)

where c is a constant and I

is the plasma current.

t_ .
follows from:
E,mc

_

E
3 P

E,inc

_ i/

(7.3.4)
E

Hence:

„e,inc

A

= 2 xA

e

. l4 cl Ii

P
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Figure 7.3.1 The P 2 vs. the off-set straight l i n e
scaling.

The

plot

shows experimental

values

of

Xe,npp
and x e,gao
• > where x e , g.l o i s obtained
w
from the energy confinement time using eqn.
2.3-1.
The lower s o l i d l i n e s shows the P
s c a l i n g , which i s f i t t e d to the x
values.
The upper s o l i d l i n e shows x •
as derived from
the P 2 scaling using eqns. 7.3.1 and 7.3.5. The
dashed l i n e s show x e and x e l n o reap., according
to the off-set straight (OSL) l i n e model. The
parameters of t h i s model, Wo - 0.8 MJ and
'E.inc
210 ms, have been obtained in section 2.6.
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In figure 7.3.1 both scalings are compared with experimental data for
v
X

,

eqn.

= a b/ 4 •:„ and x

v

• The parameter c of the P

7.3.3 is obtained by fitting it to the x e

then follows from eqn. 7.3.5 as 2 x
straight
X

line

scaling

• = 2.5m2s-1

have been

lo

scaling of

data. The x e

inc

• The parameters for the

determined

in section 2.5, ie.

and Wo = 0.8MJ.

It is clear that the P

scaling inconsistent with the HPP data, but

it describes the x

data equally well as the off-set straight

i

line scaling. We conclude that HPP, because it measures the slope of
the W(P) curve allows us to decide that the Goldston scaling is too
pessimistic in its prediction for the extrapolation of the W(P) curve
to higher levels of additional heating power.

7.4

It

Profile consistency

has

been

observed

that

in

various

machines

the

electron

temperature profile - normalised on its central value - features a
certain rigidity, termed profile consistency. In particular it seems
to

be

only

weakly

dependent

on

the

deposition

profile

of

the

auxiliary heating power [20] [21].

The general idea behind profile consistency is that during ohmic
heating, when the profiles of the current density and the electron
temperature are linked by the resistivity, the plasma sets up optimum
profiles of temperature and power deposition. When additional heating
is applied, the plasma adjusts its heat transport such that the
optimum profile of current density, or temperature, is preserved, x
does not only depend on local variables, but is also a (strong)
function of the deviation of the actual profile from the optimum,
ohmic, one.

Without entering into a discussion of the pros and cons of profile
consistency, we remark that the x (' T ) model , as proposed in this
report, leads to the observation of a significant degree of profile
consistency. If the local heat diffusivity increases with increasing
temperature gradient this will result in an apparent rigidity of the
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electron temperature profile. Hence we can obtain a form of profile
consistency while x

is

an

explicit function of local parameters

only, and not of non-local quantities.

The main issue concerning

this subject is not whether or not the electron temperature profile
is consistent, but whether or not non-local variables have to be
included in the functional form for x • This matter can not be
resolved at present, but it seems that one should avoid complicating
the understanding of x

by invoking non-local variables unless this

is strictly necessary.

In this respect simulations with a full transport code, using the
X (V T ) model, are required in order to see if simulated electron
temperature profiles can be obtained that are in agreement with the
experimental ones.
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8.

THE MAIM CONCLUSIONS

In this chapter the main conclusions are summarised.

We have studied heat pulse propagation in JET, with emphasis on its
behaviour

under

strong

auxiliary

heating.

The

range of plasma

parameters covered in this study is restricted; in particular limiter
discharges at a toroidal field of 3 and 3.5T with a plasma current of
3MA.

Total input power ranged between 2 and 13 MW.

The novel technique of applying a .boxcar averaging algorithm to a
series

of

sawteeth

within

a discharge

results

in a significant

improvement of the S/N ratio.

The extension of the, originally diffusive, model, to take into
account the source and sink terms of the electron power balance, is
an important improvement of the data analysis method. The extended
model agrees with a full transport simulation to within 10%, whereas
the original diffusive model differs by typically 50%.

In this work we have addressed the question whether or not the heat
diffusivity

derived

confinement time.

from

HPP

is

related

to

the

incremental

The experimental data led us to the conclusion

that indeed the heat pulse propagates with an incremental diffusivity
Y
A

.
which is related to T_ . . The measured values of Ay
e,mc
E,inc
e,hpp
agree with the estimates for x • made on the basis of both local

and global power balances, under the assumption that the diffusive
loss via the electron channel is about half the total power loss.
In most of the HPP studies published, it was found that the heat
diffusivity obtained on the basis of HPP differs from estimates based
on the power balance. The discrepancy factors in various machines
range between 1 and 10. The identification of Y V. with the
"
e.hpp
incremental confinement time provides an understanding of these
discrepancies.
We have proposed a model that would explain why x

- 44 -

u

equals x
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The model postulates that x

is a function of the local temperature

gradient. Examination of the global and local power balances in JET
then shows that these can be interpreted as showing this dependence.
In fact, the power

balance analysis

leads

to a rather

specific

formulation of

x C T ) • The model provides one equation for x
e r e
e
which is consistent with both the behaviour of the heat pulse and the
power balance.

The x (V T ) model is consistent with marginal

stability theory; at a threshold value of a critical parameter (which
contains

the

temperature

gradient)

an

instability

sets

in; for

increasing values of the critical parameter the saturation causes x
to approach an asymptotic value.
The x (V T ) model is the first model based only on empirical
considerations, that unifies the observations of the heat pulse, the
deterioration of confinement and the profile consistency, without
containing a non-local parameter - like the total power - in the
expression for x • This is in contrast to existing scalings
[33][46] [47].

In an alternative model, introduced by Frederickson et al.

[15] a

non-diffusive heat flow is postulated, depending on plasma conditions
but independent of input power, temperature or temperature gradient.
This model explains the data equally well.

There is no theoretical

justification given for the introduction of a power pinch.

X

from HFP is observed not to deteriorate under application of

auxiliary power for the discharges we have studied. On this basis we
conclude that the representation o.f the W(P) curve as an off-set
straight line is a better description than, for example, the Goldston
scaling [33] , which states that x

«> P , and which consequently

predicts that the incremental confinement time also decreases with
increasing input power. This conclusion could not be obtained on the
basis of the experimental global confinement data only. HPP thus
yields important extra data for the assessment of scaling laws for
the energy confinement time.
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As a consequence this observation shows that extrapolation of the
available confinement data should be made on the basis of the off-set
linear scaling.

This implies that the energy confinement time will

not decrase much further with increasing input power, under given
plasma conditions, than it has already been observed to decrease for
the discharges with the highest level of auxiliary heating obtained
thus far.

There are several suggestions for extension of the present work; it
will be necessary

to make a more extensive

local power balance

analysis in order to assess the effects of the assumptions we have
made in evaluating the power balances; the full transport code JETTO
as

can be run with a model for x

given by eqn. 2.6.1 to test if

e
indeed the correct global confinement time and the correct heat pulse
!

speed are obtained, and whether the profile consistency effect is
observed.

Finally,

investigations

of

HPP under

a wider

variety of plasma

conditions are desirable. Of particular interest are inner wall and
X-point

discharges, where a larger range of the power-to-density

ratio can be realised than in limiter discharges.
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