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Preface 

This thesis is the result of approximately three years of research at the Joint 

European Torus (JET) project in Culham, England. The work has been performed 

under the supervision of Prof. dr. L. Th.M. Ornstein, as a part of the task agreement 

between the FOM Institute for Plasma Physics 'llijnhuizen', the Netherlands and 

JET. The main subject of this task agreement is the study of transport in 

thermonuclear plasmas. The Dutch team working under the task agreement normally 

consists of one Post-doe, one PhD student and one technician, who are stationed at 

JET for a period of one or two years. In this respect I must mention my Dutch 

colleagues over the last three years: Chris Schiiller, Jos de Haas, Theo Oyevaar, Hans 

Oosterbeek, Dick Hogeweij, Niek Lopes Cardozo and the many short term visitors 

(especially: Albert Hugenholtz, Anton Putter and Guido Huysmans) . Without the 

support of our JET colleagues the work would have never been successful, and am I 

thankful for the lively discussions with my group leader Alan Costley and with Robin 

Prentice and John O'Rourke. 

The contents of the first sections of Chapter 1 may be considered as 

background information; it is given here as an introduction. In sections 3 and 4 of 

Chapter 1 a description is given of the general principles of reflectometry and of the 

multichannel refl.ectometer built for JET. These sections do not contain original 

work and that therefore explicit references are given to the original authors. In the 

second Chapter the operation of the multichannel reflectometer at JET is described. 

Part of Chapter 2 is based on the efforts of the team working with the reflectometer 

at JET; the persons responsible for specific parts of the work are extensively quoted. 

In Chapter 3 the study of particle transport is described using the propagation of the 

density pulse, which is measured with the reflectometer. In particular, the coupling 

between particle and energy transport is discussed. 

George Sips, November 1990. 
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Summary 

The Joint European Torus (JET) in Culham, England is the largest project in the 

coordinated fusion research programmes of the European Community. The aim of 

JET is to prove the feasibility of nuclear fusion as a source of energy. In JET 

magnetic fields confine a hot deuterium plasma in a toroidal configuration known as 

a Tokamak. Some aspects of thermonuclear fusion and the JET facility are given as a 

general introduction. Futhermore, the basic principles of reflectometry are described; 

this may be considered as background information for the main points of the studies 

of this thesis (Chapter 1). Reflectometry is based on the total reflection of 

electromagnetic waves at certain critical density layers in the plasma. The typical 

frequencies used lie in the range 18 to 80 GHz. With a reflectometer it is possible to 

study small variations of the electron density, and, furthermore, to measure the 

electron density profile in the plasma. A description of a twelve-ehannel 

reflectometer for JET is given. This instrument has been developed at JET and the 

FO M Institute for Plasma Physics 'Rijnhuizen', in theN etherlands. 

The first measurements with the reflectometer carried out on plasmas in JET 

indicated that density fluctuations prevented the proper operation of the 

reflectometer (Chapter 2). The microwave radiation launched into the plasma may 

be reflected from the critical density layers at various angles due to the effects of the 

fluctuations. As a result, the reflected waves can not properly be received by the 

antenna. The reflectometer was modified substantially to improve its performance. 

The density fluctuations have been studied in detail in plasmas with a relatively high 

ratio of the kinetic pressure to magnetic pressure (/3). It is observed that the 

amplitude of the density fluctuations strongly increases with {3. This increase is 

correlated with some observed enhanced activities in the plasma. A method to study 

variations of the electron density profile is also described. In this method the 

combined information of many channels is used in combination with the 

determination of the positions of the reflection layers from a density profile measured 

with the FIR-interferometer (reference profile). The last subject of Chapter 2 is the 

direct measurement of the density profile with the reflectometer. A method 

developed to overcome the effects of the density fluctuations is described. A 

comparison of the profiles with the results of other diagnostic methods in JET shows 

that the various different profile measurements in JET agree well with each other 
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within the inaccuracies given for the instruments. All the results prove the possibility 

to measure the density profile in thermonuclear plasmas with refl.ectometry. The 

method has the advantage of combining a good spatial resolution with a good 

resolution in time. 

The second main subject of this thesis is the study of particle and energy 
transport in JET plasmas. In order to achieve thermonuclear conditions in a 

Tokamak it is necessary to confine a sufficiently hot and dense plasma for a 

sufficiently long time. The confinement time calculated on the basis of Coulomb 

collisions between the particles in the plasma, including the effects of the toroidal 

symmetry of a Tokamak, still exceeds the measured confinement times by one to two 

orders of magnitude. This anomaly is not understood. Insight into the causes of this 

enhanced transport in the plasma may be obtained from studies of the evolution of 

perturbations of the electron density and temperature. The data obtained with the 

refl.ectometer are used for these studies, as well as data from an electron 

cyclotron-emission polychromator with which the variations of the electron 
temperature are measured. The perturbations studied are initiated by the so called 

sawtooth instability in the centre of the discharge and spread outward to the edge. 

The perturbations in the density and temperature are called 'density pulse' and 'heat 

pulse' respectively. The following subjects are described in more detail (Chapter 3): 

the study of an inward propagating density pulse, generated by the heat pulse, 

which reaches the limiters in advance of a small outward going density pulse, 

the calculation of the transport coefficients from the evolution of the density 

and heat pulse, 

the modeling and simulation of the perturbations, including the effects of 

coupling between particle and energy transport. 

The results show that the density and heat pulses are well described when coupling 

between particle and energy transport is taken into account. The transport 

coefficients agree with the results obtained from various perturbative methods in 

JET. Finally, it is shown that the measurements at a different Tokamak, TEXT 

(Austin, USA), where the density pulse and heat pulse have been observed to 

propagate with the same speed, can be described with transport coefficients similar 

to those obtained in JET. 
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CHAPTER 1 

SCOPE OF THE WORK 

Section 1: Introduction 

This chapter is an introduction to the following chapters of the thesis. The subjects of 

the thesis are the study of microwave reflectometry as a method to measure electron 

density profiles, and the study of particle and energy transport in thermonuclear 

plasmas. In the transport studies, data of a refl.ectometer system are used to analyse 

the propagation of electron density perturbations in the plasma. The work was 

performed as a part of a Task Agreement between the Joint European Torus, in 

Culham England and the FOM Institute for Plasma Physics 'Rijnhuizen', the 

Netherlands. 

The measurements described in this thesis are performed in the plasmas in the 

Joint European Torus (JET). At present, JET is the largest and most important 

facility in the research program aimed at making use of nuclear fusion as a source of 

energy. In the next section the basic principles ofthermonuclear fusion are described. 

A description is given of the JET Tokamak, of the plasma conditions obtained in 

JET, and of some diagnostics in JET as far as they are relevant for the work 

presented in this thesis. 

The main points of study described are based on microwave reflectometry. 
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Chapter 1 

The principles of reflectometry are given in section 3 of this chapter; they may be 

found in the textbooks on the propagation of electro-magnetic waves by Budden and 

Ginzburg [Bud-61, Gin-70]. Two modes of operation of a reflectometer are 

described. Firstly, electromagnetic waves with constant frequencies may be launched 

into the plasma to measure variations in the electron density profile. Secondly, the 

absolute density profile can be measured with a reflectometer, when the source 

frequencies are swept. 

A 12-<:hannel reflectometer was nearing its completion at JET when the 

author joined the team. The antennas, transmission lines, data acquisition and 

control systems of the reflectometer were developed at JET, the combiners and 

separators of the system at ERA technology, and the sources and detectors at the 

FOM Institute for Plasma Physics 'Rijnhuizen', both under contract to JET. The 

author had no part in designing and building of the components described in section 4 

of this chapter, but a description has been included in this thesis to facilitate the 

understanding of the experiments carried out with the reflectometer. 
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Scope of the Work 

Section 2: Fusion Research and the Joint European Torus 

Nuclear fusion with its almost inexhaustible resources has the potential of satisfying 

the ever increasing need for energy in the world. We will start with the description of 

the principles of nuclear fusion and then discuss the most interesting reactions for 

fusion research. In the attempts to achieve controlled thermonuclear fusion, 

experimental facilities known as Tokamaks have become the most promising research 

tools. In a Tokamak strong magnetic fields are used to confine a hot, ionized gas, 

called a plasma, in which the required conditions for the occurrence of thermonuclear 

reactions will be met. We will discuss the requirements to maintain the reactions in a 

Tokamak in order to produce a net power output. After this short introduction the 

largest facility at present, the Joint European Torus (JET), will be described. The 

conditions achieved in JET will be given, together with a description of the plasma 

configurations produced. Finally, the diagnostic techniques relevant for this thesis, 

namely those used to measure electron temperatures and densities, will be described. 

2.1 Thermonuclear fusion 
Energy is released when nuclei of light elements fuse together. The sum of mass of the 

reaction products is lower than the sum of masses of the reacting nuclei as a result of 

the nuclear rearrangement; the difference in mass appears in the form of kinetic 

energy. The most interesting reactions for energy production are those which have a 

high reaction probability and for which the fuels are readily available: 

tD2 + tT3 --> 2He4 (3.5 MeV) + on1 (14.1 MeV) (1.1a) 

tD2 + tD2 50%> 2He3 (0.8 MeV) + ont (2.5 Me V) (Lib) 

50%> tT3 (1.0 Me V) + tP1 (3.0 Me V) (1.1c) 

,D2 + 2He3 - -> 2He4 (3.7 MeV) + ,pi (14.6 MeV) (Lid) 

The cross-section of the reactions depend on the relative energies of the primary 

nuclei : at relatively low energies ( < 100 keV) the cross-sections are determined by 

the amount of energy required to overcome the repulsive Coulomb forces. The D-T 

cross-section has the highest value of all possible fusion reactions at the lowest 
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Chapter 1 

energy {::l100 keY). A virtually inexhaustible amount of deuterium is available on 

earth and tritium can be bred from lithium, using the neutrons released in the fusion 

reactions. 

A method to produce energy by fusion reactions is to heat the gaseous 

deuterium-tritium fuel to very high temperatures (around 100 million Kelvin). At 

these temperatures deuterium and tritium are fully ionised; the mixture of positively 

charged ions and negatively charged electrons is called a plasma. In an equilibrium 

condition the particles in the plasma have a Maxwell-Boltzman energy distribution 

function. The actual temperature of the plasma can be significantly lower than the 

energy required to overcome the Coulomb forces since the fusion reactions are 

predominantly produced by high energy ions in the 'tail' of the distribution. 

poloidal __.-
magnetic field 
BpoL 

toroidal 
magnetic field 

coils wound around torus to 
produce toroidal magnetic field 

} 
transformer 
winding 
(primary circuit) 

plasma current lp 
(secondary circuit) 

BToR helical field 
plasma particles contained by 
magnetic field 

Fig. 1.1 Schematic representation of a Tokamak. 

The most promising device to produce and confine a thermonuclear plasma is a 

Tokamak, which consists of toriodal chamber in which the particles of the plasma are 

confined by helical magnetic field lines (Fig 1.1). The toriodal component of the 

magnetic field, Btor , is produced by external coils around the vessel, while a toriodal 
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Scope of the Work 

current in the plasma, Ip, induced by a transformer, generates the poloidal 

component (Bpol)· The plasma in a Tokamak is heated by Ohmic dissipation of the 

current and by additional heating methods. Two examples of additional heating 

techniques are 1) the injection of high energy (80 to 160 keV) atoms of hydrogen or 

hydrogen isotopes (NBI heating) and 2) the acceleration of certain species of particles 

in the plasma by electro-magnetic waves: e.g. at an ion--<:yclotron resonance 

frequency (ICRF-heating). 

In order to sustain the thermonuclear reactions in a Tokamak the plasma 

must be confined well enough to overcome the losses, in particular the electron 

bremsstrahlung, the line radiation of impurities in the plasma, and the energy and 
'.1 

particle flow out of the plasma. The energy confinement may be characterised by the 

energy replacement time rE' being the ratio of the total energy in the plasma and the 

total power applied to the plasma. The energy produced in the plasma may (in the 

future) be converted to electrical energy and may be used to heat the plasma (ohmic 

and additional heating) with an overall efficiency TJ. At present the experiments of 

large Tokamaks are aimed to achieve at least an energy release from a 

Deuterium-Tritium fuel mixture that is equal to the energy required to heat the 

plasma (breakeven condition). Ignition of the plasma where the reactions maintain 

the temperature in the D-T plasma can not be obtained at the breakeven conditions. 

Not all the power from the fusion reactions can be used to heat the plasma directly 

since the neutrons that are produced in the D-T reactions can not be confined in the 

plasma by the magnetic fields, and therefore, the kinetic energy of the neutrons does 

not enter into the energy balance of the plasma. Thus, for a D-T plasma the result is 

that only 20% of the produced nuclear energy will be available to keep the 

temperature of the plasma sufficiently high as long as the charged reaction products, 

2He4, are confined well enough. A requirement for the triple product of the fuel 

density in the plasma (ni), the temperature of the Deuterium and Tritium ions (Ti) 

and the energy replacement time, can be defined: 

(for ignition) (1.2) 

2.2 The Joint European Toms 

The Joint European Torus (JET) is the largest project in the coordinated fusion 

research programmes of the European Community. The aim of JET is to prove the 

feasibility of nuclear fusion as a source of energy. In JET the Tokamak magnetic field 
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Chapter 1 

configuration is used to confine the plasma, i.e. to maintain insulation between the 

hot plasma and the walls of the surrounding discharge vessel. A diagram of the JET 

facility is shown in Fig. 1.2 and the experimental parameters are given in Table 1.1. 

Parameters Initial Design Achieved Values 
Values (1990) 

Major Radius (R ) 2.96 m 2.5- 3.4 m 
0 

Minor Radius 1.25 m 0.8- 1.2 m 
Horizontal (a) 

Minor Radius 
2.1 m 0.8- 2.1 m 

Vertical (b) 

Toroidal Field at R 3.45 T 3.45 T 
0 

Plasma Current: 

Limiter Mode 4.8 MA 7.0 MA 

Single Null 
not initially 5 MA 
foreseen 

Double Null 
not initially 

3.5 MA 
foreseen 

Neutral Beam Power 20 MW 21 MW 

Ion Cyclotron Resonance 15 MW 22 MW 
Heating Power 

Table 1.1 Principal experimental parameters of JET. 

The main points of the JET programme are: 

the study of scaling of the parameters of the plasma which approach reactor 

conditions, 

the study of plasma-wall interactions, 

the study of additional plasma heating, 

and the study of thermonuclear reactions, in particular: alpha particle 

production and confinement and the subsequent plasma heating. 

Plasma operation with deuterium started in June 1983. Experiments with D-T 

plasmas in JET are expected to start in 1994. 

6 



Scope ofthe Work 

Fig. 1.2 Diagram ofthe JET Tokamak. 

The JET device has two modes of operation (see Fig.l.3): One is called limiter 

bounded operation, where the edge of the plasma is defined by the magnetic surface 

which intersects with a metal surface, called: limiter. In the second, the magnetic 

configuration is changed such that the magnetic surfaces in the outer region inside 

the vessel are opened up beyond a magnetic separatrix (X-point). The device can be 

operated with two X-points in the vessel (double null) or with only one (single null). 

It is observed that the plasma temperatures increase substantially at the application 

of additional heating in plasmas bounded by the limiter. These substantial increases 

however, are associated with a decrease in the energy confinement time (from :;j 1.0 

second in ohmic plasmas to :;jQ.3 second in plasmas which are additionally heated) . 

The confinement can be enhanced, by approximately a factor 2, when the plasma is 
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Fig. 1.3a 

Fig. 1.3b 

2 4.5MA 
Xpoinl 

- 1 

-2 

R(m) 

0 
R(m) 

Contours of the plasma cross-section in a full-aperture limiter 

configuration. The gray D-shaped ring surrounding the plasma 

represents the vacuum vessel. The flat black areas are the two belt 

limiters which define the last magnetic surface in the plasma. 

Plasma cross- section for a single-null X -point configuration. 

The magnetic field coils are positioned around the toroidal 

chamber. In a Tokamak the magnetic field strength is decreasing 

with R, being the distance from the axis of rotational symmetry; 

the field strength is higher on the inboard of the vessel than on the 

outboard {low-field} side. 

bounded by a magnetic separatrix (double null or single null). This mode is 

consequently called high-confinement-mode (H -mode). 

In JET, in both limiter and X-point configurations, the three main plasma 

parameters have reached thermonuclear values, but only separately. The highest 

D-D reaction rate has been obtained using neutral beam heating (17 MW) in an 

H-mode discharge, with a double null X-point (plasma current: 4 MA, toroidal field: 

2.8 Tesla). If D-T plasma had been used the conditions achieved would have yielded 

a total fusion power of 12 MW; this would have been 70% of the total input power. 
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Scope ofthe Work 

In order to measure the plasma parameters in JET, 35 different diagnostic systems 

have been developed and installed. With these diagnostics either electro-magnetic 

radiation and particles released by the plasma are measured, or the plasma is probed 

without disturbing the main parameters. The microwave reflectometer, the main 

diagnostic used in this thesis, is described in a separate section (section 4). Some 

other diagnostic techniques which are relevant for this work are discussed briefly 

below: 

1. With a twelve channel grating polychromator [Tub-85] the electron cyclotron 

emission of the plasma is measured. The microwave radiation received from 

the Tokamak at the midplane is detected in twelve different frequency-bands 

in the range of 50 to 250 GHz. The signal detected at different frequencies is 

emitted at different radial locations in the plasma due to the fact that the 

toroidal magnetic field varies over the cross---5ection of the plasma. The 

intensity of the radiation is a measure of the local electron temperature; the 

plasma is locally optically thick and therefore the plasma radiates as a black 

body. With this system it is possible to measure changes of .6. Te ~ 30 eV in the 

temperature profile on a time scale~ 10 Jl.S. 

2. The Far-Infrared {FIR) Interferometer system [Ver-83], used to measure the 

profile of the plasma electron density utilizes a wavelength of 195 pm. The 

laser beam is directed along different paths, some through the plasma and one 

through a reference path outside the plasma. The electron density changes the 

optical path length of the waves in the plasma and this change is compared to 

the reference path length. The FIR-interferometer has six vertical viewing 

chords, with equidistant spacing over the plasma diameter. The information 

obtained corresponds to the line-integrated density; this information is used 

to determine the density profile by an Abel inversion routine. In the inversion 

procedure the calculated positions of the magnetic flux surfaces in JET are 

used; it is assumed that the electron density is constant on those surfaces. 

Profiles are obtained with a typical measuring time ob 100 ms. 

3. The Thomson scattering measurements are based on the fact that electro

magnetic radiation at the employed wavelength of 694.3 nm, is scattered by 

the free electrons in the plasma. The scattered waves are shifted in frequency 

due to the thermal velocities of the electrons. In JET a high power ruby laser 

is pulsed(~ 0.3 ns) to produce a 10 cm long wave package which is launched 

along the midplane, on the outboard side of the torus. The intensity of 
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back-scattered radiation received is proportional to the density of the 

electrons. The electron temperature can be determined from the frequency 

shift of the radiation. As the ruby laser fires a short pulse every 1.2 or 2.0 

seconds during the discharge, the complete profiles of the density and 

temperature are determined at various different points in time. The system is 

called LIDAR [Sal-88]. 

4. With Visible light monitors the emission of line spectra of hydrogen [Mor-85] 

and impurities near the edge of the plasma are measured. The intensity of the 

lines is used to measure the sources of electrons at the edge of the plasma, 

assuming that the plasma is in local coronal equilibrium. By this technique 

information is also obtained on the density of the impurities in the plasma. 

The results may be translated into a so called effective charge number of the 

plasma ions (Zeff) . In this thesis measurements of the D a emission near the 

edge of the plasma will be used. These measurements give an indication of the 

inflow of neutral deuterium atoms into the plasma from the limiters and the 

walls. The deuterium atoms will be ionized in the edge and are a source for the 

electrons in the plasma. 

10 



Scope ofthe Work 

Section 3: Microwave Reflectometry as a Diagnostic Tool 

Microwave reflectometry has the potential to provide accurate measurements of the 

electron density in plasmas [Cos---86]. Several frequencies may be launched to obtain 

information on the spatial distribution of the electrons in the plasma (density 

profile). The propagation of the microwaves in a Tokamak plasma will be discussed 

below, together with the basic principles of reflectometry. This will lead to the 

definition of certain requirements for reflectometer systems. 

3.1 Propagation of microwaves in Tokamaks 

The propagation of small amplitude electromagnetic waves can be described if one 

uses Maxwell's equations and the equations of motion for the different particle 

species in a plasma under the influence of the electric and magnetic fields . We 

consider waves launched perpendicularly to the magnetic field lines in the Tokamak. 

In this situation the electric field vector of the waves can be either parallel with the 

magnetic field {E 11 B: ordinary mode, 0-mode) or perpendicular to the magnetic 

field {E 1 B: extraordinary mode, E-mode). Only the propagation of the ordinary 

wave will be discussed here. The temperature in Tokamak plasmas can be as high as 

100 million K, but then the thermal velocity of the electrons is still typically only 

10% of the speed of light (c). Furthermore, the characteristic electron-ion collision 

frequencies in JET (~ 10 kHz) are much lower than the frequencies of the waves 

launched into the plasma. These considerations lead to the conclusion that the 

expression for the refractive index, p,, is equal to that of a cold, unmagnetized plasma: 

(1.3) 

where k is the wave number and w is the angular frequency of the wave and Wpe the 

electron plasma frequency: 

(1.4) 

Where ne: electron density, e: electron charge, e0: electric permittivity in free space, 

and me: electron mass. 
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Chapter 1 

One can identify two cases: 

1. w > Wpe , in which case the refractive index p, is smaller than 1 and the wave 

propagates through the medium with a phase velocity which exceeds c, but 

with a group velocity ( 8wf 8k) smaller than c. 

2. w < Wpe , for which p, becomes imaginary and the wave can not propagate 

through the medium, but will be reflected upon entry from the outside. The 

wave can only penetrate over a small distance into the medium; this is known 

as an evanescent wave and the depth of the penetration is of the order of the 

vacuum wavelength. 

A wave with angular frequency w, polarized in the ordinary mode, launched in a 

plasma with electron density increasing in the direction of propagation of the wave, 

will be reflected at the position where the density reaches the 'critical value': 

n _fa me w2 
c- e2 (1.5) 

Reflectometry is based on this reflection of waves in the plasma. In JET typical 

densities of the electrons in the centre of the plasma range from 5x1018 m-3 to 

lx1Q20 m -3. Thus, the frequencies ( wf2n') for 0-mode reflectometry lie in the range of 

20 to 90 GHz. 

For waves launched in the extraordinary mode, the refractive index depends 

on the magnetic field and electron density. As a result both quantities determine the 

position of the reflection layer in the plasma. Therefore, reflectometry in the 

extraordinary mode does not lead to an unambiguous determination of the density 

profile; either the density profile may be found if the magnetic field profile in the 

plasma is known [Doy-89], or, alternatively magnetic field measurements could 

result if the density distribution was determined by a different independent method. 

In this work we restrict ourselves to 0-mode reflectometry to measure density 

profiles. 

In order to design a reflectometer system for measurements on plasmas a number of 

potential difficulties should be addressed. 

The propagation of a wave in an inhomogene medium, such as a plasma of a 

Tokamak, may be described using the so-called WKB (Wenzel Kramers Brillouin) 

approximation, i.e. the wavelength used is very small compared to the scale length of 

the inhomogeneity. However, near the reflection layer in the plasma, this assumption 
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is not valid, and for a proper description of the wave, the solutions of the full-wave 

equations should be used. Applying this description, one finds that the wave can 

penetrate slightly into the medium with n >ne as an evanescent wave. This gives for 

the wavelengths used and for typical discharge conditions in JET, an uncertainty in 

the determination of the position of the reflection in the plasma oh5%. More severe 

problems can occur when the local density gradient (Vn) at the reflection layer is 

close to zero. However, even if the plasma is probed with several (::: 10) fixed 

frequencies the chances of probing a region with a flat density profile are rather slim. 

When 0-mode reflectometry is applied to a plasma with helical magnetic 

field lines, the waves will also have an electric field component perpendicular to the 

magnetic field (E-mode). This component will not be reflected at the critical density 

for 0-mode radiation, but will penetrate further into the plasma. In the worst case in 

JET, the outer plasma layers where the helicity of the magnetic field lines is largest, 

the plasma will be locally transparent for :::10% of the total microwave power 

launched. In typical discharge conditions (Ip=3MA, Btor=3T), this E-mode 

component will not be reflected at an other position in the plasma, but will propagate 

through the plasma, and will be lost, and, therefore, will not influence the results. 

Antennas are used to launch the microwaves into the plasma. A beam of finite 

dimensions will be formed, the properties of this are only well defined at a distance > 

30 vacuum wavelengths from the antenna (far field). The reflection layer in the 

plasma should lie in this far field range of the antenna. 

Finally, the reflection layers in the plasma are curved because of the geometry 

of the Tokamak; the distance of the concave reflection layer to the antenna increases 

with the distance from the centre of the microwave beam. However, only radiation 

reflected near the centre of the beam can be properly received by the antenna. Only 

when small scale deformations of the reflecting surface (fluctuations) occur, waves 

which are reflected at larger distance can be received by the antenna. The power 

received due to these effects may amount to up to a few percent of the total power 

received, and, consequently, only add some noise to the signals. 

3.2 Principles of reflectometry 

The position of the critical density layer can be determined by continuously 

launching waves with angular frequency w into the plasma [Cos-86, Pre-86]. At the 

same time microwaves are also launched into a reference path outside the plasma (see 

Fig. 1.4). The signals from the two paths are combined in a detector. Changes in the 
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critical density 
layer 

Rant. 
q> (t) 

Fig. 1.4 A schematic representation of a microwave reflectometerl. 

refraction of the plasma will alter the interference pattern at the detector. Note that 

this method uses primarily the phase information of the waves. 

The phase delay of a wave propagating in the plasma up to the position ofthe critical 

density layer is given by [Bud--{)1,Gin-70]: 

Rant 

'Ppl = ~ J ( 1 - w~;l)! dR - ¥ (Ui) 

Re 

Rant: Position ofthe antenna outside the plasma used to launch the waves. 

Re: Position of the reflection layer in the plasma. 

All positions are relative to the axis of rotational symmetry ofthe Tokamak. 

1 Recently it has been proposed that the position of the reflection layer in the plasma 

may also be determined by launching a short pulse of microwaves with angular 

frequency w into the plasma. The time delay after which the pulse returns at the 

detectors can be used as a measure for the position of the reflection layer in the 

plasma. This technique is equivalent to pulsed radar techniques and has only recently 

been proposed to be used in Tokamaks {Hug-91]. Note that in that method the 

amplitude information in the wave-packet is used, contrary to the method described in 

the text. 
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This expression is found by matching a solution of the wave equation outside the 

reflection layer, to an analytical solution near the reflection layer. Geometrical optics 

(WKB-assumption) is used for the first solution, while the second solution results 

from a full-wave calculation, which assumes that p,2 varies linearly with position 

[Bud....{)l, Gin-70]. Note that the term (--'lf/2) is a. result of our matching procedure, 

c.f. -1r at a metallic reflection. 

The phase difference between the signal arm and the reference arm is given by 

the following expression. 

cp( t) = 'Ps( t) - v>r( t) 
Rant 

Where 

= 2 w~t) J (l- WpW:t~Jt)y!- dR- j + w~t)(Ls-Lr) 
Re( t) 

cp8 is the phase delay in the signal arm of a reflectometer. 

cpr is the phase delay in the reference arm of a reflectometer. 

(1.7) 

Ls is the length of the waveguides of the signal arm to and from the antenna. 

Lr is the length of the waveguides used in the reference arm. 

The reflected wave propagates along the same path twice, hence the factor 2. The 

changes of the phase in time can result from: 

1. a change of the electron density profile along the path in the plasma up to the 

reflection layer: i.e. changes in Wpe (R,t), for Re< R <Rant, 

2. changes in the position of the reflection layer: Re( t ), 
3. a variation in the angular frequency of the probing wave: w( t ). 

When the source frequencies are held constant, a reflectometer will measure changes 

in the phase difference between the signal path and reference path as a result of 

variations in the electron density (case 1 and 2 described above). Measurements of 

the phase difference can not directly yield the position of the reflection layer in the 

plasma., since possible changes in the electron density profile outside the reflection 

layer will also give a. contribution to the measured phase change. However, a number 

of channels, operating a.t various different frequencies, can be used in the 

reflectometer. Data. from the different channels, when combined, can be used to 
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determine these relative changes in the electron density profile (see Chapter 2, 

section 4). 

On the other hand, the electron density profile can be measured directly by 

sweeping the frequency of a reflectometer. As a simple example, a. metal plate can be 

used as a reflector of the microwaves; this method is often used for testing and 

calibrating the system. The measu~ed phase changes are given by: 

61{) = 2 :w (Rmir-Rant) + :w (LrLr) (1.8) 

Rmir- Rant : Position of the metal plate in front of the antenna 

If the length of the reference path (Lr), the length of the signal path (Ls) and the 

change in angular frequency ( 6w) are known, the position of the mirror in front of the 

antenna can be determined. 

When swept frequency measurements are carried out on a plasma the measured 

phase may have to be corrected for the changes in the density profile during the 

sweep (phase changes oftype 1 and 2 as described above). The resulting phase change 

in the plasma during the time intervals during which the frequency is swept can be 

expressed in the following way: 

(1.9) 

In this expression r( w) is the difference in the propagation time between the signal 

and reference path of the reflectometer (it is sometimes referred to as the group 

delay). Normally, in reflectometers the signal arm is longer than the reference arm. 

As a result, the reflected microwaves will be delayed when they arrive at the detector 

compared to the microwaves launched into the reference arm. The contribution of 

the propagation in the plasma to r(w) can be calculated using eq. 1.6 and eq. 1.9: 

Rant 
rp(w) = ~ f (1-w:;lr-t dR (1.10) 

Re 
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It is possible to measure rp(w) for various different values of w. The position of the 

reflection layer in the plasma can be then found by converting the different values of 

rp ( w) by means of an A bel integral equation into the different positions of the 

reflection layers, where the local values Wpe correspond to the different values of the 

applied frequencies w: 

Wpe 

Rc(Wpe2) = Rant-i J 
0 

(1.11) 

In order to carry out the Abel inversion procedure rp(w) must be known between the 

integration boundaries. This information can be obtained in two different ways: 

By sweeping the frequency of the refl.ectometer over a wide range. This range 

is limited by the pass bands of the waveguides used in the experimental 

set-up. Typically three to four frequency bands are sufficient to cover the 

complete range of densities in the plasma. The rate of change in the phase 

( ocpf 8t) can be calculated for a number of frequencies. These are used to 

determine rp( w). For example three different frequency bands may be used: 

18 to 26 GHz, 26 to 40 GHz, and 40 to 60 GHz [Man-90]. 

By varying the frequency of the individual channels of a multichannel 

reflectometer over a narrow range. In this case the refl.ectometer should be 

equipped with a number of channels, operating at different frequencies(:::~ 10), 

to cover the complete range of electron densities. ( ocpf 8t) is calculated at all 

centre frequencies w and an interpolation or fitting routine is used to 

determine the values of r( w) from the lowest to the highest frequency used. 

Typically the frequencies range from 20 to 80 GHz, with a variation in 

frequency during the sweep of 100 to 300 MHz [Cos-86, Pre-86, Hug-86]. 

In both cases, the information on rp from W=O up to the lowest frequency employed 

must be obtained from measurements at the outer edge of the electron density profile 

by some other diagnostic method, or, in the absence of reliable data, by assuming a 

shape for the profile near that edge. 
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Section 4: The Multi channel Reflectometer for JET 

With the twelve-channel reflectometer, that has been developed and constructed for 

JET [Pre-86, Hug-86], the plasma is probed along the midplane of the torus with 

radiation polarized in the 0-mode. The frequencies lie in the range 18 to 80 GHz, 

corresponding to critical densities in the plasma between 0.4x1Q19 and 8x1Qlll m-3. 

Gunn oscillators are used as microwave sources (!:j60 mW). The detection systems 

and the oscillators are located in the diagnostic area at a distance of !:j 30 m from JET. 

The reflectometer has separate antennas to launch and to receive the microwaves. 

Oversized waveguides (WG 12A) are used to minimize the transmission losses. 

Horizontal E-plane bends with a reduced height are installed, to avoid excitation of 

higher order modes, which would lead to the introduction of additional phase delays 

in the waveguides. Four reference guides have been built which each transmit a 

different range of frequencies. A specially developed combiner-separator system and 

channel dropping filters, CDF's, (built by ERA Technology) are used to connect the 

sources and detection modules to the oversized waveguides of the signal and reference 

arms. A schematic representation of the instrument is shown in Fig. 1.5. 

The reflectometer can be operated in the two modes described in the previous 

section: 

a fixed frequency mode in which the phase information of the twelve separate 

frequencies is used to measure local variations in the electron density profile, 

and a mode in which the frequencies of the sources are swept over narrow 

ranges (typically 100 MHz), to measure the electron density profile. The 

frequencies in the twelve channels are swept up and down by applying 

triangular voltage variations to the microwave sources. The period of a single 

sweep can be set from 400J.t8 to 51.2 ms. 

Each channel of the system has two Gunn oscillators. One source couples power into 

the signal arm and the reference arm. Both arms are connected to the mixers in the 

detection modules: the so called signal and reference mixer. The second source is 

slightly shifted in frequency {10.7 MHz shift) and is used as a local oscillator for the 

mixers. By this heterodyne detection technique both signals from the plasma and 

reference arms are down-converted in frequency to 10.7 MHz. 
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Schematic representation of the heterodyne detection systems of 
the reflectometer (reproduced with permission from {Hug-90 ]). 
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The difference in frequency of the two Gunn oscillators is maintained by a 

phase-locked loop, even when the source frequencies are swept. The variations in the 

phase ( 8tp/ at) of the microwaves result in a change of frequency of the down 

converted signal from the mixer. The signals from the two mixers are amplified (~30 

dB) with an amplifier, which has a bandpass oh 1 MHz and which are used as input 

to the three different detection systems of the refl.ectometer (see Fig. 1.6): 

1. A fringe counter records variations in the difference in frequency between the 

two signals. The amplitude information is removed by converting the signals 

to fixed amplitude square waves. The data are stored in units of 21r, so called 

fringes. The resolution of the counters is 1/32 of a fringe. 

2. A period counter records the changes in the phase during the frequency sweep. 

First, the signals are processed by a phase detector where the two inputs are 

combined to give a triangular wave with constant amplitude. The frequency of 

this wave is equal to the difference in frequency of the two input signals. The 

counter determines the zero crossings after the start of the sweep up and 

sweep down. From this the period of the triangular wave, which represents 

8tp/1Jt is calculated. A short dead time (lOps to 2 ms) in the recording of the 

zero-crossings is built in, to compensate for any delay time in the input 

signals due to the filtering. 

3. A coherent detector to measure phase and amplitude. A phase detector is used 

to combine the two input signals to a sine wave with variable amplitude and 

with a frequency equal to the difference in frequency between the two signals. 

The information is recorded with an analog-to-digital converter (ADC). 

The timing, amplifiers, and filters of the detectors are computer controlled. These 

detection systems have been built at the FOM Institute for Plasma Physics in 

Nieuwegein, the Netherlands, under contract to JET. 

Tests have been carried out to check the performance of the refl.ectometer in the 

swept frequency mode [Hug-90]. A channel operating at 18 GHz was used to measure 

the position of a movable mirror in front of the antenna. These tests show the good 

agreement between the actual position of the mirror and the position inferred from 

the measurements with the refl.ectometer. Similar test have been performed for the 

other frequencies in the system. A typical deviation of the measurements is 1 cm. 

This corresponds to an uncertainty in the measured delay (r) of~ 0.5 %. 
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CHAPTER2 

MEASUREMENTS IN JET WITH THE 

0-MODE REFLECTOMETER 

Section 1: Introduction 

In a Tokama.k information about the electron density profile is mainly derived from 

interferometry or Thomson scattering techniques. However, the access to the plasma 

is limited and this restricts the number of viewing chords which can be used for an 

interferometer and hence its spatial resolution. Thomson scattering syst~ms are 

mainly limited in the repetition rate of the measurements. On future experimental 

devices the space for instruments and the access for diagnostic viewing purposes will 

be even more restricted. There is therefore a clear need to develop alternative 

diagnostics and particularly diagnostics which require less machine access. 

Improvements in the time and spatial resolution are also desirable. In these respects 

reflectometry is a serious candidate. Recent developments in the relevant microwave 

technology facilitate its implementation. 

It has become clear that the main obstacle for reliable operation of 

reflectometers on Tokamaks and other machines are the effects of density 

fluctuations in the plasma, since as a result of these fluctuations the critical density 

layer in the plasma is not a 'pedect mirror' [Pre-88a,b, Doy-89, Man-90]. The 

difficulties in processing reflectometer data due to . the effects of the density 
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fluctuations were substantially underestimated, when the technique was introduced 

to diagnose pla.sma.s in magnetic confinement devices. 
At JET a. multichannel 0-mode reflectometer, of which a. description was 

given in Chapter 1, has been developed and installed [Pre-88a,b, Hug-90]. The 

reflectometer at JET has the advantage of combining a good spatial resolution with a 
good resolution in time, since the changes in the electron density are measured 

locally, and the microwaves probe the plasma continuously, so that there is no 

apparent limit on the rate at which the data can be obtained. Reflectometry is a 

diagnostic which can be used to study density fluctuations in the plasma, to measure 

small variations in the density due to instabilities in the plasma (chapter 3), and to 

obtain detailed information on the electron density profile on the edge of the plasma. 

A multichannel 0-mode reflectometer compares favourably to other diagnostics for 

measuring the density profile at JET, namely, the FIR-interferometer and the 

LIDAR Thomson scattering method. However, in many applications of the 
reflectometer input of information from the FIR-interferometer and LIDAR 

Thomson scattering is essential. This is the case in the fixed frequency mode of 

operation of the reflectometer, where a reference for the positions of the reflection 

layers in the plasma is required. 

In this chapter the basic performance of the reflectometer will be discussed. 

The first results with plasma indicate how the density fluctuations limit the 

performance of the system and that modifications were needed to cope with these 

effects. The density fluctuations are also studied in section 3 as well as their 

correlation with the enhanced mode activity during high-P discharges in JET (P: 
ratio of kinetic to magnetic pressure in the plasma). In section 4 a technique is 

described by which changes of the density profile are computed from the results of 

measurements using fixed source frequencies. Finally, a new technique is given in 

section 5 which makes measurements of the density profile possible, even in the 
presence of fluctuations, by sweeping of the frequencies. 
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Section 2: Basic Performance of the System 

In this section we will discuss the performance of the reflectometer. First, the 

resolution of the fringe counters and the results of sweeping the frequencies are 

discussedi in this case the inner wall of the JET Tokamak is used as a reflector of the 

microwaves (in the absence of plasma). Measurements carried out on the plasma are 

given where severe problems with the fringe counters and period counters are met as 

a result of density fluctuations in the plasma. An experiment was carried out to 

understand the problems better and the system was modified subsequently. Finally, 

some examples of the improved performance of the reflectometer are given. 

2.1 Performance check without plasma 

In the experimental set-up of the reflectometer at JET, the antennas are positioned 

in the midplane, on the outboard side of the torus. In the absence of plasma, the inner 

wall of JET reflects the microwave radiation, which is received by the antenna and 

detected in the mixers. Using the reflection from the inner wall we can: 

1. deduce the overall attenuation of the microwaves in the signal arm of the 

system, 

2. check the sensitivity of the fringe counters, 

3. calibrate the detection systems in the swept frequency mode. 

Attenuation of the microwaves: 
The attenuation in the signal arm, measured with a network analyser, is 60 dB or less 

for the lower frequencies {18 to 63 GHz), but for the higher frequencies (69, 75, and 

80 GHz) not enough signal can return through the combiner and separators due to 

too high losses (attenuation: N 90dB). The losses for the higher frequencies mainly 

occur when the waves pass through the parts of the combiner and separator which 

couple the lower frequencies in and out. Consequently, if the use of the high 

frequencies is desirable, these specific parts can be removed but then the lower 

frequencies 18 to 24 GHz can not be used. 

Sensitivity: 

Keeping the frequencies fixed, the fringe counters monitor the changes in the optical 

path length with a resolution of 1/32 of the vacuum wavelength. This is 
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demonstrated during a toriodal field test pulse when the fringe counters measure the 

deformation of the vacuum vessel during the time interval of increasing and 

decreasing toroidal field (Fig. 2.1). As a convention a movement towards the 

antenna, is represented by a positive phase increase (although the optical path length 

decreases). As can be seen, the resolution differs for each channel and increases with 

decreasing wavelength (higher probing frequencies). This is a result of the fixed 

resolution of the counters: 1/32 of a fringe. 

Fig. 2.1 
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Movement of the inner wall of JET during a toriodal field test 
pulse as measured by the fringe counters of the reflectometer. 

Sweeping of the frequencies: 

During narrow band swept operation of the reflectometer, the fringe counters and 

coherent detectors monitor the excursions of the phase induced by changing the 

source frequencies ("' 100 MHz). Both detection systems observe a phase change of 

about 6 fringes as is illustrated in Fig. 2.2. This measurement serves as a calibration 

of the difference in the optical path length between the signal arm and reference arm. 

The zero crossing detectors measure the period of the phase changes also correctly. 

These test and the laboratory test at the FOM Institute for Plasma Physics (see 
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Chapter 1) have demonstrated that the basic performance of the system is as 

expected, although the attenuation of the microwaves in the signal arm is higher 

than was foreseen. 

Fig. 2.2 
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Measurements with the fringe counter (trace a) and coherent 
detector (trace b) ofthe 99 GHz channel during one sweep of the 
source frequency (sweep up and down: 100 MHz in 12.8 ms). The 
waves are reflected from the inner wall of the torus in the absence 
of plasma. Note that both detection systems observe a mazimum 
phase change of about six fringes. The data from the coherent 
detector are delayed in time by ~ 1 ms due to filtering. 

2.2 First results with plasma 
When the maximum density of the plasma is below the critical density of a 

refl.ectometer channel, the microwave radiation can pass through the plasma, reflect 
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from the inner wall a.nd ca.n, subsequently, be received by the antennae. In this 

situation the reflectometer operates in 'transmission'. When the maximum electron 

density in the plasma exceeds the critical density corresponding with the frequency 

applied in a certain channel, this channel operates in 'reflection'. As is demonstrated 

in Fig. 2.3 the frequencies of the channels are chosen such that most of the reflection 

layers are located near the edge of the plasma. In this region density information 

from other diagnostics is inaccurate or lacking. 
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Positions of the critical density layers in a typical electron density 
profile in JET with the corresponding frequencies of the different 
channels of the reflectometer indicated. The profile shape causes 
most of the reflection layers to be located near the edge of the 
plasma. 

The measurements with the three basic detection systems of the reflectometer will be 

discussed below. 
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Coherent detectors: 
As was described in Chapter 1, the coherent detectors register the change of the 

optical path length of the signal arm with respect to the reference arm (i.e. phase 

changes) and the change in the intensity of microwave radiation received by the 
antennas (amplitude). The transition of a re:O.ectometer channel from the 

transmission mode to the reflection-mode can be easily monitored since the intensity 
of the microwave radiation received is low in the transmission-mode, mainly due to 

refraction of the microwave beam when passing through the plasma. 
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Fig. 2.4 The successive transitions to the reflection-mode of operation in 
two channels of the rejlectometer during the current rise phase 
(indicated by the arrows). 
a: Density on axis, measured with the FIR -interferometer. 
b: Coherent detector data: 29 GHz channel, ne= 1.06xt(J19 m-3. 

c: Coherent detector data: 99 GHz channel, ne = 1 . .j.9x1 ()19 m-3. 
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This is illustrated in Fig. 2.4 when during a.n electron density increase, which occurs 

during the start-up of the discharge, the successive transition to the reflection-mode 

is observed on two channels. 

When a channel is in the reflection-mode the oscillating character of the data 

represents the phase changes between the signal a.nd the reference arm. However, 

superimposed on the traces are fast variations of the amplitude of the signal. These 

fluctuations can be studied in detail when the coherent detectors are sampled during 

the discharge at a rate of 500 kHz for a. period of 16 ms. The recorded data ca.n be 

Fourier-analysed to obtain a frequency spectrum of the electron density fluctuations 

in JET (Fig. 2.5). 

Fig. 2.5 
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Typical spectrum of the fluctuations in the electron density in 

JET. The data are taken during additional heating {8 MW of 

neutral beam heating), at a sampling rate of 500 kHz with the 

coherent detectors. Location of the reflection layer: r/a = 0.85. 
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a) The fringe counter repeatedly counts too many fringes. 
b) The fringe counter has sudden fringe changes. 
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Fringe counters: 
With the fringe counters we had a problem to properly detect the phase changes as is 

shown in figure 2.6. The bandwidth of the detection system was 1 MHz, at which 

strong fluctuations in the density are observed. Due to the effects of the density 

fluctuations the recorded data have sudden jumps (called 'fringe jumps') or simply 

too many fringes are counted (called 'run-away'). A movement of the critical density 

layer in the plasma from the centre to the edge region of the discharge would only 

result in the recording of approximately one hundred fringes (at a probing frequency 

of 33 GHz ), and not in the observed thousands. 

During H-mode discharges the fluctuation level at the edge of the plasma 

strongly decreases, as observed by other diagnostics, and as a result the fringe 
counters work properly (Fig. 2. 7). 
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Signals of the fringe counters during an H-mode phase in JET. 
During this improved confinement regime the level of fluctuations 
near the plasma is strongly decreased1 as observed on other 
diagnostics as weU as on the coherent detectors in two channels of 
the reflectometer operating at 18 and 99 GHz. The changes in the 
phase during the H -mode phase can be related to a bulk movement 
of the plasma {both channels move out byrv 2 cm). 
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These results show the strong correlation between the occurrence of fluctuations in 

the electron density and the loss of performance of the fringe counters. This 

observation was used to modify the reflectometer in an attempt to make the system 

work under a wider range of plasma conditions (see section 2.3). 

Period counters: 
As a result of the density fluctuations, the rate of the phase changes can usually not 

be determined when the frequencies of the channels are swept. Any signal added to 

the phase changes under narrow-band swept operation will modify the signal input 

to the period counters. This will make it impossible to detect the zero crossings in the 

phase data correctly. Density fluctuations with a frequency close to the rate of 

change of the phase during the sweeps will be very difficult to remove by filters 

without distorting the basic information itself. 

2.3 Improvements of the system 

As was described in Chapter 1, two signals with a frequency of 10.7 MHz, converted 

to square waves of constant amplitude are input to the fringe counters. Fringes will 

be generated as a result of any difference in timing between the signal and reference 

input of the fringe counters. 

An experiment was carried out in which one of the 10.7 MHz signals from the 

mixers was replaced by a signal from a function generator. The generator was used to 

modulate the signal in amplitude with a variation from 200 to 2 m V at a frequency of 

rv50 kHz. The number of fringes counted was minimized by keeping the frequency of 

the function generator close to that ofthe other signal input. Fig. 2.8 shows the result 

of the experiment. As can be seen from the figure, a sudden change in the fringe 

detection rate can be induced by decreasing the amplitude of the function generator 

below a level of"' 10 m V. From this we conclude that the detectors have a lower 

threshold of "' 10 m V for converting the signal into square waves. Below this 

threshold one of the 10.7 MHz signals is not transferred to the fringe counters while 

the other input is still present. As a result the fringe counter will record fringes at a 

rate of 10.7 MHz. Ohs.: This threshold of the phase detectors can not be reduced 

since it is required to prevent noise on the power supplies and cables from interfering 

with the signal processing. 

This test can be related to plasma measurements since the amplitude of the signal is 

modulated by the density fluctuations in the plasma. If, due to the fluctuations, the 
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Fig. 2.8 
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Test with a fringe counter: 
The top trace of figure a shows the 10.7 MHz input to the phase 
detector. The bottom trace of figure a shows the output of the 
phase detectors going to the fringe counters (square waves, 
deformed due to the low sampling rate). On the output of the fringe 
counters (figure b) the onset of a runaway of the counters occurs 

when the input to the fringe counter vanishes (t=249 ms). 
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signal input to the phase detectors drops below the threshold even for a short time 

duration, the fringe counter will record jumps: e.g. 10.7 fringes in 1 ps. The number of 

fringes incorrectly recorded may amount to thousands if the loss of signal persists. 

The team working with the reflectometer modified the system to reduce the 

effects of the :fluctuations. The measures taken are discussed briefly and the main 

contributors to the work are indicated: 

Filters in the signal line coming from the mixers in order to filter out the 

effects of high frequency :fluctuations in the plasma density (R. Prentice, 

T. Oyevaar, G. Sips). These filters are inserted in both arms after the signal 

and reference amplifiers. In an early stage the frequency shift of the reference 

Gunn was changed from 10.0 MHz to 10.7 MHz to accommodate filtering of 

the signals (A. Hugenholtz, A. Putter). At 10.7 MHz bandpass filters were 

readily available. The bandwidth of the signal from the mixers has been 

reduced to 3kHz in both paths to accommodate for any delay. 

The antennae have been moved to a location closer to the plasma in order to 

reduce the loss of signal (R. Prentice). The microwave radiation reflected 

from the critical density layers will return at various angles due to the density 

:fluctuations which act like bumps on the mirror. By positioning the antennae 

closer to the plasma the angle under which the reflected radiation can 

properly be received will be increased (better coupling between launch and 

receive antenna). 

Higher gain ("'50 dB) amplifiers for the signal coming from the mixers 

(A. Hugenholtz, A. Putter, G. Sips, R. Prentice). In addition it was necessary 

to reduce the microwave power in the reference path to minimize the 

cross-talk to the signal path (A. Hugenholtz, T. Oyevaar, G. Sips). 

Filtering of the signal transferred to the period counters (R. Prentice, G. 

Sips). These are identical to the filters of the coherent detectors and will 

reduce the effects of the density :fluctuations. These fluctuations kept the 

period counter from correctly detecting the zero crossings of the signal. 

2.4 More results with plasma 
The changes implemented improved the performance of the re:flectometer under 

plasma conditions considerably. However, due to the modification the apparatus is 

more limited in its time resolution since all the fast transitions, on a timescale ofless 

than 0.2 ms, will be filtered out. Fig. 2.9 gives an example of the recorded phase 
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a: Electron density profiles obtained from the FIR -interferometer 
at t = 1.0 and t = 11.5 seconds. 
b: the fringe counter data from 6. 0 sec. to 19.0 sec. 
The increase in the electron density and the broadening of the 
profile during the Ion Cyclotron Heating phase {2.5 MW} are 
obseroed with both diagnostics. Pulse 19596: 5 MA 1 3.1 Tesla. 

changes corresponding with an increase in the electron density and a broadening of 

the profile during the application of ICRF heating to the plasma. Clearly visible are 

the effects of the so called sawtooth instability during the heating phase. The data 

from the refl.ectometer on sawteeth are used to study transport of electrons in JET 

[Sip-89a,b] (see Chapter 3). 
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During narrow band swept operation the fringe counters and coherent detectors 

measure the changes in the phase correctly (Fig. 2.10). The observed difference in the 

maximum number of fringes counted during the sweeps compared to the results using 

the inner wall as a reflector (Fig. 2.2), are an indication for the position of the critical 

density layers in the plasma. However, all the changes implemented are not sufficient 

for a reliable operation of the period counters since there are still severe problems to 

detect the zero crossings of the signal in a sensible way. In section 4 of this chapter it 

is demonstrated how the positions of the reflection layers in the plasma can be 

measured using the data of the fringe counters and coherent detectors. 
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Measurements with the fringe counter (trace a) and coherent 
detector (trace b) of the 29 GHz channel during one sweep cycle of 
the sources (sweep up and down: 100 MHz in 12.8 ms). The waves 
are reflected by the plasma. Note that both detection systems 
observe a maximum phase change of about four fringes. 
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Section 3: Fluctuation Studies 

To measure the effect of density fluctuations the reflectometer is operated in the 

fixed frequency mode. The coherent detectors are sampled at a rate of 500kHz. The 

filtering of the signals from the mixers, needed to operate the fringe counters reliably 

during plasma operation, is not compatible with this high sampling rate. In order to 

study fluctuations, the filters have to be removed and information about the electron 

density profile had therefore to be obtained from other diagnostics. 

The most extensive analysis of the data from the coherent detectors has been 

made during high-,6--plasma regimes in JET. The experiments have been carried out 

in H-mode discharges at low toroidal field ( < 1.4 Tesla) under the application of 

high level additional neutral beam heating and ICRF heating. 
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The {J-limit for JET as calculated with the formulas given by 

Troyon and Gruber, plotted versus {la/B), compared to the 

actually achieved ,6--values {Sme-89}. 
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The study of high-,8 regimes is relevant for fusion reactors since a reactor will 
operate most economically at the highest possible (J value. However, above a certain 

()the plasma will be unstable, as predicted by Troyon and Gruber [Tro-84]. Fig. 2.11 

gives an illustration of the Troyon-Gruber limit for JET plasmas and the data of 

discharges which reach this limit. When additional power is applied to the plasma to 

try to exceed the (J limit, plasma confinement is lost quickly due to the occurrence of 

unstable modes in the plasma. 
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{dotted line), 
b: the additional heating power applied to the plasma {dashed line) 
and the D-alpha emission near the edge of the plasma {full line). 
The D-alpha emission has spikes during the neutral beam heating 
{edge located modes, ELM's). This mode activity is enhanced 
during the high-() phase (from 14 to 15.5 seconds). 

39 



Chapter2 

The fluctuation studies with the refl.ectometer have been carried out within a 

short time window {16 ms duration) when the maximum value of {j is reached as well 

as during the rise phase, when the additional power is stepped up, which takes one 

second. Our aim is to find a possible correlation in the saturation of the P--value and 

the spectra of the density fluctuations. 

Information from the FIR-interferometer and LIDAR Thomson scattering 

diagnostics shows that all the high-{3 discharges studied have fiat or even hollow 

density profiles and steep density gradients in the outer regions. This has two 

important implications: a) the critical density layers corresponding with the 

frequency of the channels of the refl.ectometer are located near the edge of the 

plasma, and b) any increase in the electron density due to the application of neutral 

beam heating has little to no effect on the position of the reflection layers. Therefore, 

possible changes of the spectra due to a slow variation in the position of the reflection 
layer are negligible. 

The observed changes in the fluctuation spectra can best be illustrated when 
the spectra are divided into several frequency bands. In each band the spectrum can 

be integrated and normalised to the value which results from integration over the 

complete spectrum. By this technique the most dominant part of the fluctuation 

spectrum can easily be identified. As a result it is found that the fluctuations shift to 

higher frequencies and that the total power in the fluctuations increases substantially 

when the P--value is increased up to the Troyon-Gruber ,8--limit in successive 

discharges (see Fig. 2.13). This can be related to the enhanced mode activities in the 

plasma, which has been observed with the soft X-ray cameras near the edge of the 

plasma. Further experiments are needed to correlate the measurements of the 

refl.ectometer with data from other diagnostics (magnetic pick-up coils, ECE 

diagnostics) during high-P regimes, or to cross-eorrelate the data of the 

refl.ectometer as described by Costley and Cripwell [Cos-90, Cri-91]. 
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Section 4: Operation with Fixed Frequencies 

In this section is illustrated how the information of the fringe counters can be used 

when the system is operated in the fixed frequency mode. The data of the fringe 

counters can be used to calculate the evolution of the electron density profile. The 

fundamental ideas for a reconstruction technique of the density profile were given by 

Hubbard [Hub-88] and have been extended to apply to the experimental data 

(section 4.1). In section 4.2 typical results of the reconstruction are given together 

with an example how the consistency of density profiles, obtained from other 

diagnostics at JET, can be checked. 

4.1 Profile reconstruction technique 

The absolute value of the phase measured with the fringe counters has little meaning, 

only the variations in the phase are significant. These variations can result fro:ID: 

changes in the position of the critical density layer, either due to bulk 

movements of the plasma or due to changes of the electron density, or 

changes of the electron density profile outside the reflection layer. This will 
change the refractive index of the plasma and hence the optical path length of 

the signal arm. 

Our main aim is to reconstruct the evolution of the density profile from the 

measurements of the fringe counters. The initial positions of the critical density 

layers are determined from measurements of the density profile with the 

FIR-interferometer or with LIDAR Thomson scattering. The combined information 

of the channels which are in the reflection-mode will be used to give better accuracy. 

Computational procedure: 

The numerical code developed needs input information from other diagnostics in JET 

and data analyzing codes: 

1. a reference profile for the electron density from the FIR-interferometer or 

from LIDAR Thomson scattering data, 

2. an estimate of the movement of the plasma. For this, the variation of the 

position of the plasma edge may be taken, as measured with the magnetic 

pick-up coils, 
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3. the evolution of the central electron density in time, as determined with the 

FIR-interferometer. 

A reference profile can only be obtained at a specific time in the discharge and should 

lie within the time window where the reflectometer data are recorded. The 

reconstruction of the evolution of the density profiles is started from this reference 

moment in time. The variation in phase in each channel, backwards or forwards in 

time, can be calculated by subtracting from the other measurements the value of the 

phase at the time of the reference profile. The following procedure, which is started at 

the edge of the plasma and is performed separately for each channel, is used to 

calculate the density profiles: 

The changes in the phase caused by bulk movements of the plasma can be 

accounted for by shifting the position of the reference profile. The phase 

change as a result of this shift can be calculated and subtracted from the 

measurements. The residual phase change is due to changes in the profile 

shape, 

The position of the reflection layer is moved by a small amount inside or 

outside the reference profile, depending on the sign of the change in phase. It is 

assumed that the corresponding changes in the density profile can be linearly 

interpolated between the change already calculated from the results of 

previous channels and the change caused by the movement of the reflection 

layer. At the edge the density is fixed at zero. 

The estimates for the changes in the density profile up to the reflection layer 

are used to calculate the phase changes in the reflectometer channeL Using a 

minimization routine the position of the reflection layer is moved until the 

calculated phase changes agree with the measurements, within the resolution 

of the fringe counter. 

Starting from the edge of the plasma the computations progress up the profile to the 

density layer corresponding to the highest frequency still reflected by the plasma. 

The profile inside is adjusted up to the centre of the plasma to match the observed 

changes in the central electron density. As the calculation progresses in time the 

reference profile may be replaced by earlier reconstructions of the density profiles to 

avoid too large deviations. 
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4.2 Results 
The fringe counters record a number of 8192 samples in time (recently increased to 

32767) for each channel during a discharge. All these data points can be used in the 

reconstruction of the evolution of the density profiles. The position of the critical 

density layers can be plotted as a function of time (Fig. 2.14 ). Also other contours of 

equal density can be plotted but these have to be interpolated from the results. The 

reconstruction technique has only been applied to a limited number of pulses so far 

but has the potential to be used at every pulse; the profiles can be stored in the JET 

files. 

It is important to check the reconstruction technique and the consistency of 

our profile measurements by a comparison with results of other diagnostics. A 

reference profile for the calculations is taken from the FIR-interferometer or, in some 

cases, LIDAR Thomson scattering. As already shown in Fig. 2.14 the reconstructed 

positions using the data from the fringe counters can be compared with the profile 

obtained at a different time in the discharge, with the FIR-interferometer. This 

comparison can be made at several times within the time window of the operation of 

the fringe counters and is shown in Fig. 2.15. Since the fringe counters monitor the 

changes in the profile with a sensitivity of less than one millimeter, the differences in 

position must be caused by uncertainties in the profile measurements with the 

FIR-interferometer. The maximum difference in position at a density of 1.93x1Q19 

m-3 is"' 6 cm. This corresponds to an inaccuracy in the local density of"' 9% for a 

parabolic profile shape, which is in agreement with the estimated uncertainty for the 

FIR-interferometer. However, this comparison is a clear warning to us that the 

positions of the reflection layers in the reconstructed density profiles depend on the 

choice of the original reference profile. 
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Result of the profile reconstruction technique. Plotted are the 
positions of the reflection layers in the plasma as functions of 
time. The power levels for the NB! and RF phase were"' 2.5 MW 
and"' 4 MW respectively {5MA/3.1T). 
The reference profile is taken from the FIR-interferometer at 
12.3 seconds after the start of the discharge (indicated by the 
dots). The crosses x' represent the position of the reflection layers 
as deduced from an FIR -interferometer profile at 10.0 sec. 
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gives the difference at a critical density of 19.9x1018 m·s. 
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Section 5: Operation with Narrow-Band Swept Frequencies 

The multichannel reflectometer is capable of measuring the electron density profile 

independently when the microwave frequencies are swept within narrow bands. From 

the information of all the reflectometer channels which are the in reflection-mode, 

the profile of the electron density may be deduced by applying an inversion procedure 

from which the positions of the reflection layers are calculated. The basic 

requirements and accuracy needed to perform the measurements and to use the 

inversion procedure will be discussed. Techniques used to minimize the effects of 

density fluctuations will be described since the occurrence of fluctuations forms the 

main obstacle to obtain the data. Finally, results are given to illustrate the 

possibility to measure density profiles near the edge of the plasma. 

5.1 Basic requirements for profile measurements 
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Schematic drawing showing the propagation delays {r} for the 

microwaves, between the signal arm and reference arm of the 

re flectometer. 
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The relevant quantities utilised for the determination of the profile are given in Fig. 

2.16, where r stands for the difference between the time delay of the microwaves 

propagating through the signal path and through the reference path of the 

reflectometer. rw is the time difference when the inner wall is used as a reflector of 

the microwaves to serve as a calibration. Tx is the measured time difference when the 

wave is reflected from a critical density layer in the plasma. This quantity contains 

the information used to determine the electron density profile. The delay r P is the 

time delay of the wave travelling through the plasma from a reference plane to the 

critical density layer and travelling backwards after reflection: 

Tp = Tx + Tref -Tw 

with 

Tref = 2(Rref- Rw)/c 
Rref = position of a reference plane just outside the plasma. 

Rw = position of the inner wall in JET. 

(2.1) 

The reference plane is chosen near the antennas; it will be used in the inversion 

integral to obtain the position ofthe reflection layer (using eq. 1.11 ). The values for 

r x and Tw can be obtained by sweeping the frequency of the microwave sources: 

with: 

w : angular frequency, 

f: frequency, 

tp : measured phase change, 

fr : measured phase change expressed in number of fringes, i.e. tp/27r. 

(2.2) 

The change in time of the phase can be found from the measurements of the fringe 

counters, period counters or from the analysis of the data of the coherent detectors. A 

variation of the frequency (f) can be obtained by applying a variable voltage to the 

varactors of the Gunn oscillators. In order to determine the frequency changes the 

voltage/frequency characteristics of the oscillators have to be measured quite 

accurately. 
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In the long ("' 30 m) waveguides of the signal arm of the refl.ectometer only a 

small part of the optical path length is determined by the plasma. The information of 

the density profile is contained in the values of rp which must be determined in all 

channels which are in the reflection-mode. In order to get profile measurements up 

to an accuracy of :1: 1 cm the values of rp have to be determined with an accuracy of 

:1: 0.1 ns [Hub-87]. As will be shown in section 5.2 a typical value of rw is 50 ns and for 

reflection layers located near the edge of the plasma r x ~ 38 ns. Due to the effect of 

density fluctuations the main inaccuracies in the calculation of rp arise from 

uncertainties in rx; these have to be less than 0.5% in order to achieve the desirable 

accuracy of :1: 1 cm. Dispersion in the waveguides will produce systematic errors in 

both r w and r x but these will cancel in the calculation of r p· 

5.2 Measuring techniques 

As was found in section 2 of this chapter the density fluctuations may modify the 

input signals to the period counters and this effect would make it difficult to measure 

( 5fr /6t) accurately enough. Therefore, these period counters could not be used to 

determine rp, although they were specially designed for swept frequency operation. 

The fringe counters proved to be adequate to monitor the phase changes. The effects 

of the density fluctuations had to be eliminated or, at least, be largely reduced to 

measure rx reliably. 

In principle there are two ways to achieve this:1 

1. By sweeping the frequencies rapidly so that the fringe rate ( 5fr / c5t) exceeds the 

dominant fluctuation frequencies. In JET the fluctuations spectrum decreases 

strongly in amplitude above 30kHz (see Fig. 2.5). The highest fringe rate can 

be obtained by sweeping the sources over the maximum possible frequency 

excursion and at the highest possible repetition rate. In the refl.ectometer a 

1 The narrow-band swept mode, used to measure the electron density profile has some 
disadvantages compared to reftectometers using a broad-band sweep. By sufficiently 

fast sweeping through a frequencv band a high fringe frequency can be obtained which 

is an order of magnitude larger than the dominant frequencies of the density 

ftoctuations. Thus, the effects of density fluctuations are minimal {Man-90, Doy-89]. 

Moreover, values of r can be obtained for many frequencies within the band. As a 

result, the density profile obtained is less sensitive to random errors in the 

measurements ofr. 
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change of the source frequencies of 300 MHz can be achieved, which will 
produce about 12 fringes when the wave reflects from the inner wall; the 

frequencies can be swept by the modulators at a rate of 0.4 ms (sweeping up 

and down). This will give a maximum fringe frequency of only 60kHz. 

2. By sweeping the sources at a relatively slow rate (51.2 ms) with a frequency 

excursion of 100 MHz. The effects of the density fluctuations can than be 

reduced by filtering of the signals. 

Using method 1 the fringe frequency is only marginally higher than the dominant 

frequencies of density fluctuations and in high-,8 pulses equal to or lower than the 

dominant frequencies (section 3). The coherent detectors can be used to measure the 

phase changes, but the fringe counters can not be used since they only work properly 

with a filter of 3kHz. Moreover, the data can only be collected during a short time 

interval in the discharge (16 ms out of a total discharge duration of 20 seconds) 

because of the limited memory storage. 

The second method implies the monitoring of the phase changes with the 

fringe counters. A basic shortcoming of this method is that the density profile 

changes during the time interval in which the frequencies are swept. The phase 

changes during the up sweep and the down sweep are different when the reflection 

layer in the plasma moves in radial direction. A motion of the reflection layer with 

constant radial velocity during the time interval of the sweep can be compensated for 

by averaging the phase changes generated during the sweep up and during the sweep 

down. It should be realised that accelerated movements of the layers during the 

sweep interval will produce non~near phase changes which can not be corrected for 

by taking a linear average. 

A method to overcome the effects of the profile changes during the sweeps was 

proposed by Prentice [Pre-90]. It consists of repeatedly sweeping the source 

frequencies up and down during 12.8 ms and keeping the frequencies fixed for some 

time between subsequent sweeps. In this way a baseline is obtained from which the 

movements of the critical density layers can be extrapolated during the sweeps. The 

fringe rate obtained in this way is still slow enough to filter out the effects of the 

dominant density fluctuations and to use the fringe counters to monitor the phase 

excursions. An example of the fringe counter measurements during this so called 

sweep-dwell mode of operation is given Fig. 2.17. 

The fringe rate is equal to the slope of the data from the fringe counter during 

the sweeps, after subtracting the baseline and after making corrections for 

50 



,-.., 
ell 
0 
tll) 
c:: ;.s 
'-" 
0 
tll) a ..c:: 
u 
0 
ell 
<:1:1 a: 

Fig. 2.17 

Measurements with the Reflectometer 

N 
::r: 
CJ ., .. 

N 
::r: 
CJ 

~ 

N 
::r: -4 
CJ 
0> -6 N 

N 

~4 
::r: 
CJ .. 

-6 N 

8.10 8.15 ·8.20 8.25 8.30 

Time(sec.) 

Measurements with the fringe counters. The 'V' shaped ezcursions 
are ca'IJ.Sed by a frequency sweep ofN 100 MHz (up and down) in 
12.8 ms. In between those sweeps the fringe counters monitor the 
movements of the critical density layers, which can be eztrapolated 

to the intervals when the frequencies are swept. This mode of 
operation is referred to as a sweep-dwell mode operation of the 
reflectometer. 

non-linearities in the voltage/frequency characteristics of the Gunn oscillators. r x 

can then be calculated using eq. 2.1. The value of rw is obtained using the same 

technique although the baseline will be straight since the inner wall is stationary. 

Table 2.1 gives an overview of typical measured delays. The values of rp are 

subsequently used in a. numerical inversion technique to obtain the position of the 

critical density layers. Values of r as a function of the probing frequency are obtained 

by interpolation between the measuring points, whereas data below the lowest 

probing frequency must be simulated using an assumed density profile at the edge of 

the plasma.. Information about the lowest part of the density profile may be obtained 

from probe measurements; these show a typical exponential fall-<>££ length of the 
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density of 1.5 cm. The accuracy of the density profile may be estimated from the 

results presented in table 2.1; an inaccuracy of 0.2 to 1.0 ns corresponds to an 

uncertainty in the determination of the profile of 2 to 10 cm. As can be seen in Table 

2.1 the value for Tp of the channel with ne= 1.06x1Q19 m-s is less than that of the 

channel with ne= 0.73x1019 m-3, which would mean that the position of the layer 

with a higher density would be closer to the antennae, which is impossible. This 

seems to be a. systematic error in rw ; it could result from a secondary reflection of the 

microwaves inside JET, possibly from a mirror of the FIR-interferometer. 

Table 2.1 

-3 
n (m ) 't' (ns) 't' (ns) 't' (ns) 

c. w X p 

19 
0.73x10 49.9 ± 0.1 35.1.± 0.2 2.9 ± 0.3 

19 
1.06x10 51.4 ± 0.1 35.8 ± 0.1 2.1 ± 0.2 

19 
1.94x10 54.1 ± 0.2 39.7 ± 0.3 3.3 ± 0.5 

19 
2.53x10 54.0 ± 0.2 42.2 ± 0.3 5.9 ± 0.5 

19 
3.14x10 55.6 ± 0.1 50.0 ± 1.0 12.1 ± 1.1 

Overview of typical delay times (r) measured during the 
sweep-dweU mode of operation with five different channels. The 
data from the inner wall (rw} are measured during pulse #20996 
in which no plasma was produced. The data during plasma are for 

JET pulse #20982 {4MAj2.8T, ohmic heating phase). The delay 
times are measured at t = 7.2 sec. The resulting electron density 
profile, by inverting the Tp values, is given in Fig. 2.18. Note the 
high accuracy needed in rw and rx to yield a reasonable accuracy 
in Tp. Tref = 17.7 ns since the reference plane is chosen at 2.69 cm 
from the inner wall of the torus, which is the position of the 
antennae (l:j 40 cm outside the plasma}. 
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Fig. 2.18 Result of measurements of the electron density profile with the 
reftectometer during the ohmic phase of a discharge. The top trace 
shows the evolution of the line integrated density as measured with 
the central channel of the FIR-interferometer. The measured 
profiles (full lines) are shown at four times during the discharge. 
The data are compared with FIR-interferometer profiles; the 
uncertainty limits are indicated by dashed lines. Good overaU 
agreement is found within the accuracies of both diagnostics. 

53 



Chapterf 

5.3Rermlts 

Measurements have been made on a limited number of pulses so far. Profiles have 

been measured every 30 ms with a sweep time of 12.8 ms (sweep-dwell technique) in 

an ohmic discharge ( # 20982). The results are shown in Fig. 2.18. where the profiles 

are compared with profiles obtained from FIR-interferometer measurements. The 

discrepancies observed between the results of the two instruments are within the 

accuracy limits of both diagnostics. The density of the plasma, in the example shown, 

was oscillating due to malfunctioning of the gas feed system. The successive 

peaking-up and collapsing of the density profile (c.f. profiles a and d) are well 

resolved by the reflectometer. 

Measurements of the density profile have also been performed in H-mode 

discharges. A typical feature of H-modes is that the density profile is rather flat in 

the centre and very steep near the edge. The measurements with the reflectometer 

are shown in Fig. 2.19. The measurements of the edge profile are compared with 

those from the FIR-interferometer and the LIDAR Thomson scattering. 
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Lower part of an H-mode profile for pulse #20994 in JET 

{4MAj2.8T} as measured by the reflectometer. The measurement 

is compared with those made with the FIR-interferometer 

{dashed line} and LIDAR Thomson scattering {dotted line). 
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Section 6: Summary and Conclusions 

A multichannel reflectometer, operating in the 0-mode, has been installed in the 

midplane of the JET Tokamak on the outboard side of the plasma. In the absence of 

plasma the inner wall of JET can be used as a reference reflector for the microwaves. 

The attenuation of the waves in the signal arm and sensitivity of the fringe counters 

has been determined using this reflection from the inner wall. Also the detection 

systems have been calibrated in the swept-frequency mode. 

Measurements carried out on plasma show that fluctuations in the electron 

density make it difficult to monitor the phase changes in the signal arm of the 

system. Several modifications to the apparatus have been made by the reflectometer 

team to cope with these effects of the fluctuations. 

Fluctuations of the electron density can be studied in detail by sampling the 

coherent detectors at 500 kHz. Special attention has been given to high-P discharges 

in JET. It has been observed that the dominant frequencies in the fluctuation 

spectrum shift to higher values and that the amplitude of the fluctuations increases 

when the discharge reaches the Troyon-Gruber limit. 

Using fixed frequency operation it has been demonstrated that the data from 

the fringe counters can be used to reconstruct the evolution of the electron density 

profile. A reference profile from other diagnostics is needed to obtain the positions of 

the reflection layers in the plasma. 

The measurements of the electron density profile with the reflectometer 

operating in the narrow-band swept mode are again limited by the density 

fluctuations in the plasma. These fluctuations make it difficult to obtain the 

accuracy required in the measurements of the delay time ( r) which occur between the 

microwaves travelling through the signal arm and through the reference arm of the 

reflectometer. A new technique has been developed to overcome the effects of the 

density fluctuations. This technique consists of filtering the signal and using a 

sweep-dwell mode of operation. In this way a baseline can be obtained to correct the 

data for the movements of the reflection layers during the time interval in which the 

frequencies are swept. When the profiles obtained with the reflectometer are 

compared with those measured by the FIR-interferometer and LIDAR Thomson 

scattering good agreement is generally found. Steep gradients of the electron density 

profile are observed under H-mode plasma conditions. . 
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CHAPTER3 

PARTICLE AND ENERGY TRANSPORT STUDIES 

USING DENSITY AND HEAT PULSE PROPAGATION 

Section 1: Introduction 

It is important to confine the energy of a thermonuclear plasma for a sufficiently long 

time. The energy is lost by radiation, thermal conduction and convection on a time 

scale characterised by the energy replacement time rE" Coulomb collisions will lead 

to an irreversible loss of energy from a magnetically confined plasma. In a 

cylindrically symmetric configuration the loss rate is referred to as classical 

transport. In a Tokamak configuration the transport is enhanced due to the toroidal 

geometry; this is called neoclassical transport. Thermal diffusion coefficients (X) play 

an important role in the calculation of the energy replacement properties of a. plasma. 

The transport coefficients are related to the energy confinement time by rE"' a2fx, 
where 'a' is the minor radius of the plasma. Similar definitions are used for particle 

transport (D: particle diffusivion coefficient, rp: particle replacement time). For 

neoclassical transport the ion thermal diffusivity (Xi) exceeds the electron thermal 

diffusivity (Xe) by a factor"' .j (mt/m8). However, transport analysis in Tokamaks 

has revealed that the value of Xe exceeds the neoclassical predictions by two orders of 

magnitude. Xi is only marginally larger than the neoclassical value, and hence Xe ::1 

Xi· The value for the particle diffusion coefficient (D) also is in general 
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higher than its neoclassical value. The observed enhanced losses from the plasma are 

called anomalous cross field transport, which stands out as a phenomenon that is not 

understood. Insight into the mechanisms that cause this anomaly may lead to 

essential improvements of the Tokamak and may be used to predict the performance 

of next step devices. 

There are two classes of experimental methods to determine the thermal and particle 

diffusivities (X and D). The first, the analysis of the steady state power and particle 

balance is a static one. For the energy balance this method suffers from uncertainties, 

for instance in the amount of power transported to the electrons via the ions and in 

the power deposition profiles. However, using complicated transport codes and with 

reasonable simplifications, an estimate for the electron heat diffusivity can be made 

(xPb)t. For the particle balance the difficulties lie in the assessment of the particle 

sources. The sources are concentrated near the edge of the plasma and result from a 

release of gas from the wall, injection of gases (fueling) and recycling of ions leaving 

the plasma. Neutral beam injection or pellets of solid deuterium deposit particles in 

the centre of the plasma. Again, using sophisticated numerical modeling, the electron 

particle diffusion coefficient (DPb) can be determined within reasonable limits (30% 

to 50% uncertainty). 

The second method is dynamic and involves the perturbation of steady state 

profiles and the analysis of the subsequent relaxation process [Lop-90b]. The change 

of the profiles can either be actively imposed or can be due to naturally occurring 

instabilities in a Tokamak. An example of the latter case is the sudden flattening of 

the central part of the electron temperature and density profiles caused by the so 

called sawtooth collapse. A result of the collapse is that on a timescale of 10 to 50 ms. 

the initially localised perturbation spreads towards the edge. In the case of the 

temperature this process is called heat pulse propagation and for the density: density 

pulse propagation. First reports on the direct measurements of the electron thermal 

diffusion coefficient2 (xhp) derived from the measured speed of the radial diffusion of 

the heat pulse are by Callen and Jahns using soft X-ray emission data [Cal-77]. 

1 The superscript 'pb' designates values derived from the calculation based on power 
balance or particle balance. 

2 The superscript 'hp', 'dp' and 'inc' designate values derived from calculations of 
perturbations of a steady state. 

58 



Transport Studies 

Since then the method has been applied to many experiments [Sol-79, Bel--84, 

Fre-86], also involving the measurements of the heat pulse using diagnostics based 

on electron cyclotron emission [Tub-87, Lop-88]. It is generally found in Tokamaks 

that xhp is 2 to 5 times larger than xPb. As was shown by Tubbing et al. [Tub-87], 

this discrepancy may be attributed to the fact that xhp and xPb are essentially 

different quantities: xPb is defined as XPb ::: q/niV'l~l (q=heatfl.ux, n=density, 

T=temperature) whereas xhp corresponds to the incremental heat diffusivity: 

xmc;:: 8q/8{nVT). 

In the previous work, the attention was concentrated on the electron temperature 

perturbation, of which the most accurate measurements were available. In recent 

years also the density pulse has been measured with a high resolution multi-chord 

interferometer in TEXT [Kim-88a, Kim-88b] and an 0-mode refl.ectometer in JET 

[Sip-89a]. Density pulses, which were thought to propagate outward were initially 

studied in JET [Hub-86]. More recently, using the multichannel refl.ectometer, 

density pulses propagating inward have been observed [Sip-89a]. In general, 

simultaneous inward and outward propagating pulses must be taken into account in 

the determination DdP after the sawtooth collapse. 

In principle, changes in the electron density induce a response on the temperature, 

and vice-versa. Most obvious is the effect on the temperature as a result of the 

presence of the density in the energy conservation equation. However, coupling can 

also occur through the dependence of the transport coefficients on the local plasma 

parameters. A mathematical framework for the interpretation of coupled heat and 

particle transport was given by Gentle [Gen-88], who also showed that the diffusion 

coefficients associated with the evolution of perturbations of the profile are different 

from the coefficients that determine the transport in the steady state. 

In section 2 of this chapter the sawtooth collapse is described, the basic transport 

equations are given, and the geometry of the magnetic flux surfaces is discussed. The 

measurement of the evolution of the electron temperature and density profiles is 

described in section 3 where evidence for the inward propagating density pulse is 

given. This is followed by evidence on the coupling of particle and energy transport 
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from simultaneous measurements of the density and heat pulses. The determination 

of the transport coefficients is presented in section 4. The experimental data for the 

density evolution are compared with the predictions of a comprehensive numerical 

transport model, which includes both outward going and inward going density pulses. 

In section 5 a comprehensive analysis of density and heat pulses is presented which 

takes into account: a) the coupling between particle and energy transport, b) the 

effects of sources. With this analysis technique the complete time evolution of the 

temperature and density changes after the sawtooth collapse are modeled. The 

results are then compared with the calculation of Dine and xinc based on the results 

of other experiments in JET (section 6). In section 7 the measurements of density 

and heat pulses in the TEXT Tokamak (Austin, USA) are analysed, using the 

coupled analysis methods developed for JET. It is shown that, although the density 

pulses in TEXT are different from the density pulses measured in JET, the 

underlying transport coefficients are similar. Fina.lly, the results of this chapter are 

summarised in section 8. 
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Section 2: Definitions and Equations 

In this section we will discuss the sawtooth collapse and the resulting changes in the 

electron temperature and density. In order to calculate the transport coefficients, the 

equations for mass conservation and energy conservation for the electrons will be 

given. It will be shown that the transport coefficients from perturbation studies can 

differ from the values derived in a steady state analysis. 

Defining the geometry of a Tokamak, the assumptions to reduce the number of 

spatial variables are given, followed by a description of the transport equations for 

the Lao-Hirshman-Wieland class of magnetic surfaces. 

Fig. 9.1 
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Ezample of the electron temperature profile just before {full line) 
and just after (dashed line) a sawtooth collapse. The sawtooth 
instability flattens the central part of the pro file inside the mixing 

radius (rmix). The sawtooth inversion radius rmv is the location 
where the temperature does not show any change during the 
collapse. Outside rmix the temperature shows a slow response to the 
sudden change in the central region (see inset). 
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2.1 Sawteeth 

A naturally occurring instability in Tokamaks is the sawtooth. Sawtooth oscillations 

of many plasma parameters (electron and ion temperature, electron density, 

impurity radiation, etc.) are observed with various different diagnostic techniques on 

JET. All these signals show a rapid flattening ( < 100 J-IB) of the central part of the 

profiles, followed by a slow recovery. The repetition time (sawtooth period) is 

typically lOOms for ohmic plasmas but may be extended to several seconds with the 

application of addition heating (mainly ion cyclotron resonance heating). In other 

Tokamaks sawteeth are also observed but the collapse time and repetition time vary 

with the size of the machines. 

Outside the mixing radius the profiles are unaffected at the time of the 

collapse (Fig. 3.1), but during the recovery interval of the sawtooth period the 

initially localised perturbations of the temperature and density profiles spread 

outward toward the limiters. The maximum of the perturbation at a certain radius 

outside the mixing radius may be reached tens of milliseconds after the actual 

sawtooth collapse. 

In the following sections the time evolution of the electron temperature and 

density outside the mixing radius will be used to calculated the transport coefficients 

(xhp and DdP) across the magnetic field lines. 

2.2 Basic transport equations 

The evolution of electron density and temperature profiles can be described by the 

equations for mass conservation and energy conservation for the electron fluid (the 

index 'e' will be omitted): 

an 1K + v.r = s (3.1) 

(3.2) 

In which r is the particle flux and q is the conductive heat flux. The heat flux due to 

the particle flux is accounted for by the second term in the energy balance, while the 

third term involves the energy change due to a compression or decompression of the 

fluid. The sources and sinks are taken into account by S and Q. The energy exchange 

between electrons and ions (the equipartition term) is included in Q. 
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The particle and heat fluxes are represented as:s 

(3.3) 

-q=nxVT (3.4) 

The coefficients D and x will be functions of the local plasma parameters n, T, 

Vn and VT. With these dependences the representation in eq. 3.3 and eq. 3.4 is 

general: e.g. a convective particle flow of the form r conv = vpn, which is often 

postulated in addition to the diffusive flux, is represented by a diffusion coefficient of 

the form D = Dconduct + Vpn/Vn. Similarly, a convective term in the heat flux can be 

represented by X· 

To describe perturbations of equilibrium profiles n0 and T0, we write 

n=no + nt T=To+Tt {3.5) 

Where no and T0 are the unperturbed quantities and n1 and T1 are the perturbation&. 

These quantities will be used to linearise the transport equations as will be 

demonstrated in the following example. 

Example: 

In this example the transport coefficients depend on T and VT, only in section 5 a 

dependence on n and Vn are also included. If D = D(T,VT) and x = x(T,VT) the 

perturbed fluxes can be written as: 

3 Using this representation of the particle flux and the energy flux, the equations are 
general and the mathematical treatment 'USing these definitions is not complicated. 
However, the single term on the right hand side of the equations may represent more 
than one physics aspect of the particle and energy fluxes. One may prefer to divide the 
flux in a neoclassical contribution and an anomalous contribution, each with their 
specific dependencies on n, V n, T and V T, or to use an explicit convective term in the 
equations, or both. We must stress however, that the definitions 'USed here are 
applicable to any model and are, therefore, preferred above expressions which contain 
multiple terms. 
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(3.6) 

(3.7) 

Since the transport coefficients are functions of the local plasma parameters, in this 

example only on T and VT, the expressions for the perturbed coefficients are: 

(3.8) 

(3.9) 

Here the partial derivatives are equilibrium values. Substituting these expressions in 

eq (3.6) andeq (3.7) we find: 

lJD lJD 
-rt = D (Vn)t + 7if!lno Tt + iJ(V T)Vno (VT)t (3.10) 

(3.11) 

The transport coefficients which determine the decay of changes in the electron 

density and temperature are defined as: 

D inc = - [ aff n) ] = D (3.12) 

xinc=-[~~] = x+JfrfTo (3.13) 

while the the steady state diffusion coefficients are defined as: 

(3.14) 

xpb =- [ nlvTJ l = x (3.15) 

In this example Dine equals DPb, but xmc is different from the xpb as a result of a 
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dependence of the electron heat diffusion coefficient on VT. xmc will be larger than 

xpb if the heat diffusion coefficient is an increasing function of the gradient of the 

electron temperature [Tub-87, Reb--:-88]. 

In the equation for the perturbed energy flux (3.11) the term which includes 

T 1 is generally taken to be a lower order term. This term is often ignored, since at a 

sawtooth collapse (VTt/VT0) is much larger than (Tt/T0). The term including n1 

represents a change of the energy flux as a result of the variation of the electron 

density. This is a coupling as will be discussed in section 5 of this chapter. In the 

linearised particle balance equation (3.10) similar coupling terms appear. 

Modeling the evolution of the electron temperature profile in principle requires the 

complete set of transport equations for electron and ions to be solved. However, in 

the simplest case one neglects the changes in the electron density and the changes in 

the electron source terms. For a constant xinc (independent of the location in the 

plasma and independent of time) the energy balance equation reduces to: 

(3.16) 

For a perturbation in which the temperature in the centre is decreased and the 

temperature just outside the centre is increased (called dipole perturbation), like a 

sawtooth collapse, the equation can be solved analytically [Sol-79]: 

. h r2 - r2 u:· 

Xmc- X p- m - - 8t p 
(3.17) 

where rmi:x: is the mixing radius and tp is the time after the sawtooth collapse at which 

the perturbation reaches its maximum, outside the mixing radius (see Fig. 3.1) 

For an outward propagating density pulse the value of Dine can be found by a 

similar approach [War-87]: 

D. - Dd - r2 - r2mi:x: 
lDC- p- 12tp (3.18) 

Lopes Cardozo et al. [Lop-88] showed that the variations in the sources and sinks 

need to be taken into account for a proper description of the observed enhanced 

radial damping of the heat pulse in JET. It was shown that xhp can be derived using: 
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xhp = 4 3 E a ( __!._ )2 !. · a-s a (3.19) 

v: observed radial velocity of the peak of the perturbation, 

a: observed radial damping of the amplitude at the peak of the perturbation, 

E: elongation of the magnetic flux surfaces (see section 2.3), 

s: Sha.franov shift of the magnetic flux surfaces (see section 2.3), 

a: minor radius of the plasma at the midplane. 

For the density pulse in JET a numerical modeling is required since the changes of 

the density at the edge are dominated by source terms, as will be discussed in 

sections 3 to 5 ofthis chapter. 

2.3 Geometry 

The equations for particle and energy conservation (eq 3.1 and eq 3.2) are given for 

an arbitrary geometry. One assumption which is often made is that transport along 

the magnetic field lines is much faster than the transport perpendicular to the field 

lines. As will be demonstrated, this assumption reduces the number of spatial 

coordinates in the particle and energy balance equations. 

If one considers a device with purely rotationally symmetric cylindrical 

magnetic surfaces, the expression for V .q in cylindrical coordinates can be written as: 

V 1 8 ( trrl) 1 8 ( trrl) 
-~ = ror r nxJ. Or + r2 7JlJ nXjl7f71 (3.20) 

where xJ. and x
11 

are the diffusivities perpendicular and parallel to the magnetic lines 

of force. If we now assume, for simplicity that: a) there is no change in the electron 

density (perturbed particle flux is equal to zero), b) there are no sources and c) the 

diffusivities are taken to be constant with r, the time evolution of a sudden change in 

T is given by: 

(3.21) 

One sees that if XII >> XJ. the perturba.tions along the 0 direction decay rapidly 

compared to the aecay of the radial perturbations. This means that the initial 
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perturbations will be almost poloidally symmetric and the 0-terms ca.n be neglected. 

From the radial deca.y of the perturbations the value for the perpendicula.r diffusion 

coefficient ca.n be calculated. For particle diffusion the same assumptions will be 

made. However, we realize that at low temperatures in the outer region of the plasma 

the ratio of n11 /D .L is as pronounced as Xj I/ x .L. 

In the JET plasma the poloidal cross section has a D-shape, a.nd in this case 

one ca.n relate the coordinates R and Z {R: major radius, Z: height above/below the 

midplane of the Tokamak) to the poloidal flux coordinates p and 0: 

R(p,O) = Ro(P) + apcosO+ R2(p) cos20 

(3.22) 

Z(p, tJ) = E(p) apsinO- E(p) R2(p) sin2 0 

A magnetic flux surface is described by a consta.nt value of p. Ro(p) denotes the axis 

of the flux surfaces, E(p) is the ellipticity of the flux surface and R2(p) is a measure 

for the (small) tria.ngular deformation of the ellipses to give the D-shape: the class of 

flux surfaces described by these equations is called the Lao-Hirshman-Wieland class 

of magnetic surfaces. The Shafra.nov shift (s) used in eq. 3.19 is equal to: Ro(p) -
Ro(p=O). 

The temperature and density are assumed only to depend on p due to the large 

diffusion coefficient along the magnetic field lines; the temperature a.nd density are 

constant on a flux surface. The heat a.nd particle fluxes are proportional to the 

gradients of the temperature a.nd density respectively: 

and (3.23) 

If the flux surfaces a.re not equidista.nt, as ca.n be the case in the Lao-Hirshman 

Wiela.nd class of flux surfaces, the heat and particle fluxes are a function of 0 ( 8R/ op 
depends on 0). As was previously mentioned a.ny non uniform redistribution of the 

perturbation at a flux surface will be smoothed out rapidly compared to the radial 

diffusion. Therefore, it is appropriate to average the divergence of the fluxes over the 

flux surfaces [Wee-88]: 
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J
27r 

0 
(V.flux) R(p,O) r(p,O) dO 

<V .flux>= ------------ (3.24) 

J
27r 

0 
R(p, 0) r(p, 0) dO 

OR fJZ oR fJZ 
where r(p,O) = op I o7J7J I P -7J7J I P Fp I o (3.25) 

In which the infinitesimal volume element between two flux surfaces with label p and 

p + dp can be expressed as: 

J
27r 

dV = 27rdp 
0 

R(p,O) r(p,O) dO (3.26) 

Using this averaging technique the 0 dependence is removed. The decay of a 

perturbation with p will be identical when viewed from any poloidal angle. 

Geometry information from plasma equilibrium codes is still required, since in 

general the perturbations of the electron density and temperature in JET are only 

measured on the midplane of the Tokamak. 
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Section 3: Measurements 

In this section the techniques used in JET to measure the evolution of the electron 

temperature (heat pulse) and density (density pulse) after a sawtooth collapse are 

described. Extensive treatment of the heat pulse is given in several papers [eg. 

Tub-87 and Lop-88] and will only be addressed briefly in section 3.1. In section 3.2 

the inward propagating density pulse will be discussed and in section 3.3 we will give 

an example of simultaneously measured heat and density pulses and the observed 

response of the density when the heat pulse passes. 

The small variations of the electron density and temperature due to pulse 

propagation can only be observed if the overall electron density and temperature of 

the plasma are approximately constant during transit time of the pulse. 

3.1 Heat pulse 

A 12 channel ECE polychromator [Tub-85] measures the evolution of the electron 

temperature after a sawtooth collapse. Its radial resolution of ~::~5 cm allows us to 

observe the changes of the electron temperature at 4-6 positions in the midplane, 

outside the mixing radius. The sample time of the diagnostic is typically 300 fJ.S. At a 

toroidal field of 3T and an emission frequency of 170 G Hz the typical noise level at an 

electrical bandwidth of 10kHz allows measurements with an accuracy of 30 eV. 

To improve the signal-to-noise (S/N) ratio phase-locked averaging of a 

series of sawteeth is applied, i.e. the signals of typically 20 sawteeth are averaged; the 

moments in time of the sa.wtooth collapse are used for synchronization. Fig. 3.2 gives 

an example of the observation of the heat pulse. 

3.2 Density pulse 

The evolution of the electron density after a sawtooth collapse is measured with the 

12-channel microwave reflectometer operating in the fixed frequency mode 

[Sip-89a]. The measurements are made along the horizontal midplane of the 

Tokamak, on the outboard side. A profile measured with the FIR-interferometer or 

LIDAR Thomson scattering is used as a reference for the positions of the reflection 

layers in the plasma. Typically 4 to 7 channels of the refl.ectometer are located 

outside the mixing radius, depending on the value of the density in the centre and on 

the shape of the electron density profile. 
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Meas'Urements of the temperature as a junction of time at different 

radii (r/a). The increasing delay of the maximum of the 

temperature perturbation for increasing radius is obvious. 

These signals are obtained by phase locked averaging of 10 

sawteeth. The discharge parameters were: 1=5MA, B=9.5T, 

Zerr=1.1, Ptot=4.8 MW, <Te>=1.9keV, <ne>=9.2 1()19 m-3, 
where < .. > denotes a'lleraging over the plasma volume. 

The data are recorded with a bandwidth of 700 Hz and a typical sampling frequency 

of 1 kHz. The high sensitivity of the reflectometer makes it possible to measure 

changes in the local density ofless than 1% without averaging over many sawteeth. 

An example of the phase changes recorded with the reflectometer during 

sawteeth oscillations is given in Fig. 3.3. 

The measured phase changes on the different channels show that: 
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The phase change increases and decreases, giving a peaking time of the signal 

( tpeak) after the sawtooth collapse. 

This peaking time is observed to decrease with increasing radius. 
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Measurements with the JET reflectometer of the density pulses 

during a sawtooth period. The positions of the reflection layers 

(given in r/a) are obtained from a reference profile, measured 

with the FIR-interferometer. Clearly the signal at r/a = 0.69 

shows a delayed peaking time compared to the signals near the 

edge of the plasma. From this we conclude that the signals are 

dominated by an inward propagating density pulse. Note that the 

peaking time of the signal near the edge {r/a=0.94) is simul

taneous with the arrival of the heat pulse, i.e. the maximum of the 

change in the electron temperature at that position (see Fig. 9.2). 
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Near the edge of the plasma the peaking time coincides with a maximum of 

the measured D a emission (Fig. 3.4), which is an indication for the electron 

source, and the arrival of the heat pulse at the edge after the sawtooth collapse 

(extrapolated from ECE measurements). 

From these observations we conclude that the heat pulse reaches the limiters in 

advance of the outward propagating density pulse and generates an inward 
propagating density pulse. 
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A comparison of the peaking time of the rejlectometer signal 

(rjar:s 0.92) and the peaking time of the D-alpha line emission 

measurements near the edge of the discharge for a number of 

plasma pulses. 

The data of the fringe counters shown in Fig. 3.3 are used to calculate the evolution 

of the density profile as described in section 4 of Chapter 2. The result is given in Fig. 

3.5 where the changes in the density are plotted at five radial positions near the edge 

of the plasma. Only on a radial location close to the mixing radius a small outward 

propagating density pulse can be observed as an initial small increase of the density. 
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r/a = 0.84 

r/a = 0.95 

0 25 50 75 100 125 
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The phase changes, measured with the reflectometer shown in Fig. 
3.3 can be used to calculate the changes of the density {see Chapter 
2}. For the determination of the positions of the reflection layers a 
FIR-interferometer profile is used. Comparing the phase changes 
{Fig 3.3) with the density changes one can see that the outward 
propagating pulse can only be obseroed at the channel close to the 
mixing radius (r/a=0.64), as an initial small increase of the 
perturbed electron density. 
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3.3 Simultaneously measured heat and density pulses 

In figure 3.6 an example of simultaneously measured temperature and density 

changes after the sawtooth collapse, a.t approximately the same location in the 

plasma. is given. These signals are measured in a single sawtooth; no phase-locked 

averaging has been applied. 
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Simultaneously measured evolutions of the temperature (trace b) 

and density (trace c) after a sawtooth collapse at approximately 

the same location in the plasma (for comparison also the 

temperature near the plasma centre is shown in trace a). Note the 

dip in the density (trace c) which occurs at the moment in time 

when the temperature reaches its maximum {trace b). The FIR 

interferometer data shown {trace d), is along the vertical chord 

R = 2.17 m. on the high field side of the Tokamak; this is on the 

same magnetic surface as R=9. 94 m. on the low field side, which 

on the midplane corresponds to r/a=O. 14. 
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From the example shown, the following conclusion may already be drawn without 

deriving values for the diffusion coefficients: 

The perturbation of the density evolves slower than the perturbation of the 

electron temperature. 

A small decrease of the local electron density is observed which coincides with 

the positive perturbation of the electron temperature (heat pulse). The dip 

can only be observed on the channels of the refl.ectometer near the mixing 

radius when the perturbation on the temperature is large enough (!l:l 15 % in 

Fig. 3.6). The decrease in the local density is estimated to be only~ 0.3%. 

The dip: 

A salient feature in the measured density pulse is this initial small decrease in the 

electron density, which is observed in many cases when additional heating is applied 

to the plasma. It has been checked that this is not due to a displacement or a 

contraction of the plasma column, which could result from a reduction of P or from a 

decrease in the plasma inductance (li) during the sawtooth collapse. The initial 

decrease in the local density is not due to a displacement since the measurements of 

the line-integrated density with the FIR-interferometer indicate that the density 

decrease occurs both on the high-field and the low-field side of the plasma. The 

maximum displacement that could be produced by a contraction of the plasma 

column by a variation of the kinetic plasma pressure is estimated at 0.1 mm (in the 

pertinent plasma conditions), while the measured equivalent movement of the 

reflection layer at this radius is~ 2 mm [Hog-91]. 

This initial decrease in the local density will be treated in more detail in section 5 of 

this chapter in which we will describe the coupling between energy and particle 

transport. 
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Section 4: Transport Coefficients 

In this section we will derive the transport coefficients (xhp and DdP) in the absence 

of coupling between energy and particle transport. This means that a) during the 

heat pulse it is assumed that there are no changes in the density, b) that xhp is 

independent of the density or the gradient of the density and c) that DdP is 

independent of the temperature or the gradient of the temperature. An analysis of 

heat pulses has been published in several papers [Tub-87,Lop-88] and will be 

discussed here only briefly for reference. To model the density pulse it is necessary to 

simulate the complete behaviour in time during the sawtooth period; the 

computational procedure to do this will be described. The results of the analysis will 

be given for plasmas bounded by the limiters, with up to 10 MW of additional 

heating. xhp and Ddp will be compared for those cases in which the heat and density 

pulses have been measured simultaneously. 

4.1 Heat pulse 

The ECE measurements are used to measure the velocity and the radial damping of 

the heat pulse. At several positions outside the mixing radius the time and amplitude 

of the maximum variation in the electron temperature after the sawtooth collapse are 

determined. Accounting for source and sink effects, like the electron ion energy 

exchange [Lop-88], the following expression is used to determine xhp ( eq. 3.19): 

4.2 Density pulse 
From the measurements with the reflectometer the inward propagating density pulse 

has been discovered (see previous section). This pulse originates from a change in the 

recycling source at the edge of the plasma and it is dominant over the outward 

propagating density pulse, which results from the collapse of the density profile in 

the centre. Because of this, a treatment similar to that of the heat pulse, using 

velocity and damping, is difficult. Modeling of the particle transport by a numerical 

code is desirable. 

Our aim will be to simulate the changes of electron density profile outside the 

mixing radius during a sawtooth period with a numerical transport model, using the 
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Lao-Hirshman-Wieland description of the geometry of the flux surfaces. Density 

changes inside the mixing radius will be simulated by flattening the density profile at 

the time of the collapse. Furthermore, the recycling source at the edge of the plasma 

will be changed during the short time interval at the arrival of the heat pulse at the 

edge. A profile from the FIR-interferometer or LIDAR Thomson scattering is used 

as a reference for the location of the critical density layers in the plasma. The 

simulations of the perturbations of the electron density, as generated by the code, are 

used to compute the corresponding phase changes on the channels of the 

reflectometer, for reflection layers located outside the mixing radius. These 

simulation are compared with the actual measurements made with the reflectometer. 

The procedure sketched above will be described here in more detail: 

I We start with the equation for mass conservation as stated in section 2, but 

for the particle flux we explicitly include a convective term: 

-r(r) = DdP(r)Vn(r) -n(r)vp(r) 

This is done to simulate a steady state electron density profile just before the 

collapse [Cop-4H]. The convective term is needed to maintain a finite density 

gradient in the centre (r < 0.2) of the plasma where the particle source is 

assumed to be zero (in the absence of neutral beam heating or pellet fueling). 

Substituting the expression for the flux in the particle balance equation ( eq. 

3.1) the following expressing for the convective velocity is found (Note: steady 

state and no sources imply: 8n/ at=O, 8=0): 

0 =V.( DdP(r)Vn(r) -n(r)vp(r)) + 0 

vp(r) = DdP(r) Vn(r)/n(r) {3.27) 

Which for a parabolic profile shape will lead to an expression, for small rfa: 

vp(r) = C DdP(r) r/a2 (3.28) 

The shape of the steady state profile depends on the ratio of the convective 

velocity and diffusion coefficient (value of C). 
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The main particle source in the plasma is recycling. Ions leaving the plasma 
will be neutralised at the limiters and can re-enter the plasma as neutral 

atoms, where they will be ionised again within 10% to 20% of the minor 
radius. The electrons released are heated quickly to the local temperature in 

the plasma. If all ions are recycled, the recycling coefficient is equal to 1. 

When additional particles are released from the limiters the 'recycling' 
coefficient will exceed unity. 
Starting with a first guess for DdP(r) an equilibrium profile is established by 

adjusting the coefficient C in the convective velocity until the equilibrium 

density in the centre agrees with the measurements by the 
FIR-interferometer. In this process the total number of particles is kept 

constant and the edge recycling coefficient is kept equal to 1. 

II After this procedure the density pulses are simulated: 
The outward propagating density pulse is generated by collapsing the density 

profile, obtained with procedure I, inside the mixing radius. The decrease of 
the central density at the collapse is measured by the FIR-interferometer and 
the mixing radius is determined from data of the ECE diagnostics. These 
values are used as input. 

The inward propagating pulse is simulated by changing the recycling 

coefficient at the edge during the sawtooth period (Fig. 3.7): its value is 

temporarily raised above 1, which gives an additional influx of particles and 

thus increases the total number of particles in the plasma. After a time rr 
(typically 8 to 15 ms), the recycling coefficient is decreased to a value below 

unity, with a exponential decay time of 20 to 30 ms, to restore the total 
number of particles to the value just before the sawtooth collapse. 

From the measurements of the density pulse we often observe that the 

changes of the electron density have not decayed away completely at the time 

of the next sawtooth collapse. Only under plasma conditions created by 

additional heating the sawtooth period can be increased and the 'pile-up 
effect' of the density changes will be small enough to be ignored. This means 
that for ohmic plasmas and plasma with low additional heating ( < 5 MW) a 

succession of several ("' 4) sawteeth must be simulated. The subsequent 
simulation of sawteeth is stopped as soon as a steady state level for the 
pile-up is achieved. 
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recycling coefficient = 1 

0 40 80 120 

Time_(ms.) 
An example of the simulated change in the recycling source at the 
edge after a sawtooth coUapse1 characterized by the recycling 
coefficient. Here Tr may be considered to be a typical response 
time. Ar is the maximum increase of the recycling coefficient. 
This is a typical example for an ohmic ally heated plasma. 

ill The phase changes in the channels with a reflection layers located outside the 

mixing radius are calculated, using the simulated variations in the density 

during the last sawtooth period. These simulations are compared with the 

measurements. 

For the radial dependence of Ddp a parabolic shape with two free parameters is used; 

this shape is based on the results from various different density perturbation 

experiments in JET (see section 6): 
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DdP(r) =Do (1 + a (r/a)2) (3.29) 

The calculation of the particle diffusion coefficient (characterized by Do and a) and 

of the time evolution of the recycling coefficient are iterated. Steps I-III are repeated 

with a different DdP(r) or a different edge recycling to get the best fit to the 

measurements. The diffusion coefficient determines the evolution of the density 

changes at different positions in the plasma. Time Tr and the amplitude Ar of the 

simulated changes of the recycling source (cf. Fig. 3. 7) determine the match of the 

simulations to the measurements with the channels located near the edge of the 

plasma (r/a > 0.90). 

4.3 Results 
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Typical result of the match between the simulations by the 

numerical transport code {dashed lines) and the measurements 

with the reflectometer (solid lines) during the sawtooth period. The 

arrows indicate the peaking times. Pulse 18428: Do 0.18 m2/s, 

a= 2, Tr = 9ms andAr = 11%. 
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A typical result of the simulation is shown in Fig. 3.8. Density pulses have been 

analysed for plasmas bounded by the limiters, under ohmic and additionally heated 

conditions. The 39 values of Ddp obtained are determined in deuterium as well as in 

several helium plasmas with currents between 3 and 5MA at a toroidal field of 

3.1 Tesla and additional heating powers up to 12 MW. An overview of the values for 

Ddp (at rfa = 0. 75) is given in Fig. 3.9. 

Typically the best fit to the measurements is obtained with: 

DdP(0.6 < rfa < 1.0) = (0.12 to 0.22) (1 + 2 r2fa2) m2/s 

The variation in Do indicates the spread in values of Ddp found under different 

plasma conditions (section 4.4). 
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The values of IJdp at r/a=O. 75 for a number of pulses. The 

variation of IJdp with the effective ion charge of the discharge is 

indicated (squares: deuterium plasmas, circles: helium plasmas). 
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Furthermore we have found that: 

The maximum increase in the recycling coefficient ( Ar) needed to generate 

the inward propagating pulse is related to the change in central electron 

temperature at the time of the sawtooth collapse. With a change of 2 ke V in 

the centre Ar is approximately 25 % and with a change of 0.3 keV Ar 111 7%. 

This comparison is made for 3MA plasmas at a toroidal field of 3.1 T with up 

to 7MW of ICRH. In these cases the position of the mixing radius is constant. 

Thus, the magnitude of the decrease in central temperature is a measure for 

the increase in energy flux to the limiters carried by the heat pulse. 

The total number of particles in the discharge will first increase and then 

slowly decrease to the value just before the collapse, during the sawtooth 

period, due to the changes in the recycling. The maximum increase in the 

total number of particles in the plasma as predicted by the code is in 

agreement with that calculated from D a measurements. 

4.4 Scaling with plasma parameters 

We have attempted to find a scaling of Ddp with the global plasma parameters 

similar to the scaling found for xhp [Lop-90a]. The scaling of xhp is obtained from 66 

observations. The range of plasma conditions for the xhp data are: central density: 

2.0 to 4.0 x 1019 m-3, total input power: 2.0 to 16.0 MW., effective ion charge: 1.5 to 

5.0 and plasma current: 2.0 to 5.0 MA; no helium discharges were included. The 

scaling found is as follows (Lop-90a]: 

xhp = (2.2±0.3) (r/a)l.4±0.2 Z~:£~:1:0.1 T~;~:;o.1 (m2/s) 

with: 

(r/a): normalized minor radius. 

Zeff : effective ion charge of the plasma. 

Te,a.v: volume averaged electron temperature (keV). 

The r /a dependence includes the effects of the profile shapes of the plasma 

parameters. 

For the density pulse it is found from the comparison of the simulations with the 

measurements that the best fit is obtained when Ddp increases with (r/a)'l.. In this 
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respect DdP has a behaviour similar to xhP. 

Within the range of plasma conditions where DdP is measured it is found that: 

DdP is independent of the average plasma density, 

Ddp is independent of the average electron temperature, 

DdP is independent of the total input power. 

Scaling with plasma current or toroidal field strength could not be found due to the 

insufficient variation of these variables. However, there is a significant difference 

between the values for Ddp for deuterium discharges and the values in helium 

plasmas (Fig. 3.9). Average values found amount to: 

Ddp (deuterium, r/a = 0.75) = 0.33 ± 0.06 m2fs. 

Ddp {helium, rfa = 0.75) = 0.49 ± 0.10 m2fs. 

It is not known whether this variation results from a change in the effective ion 

charge of the plasma or from a change in the ion mass in the plasma. Measurements 

in hydrogen are needed to distinguish between these two possible dependences. 

4.5 Comparison of xhp and DdP 

For a limited number of pulses the coefficients xhp and Ddp were determined 

simultaneously. The measurements are made in 3MA/3.1Tesla plasmas with up 10 

MW of ICRH power. An overview of the ratio xhPfDdP, obtained from these 

simultaneous measurements, is given in Table 3.1. In Fig. 3.11 xhp is plotted against 

DdP; the inaccu'racies on the ratio of the diffusion coefficients are substantial (Ill 35%) 

since the uncertainties on the measurements of xhp (lll20%) and Ddp (lll15%) are 

combined. 

Comparing the two diffusion coefficients one finds that: 

a) On average the ratio of xhP/DdP is equal to 12±4. 

b) xhp and Ddp do not appear to be directly correlated. 

The large ratio of xhp /DdP agrees with the observation that the heat pulse arrives at 

the limiter ahead of the outward propagating density pulse. The heat pulse then 

produces an inward propagating density pulse. The fact that DdP is not well 

correlated to xhp seems to support the fact that the two diffusion coefficients are in 

different ways dependent on local density and temperature or their gradients. 

In the next section the simultaneously measured density and heat pulses will be used 

to study the effects of coupling between particle and energy transport. 
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ptotal zeff 
xhp DdP xhPJDdP 

{MW.) (m
2
/s) (m

2
/s) 

3 1.7 2.0 0.20 10 

5 2.2 3.8 0.29 13 

7 2.3 3.7 0.22 17 

8 2.1 2.4 0.34 7 

9 2.3 3.6 0.33 11 

9 2.4 3.5 0.25 14 

10 2.2 3.0 0.23 13 

10 4.1 3.3 0.25 13 

12 3.4 3.7 0.47 8 

Table 9.1 Ratio of xhP/.DdP for ohmic and additional heated plasmas at 
9MA and 9.1T. Position where ratio is calcvJated: r/a = 0.65. 
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J)dp determined from density pulse measurements plotted versus 
xhp from heat pulse measurements (same discharges as in Table 
9.1). Typical uncertainties on some of the results are indicated. 
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Section 5: Coupling between Particle and Energy Transport 

The treatment of density and heat pulses as independent phenomena., as was done so 

far in this chapter, is a simplification since both pulses do influence each other. This 

is obvious since the density and the particle flux occur in the energy conservation 

equation. Coupling is also caused by the dependence of the transport coefficients on 

the density, the temperature or their gradients. Gentle [Gen-88] gives a 

mathematical framework for the treatment of the coupled evolution of density and 

temperature changes, and shows that the diffusion coefficients associated with these 

perturbations can be different from the equilibrium values of x and D. 

The framework set up by Gentle can be used to give a simple and elegant 

mathematical description of the coupling between density and heat pulses in terms of 

a fast and a slow eigenmode of the coupled transport equations [Ha.a.-91]. To achieve 

this, a number of restrictive assumptions have to be made, namely that there are no 

perturbed particle and heat sources, and that the gradient lengths of the variations of 

the profiles are small compared to the gradient lengths of the unperturbed profiles. 

As a result only the first spatial derivatives of the density and temperature need to be 

considered in the particle and energy balance equations of the electron fluid. 

In this section an integrated analysis of density and heat pulses is presented. 

Instead of analysing the peak and amplitude of the changes in the temperature after 

the sawtooth collapse, the complete time evolution will be treated [Hog-91]. 

The method takes into account: 

the coupling between particle and energy transport, 

the inward propagating density pulse connected with the change of the 

recycling source, 

the enhanced damping of the heat pulse, mainly due to electron-ion energy 

exchange. 

Density and heat pulses in JET have been simulated numerically. By comparing the 

result of the simulation with the measurements, the four diffusion coefficients in the 

linearized transport matrix can be determined; the diagonal terms will include Ddp 

and xhP. Certain features of the measurements, notably the initial decrease in the 

local density as the heat pulse passes, can be explained by the presence of non-zero 

off-diagonal terms in the matrix. 
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5.1 Analytical treatment 

We start again with the equations for the particle and energy balance for the electron 

fluid (section 2): 

8n or+ v.r = s 

In which the particle and energy flux are represented as:4 

-r= DVn 

-q=nxVT 

(3.1) 

(3.2) 

(3.3) 
(3.4) 

We assume that the transport coefficients (x and D) can be functions of n, T, Vn and 

VT, but that they are not explicitly dependent on the radial position r. 
To describe perturbations of equilibrium profiles, we write n = n0 + n1 , 

T =To+ Th etc. Using this the equations for the particle and energy balance for the 

perturbed density and temperature can be written as the following set of linearized 

coupled equations (using vector notation) [Gen-88,Baa-91]: 

~= AV2z + BVz + Cz + S (3.30) 

with 

and 

oD 1:JL Vn 
Of'Tno 0 

~ xinc + 1~ To Vno 
o 3 uv .1. no 

(3.31) 

4 See footnote on page 69. 
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using: 

Dine= D + rJfn Vno xinc =X+ irrVTo 

Matrix A is a linearized diffusion matrix. The values of the diffusion coefficients may 

be modified from the equilibrium values by a dependence of D on Vn and a 

dependence of x on VT. The off-diagonal, non~ero terms A12 and A21 represent the 

influence of coupling: the particle diffusion coefficient (D) may depend on VT and x 
may depend on Vn. The matrices B and C are linearized convection and damping 

matrices and account for the lower order terms of the coupled equations, as was 

stated in section 2. The vector S represents the change in particle and heat sources. 

The partial derivatives are equilibrium values. 

First, we give an example for the case of constant diffusion coefficients to illustrate 

the effects of coupling: 

With D{n,Vn,T,VT)=Do and x{n,Vn,T,VT) = xo, there are no functional 
dependences {inplicit coupling), so we write: 

The off-diagonal term 2Do/9 represents the coupling due to the fact that the electron 
density, and particle flux occur in the power balance (explicit coupling). 

So, we have introduced explicit coupling, due to the energy flow associated with the 

particle flux, and implicit coupling due to the dependence of the transport coefficient 

on the local plasma parameters (n, T, Vn, VT). 

A simple and elegant mathematical description of the coupling between particle and 

energy transport in terms of an eigenmode analysis can be made if the following 

restrictive assumptions are made: 

There is no perturbed particle source (S1=0), 

There is no perturbed heat source (Q1=0, neglecting the electron-ion energy 

exchange term), 
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The gradient lengths of the variation in the profiles are small compared to the 

gradient lengths of the unperturbed profiles, so that only the first term of eq. 

3.30 is used (Vz and z terms equal to zero). 

This greatly simplifies the mathematical treatment, but it is not possible to show 

that the assumptions are in general correct. With these assumptions the linearized 

coupled equations for n1 and T 11 using vector notation, reduce to the expression: 

i= AV2z (3.32) 

If we make use of the fact that the initial perturbation of density and temperature at 

the sawtooth collapse have identical shapes, the time evolution of the density and 

temperature can be found by a so called eigenmode analysis. 

The eigenvalue equation for matrix A reads: 

(3.33) 

From this the eigenvalues of the linearized transport matrix can be calculated: 

(3.34) 

Dslow = ~Au+A22) -~.Jr-r-(A..-t_t_-A..-2-2'")2,.......,.+___,.4•A-t2-.A-2-t (3.35) 

The eigenmodes are solutions of the linearized coupled equations (eq. 3.32), which 

evolve with diffusion coefficients Drast and Oslow· The perturbation of the electron 

density and temperature can be represented by a vector in the n1/n0-Tt/To plane 

(Fig. 3.12). Typically the density perturbation on axis is smaller than the 

perturbation of the temperature. The ratio a= (ntfn0)/(Tt/T0) is typically 0.25 to 

0.5. In general, the sawtooth collapse excites a combination of the eigenmodes and 

the resulting evolution of the density and temperature can be described in terms of a 

superposition of the two eigenmodes (Fig. 3.11 and Fig. 3.12). 

The initial decrease of the local density at the moment when the heat pulse passes 

can be explained as the contribution of the fast eigenmode which is negative in 

amplitude. Using the composition of the density and heat pulse from the eigenmodes 

of the system, the values of the components of matrix A can be calculated [Haa.-91.]. 
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Fig. 9.11 
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The time evolution of the change in the electron density and 

temperature is described by a superposition of a slow {dash-dot 

line) and fast eigenmode (dashed line) of the linearised transport 

matrix. Shown is the result for r/a=0.67 {dotted line), which is 

compared with experimental results obtained at JET: pulse 19617, 

B=9.1T, l=9MA, P{total}=9MW, P(ICRH}=BMW, <ne>=2.9 

1019 m-s, Zerr=2.4, <Te>=1.9 keV. The electron density and 

temperature are normalized with respect to the central values, and 

displayed in units of 1 o-s. 
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The initial perturbation of density and temperature can be 
represented by a vector in the n1/no - T1/To plane; it can be 
decomposed into the eigenvectors of the linearised transport 
matriz. In JET the eigenvalues differ by an order of magnit'Ude so 
that one can speak of a 'fast' and a 'slow' eigenmode. The 
eigenvectors are such that the sawtooth launches both fast and slow 
eigenmodes. The contribution of the fast eigenmode to the density 
perturbation is negative. 

5.2 Numerical treatment 

The assumptions made in the previous sub-section are only needed in order to solve 

the coupled equations analytically. The weakest assumption is that the source terms 

are equal to zero which is incompatible with the inward propagating density pulse 

which results from a change in the recycling. However, if we include the variations in 

the particle source, we have to rely on numerical simulations to describe the 

complete time evolution of density and heat pulses. Again the Lao-Hirshman 
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Wieland description for the flux surfaces will be used. The computational procedures 

of the method will be given as well as the results of matching the simulation to the 

measurements for a series of JET pulses. 

Computational procedure: 
The following computational procedure to simulate the complete time evolution of 

the density and heat pulses has been developed: 

I The initial perturbations of the electron temperature profile and the electron 

density profile at the time of the sawtooth collapse are input to the code. 

These initial conditions will generate the heat pulse and the outward 

propagating density pulse. 

n Based on the uncoupled analysis of density and heat pulses (previous section), 

the linearised particle convection term B11 (resulting from a dependence of D 

on local plasma parameters) and the damping term C22 of the heat pulse are 

taken into account. The other elements of B and C are set to zero, so enhanced 

damping of the density pulse and a linearized convective energy flow are not 

included. Assuming that all the other terms are zero reduces the number of 

free parameters of the coupled transport equations. 

Obs.: The only indication that these lower order terms are not important is 

that with the remaining free parameters a good description for the time 

evolution of the density and temperature can be obtained (see results). This in 

itself is not conclusive evidence since both measurements and numerical 

simulations are subject to inaccuracies. 

III To generate the inward propagating density pulse, the particle source term at 

the edge (81) is matched to the deuterium source, monitored by the D-alpha 

spectral emission measurements. The effects of a perturbed ohmic dissipation, 

the electron-ion energy exchange and radiation losses are already accounted 

for in the damping term of the heat pulse (C22), as was described by Tubbing 

et al. [Tub-87], and hence the perturbed heat source term Q1 is set to zero. 

IV For sawteeth where the particle diffusion time is comparable to the sawtooth 

period a larger number of sawteeth (N 4) have to be simulated to include 

particle pile-up effects. From the thus generated density changes the phase 

changes are calculated for each refl.ectometer channel outside the mixing 

radius. 
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By varying all elements of matrix A and the electron particle source the numerical 

predictions are matched to the measurements in a least-squares search. 

The lower order terms are varied only slightly to obtain the best fit to the data. 

Typically, the inward particle convection term B11 is taken to be large, in the range 

4-10 m/s at the limiters, but with an exponential decay length in the edge of the 

plasma of .... 0.05r/a. This value for B11 may be substantially different from a possible 

steady state value of the inward convective velocity. However, this convective 

velocity is not explicitly given in the particle flux (eq. 3.8) for the reasons stated in 
the footnote in that section. The electron temperature damping term C22 is needed to 

model the decay of the heat pulse amplitude correctly. The damping term is usually 

taken to be constant across the radial extent of the heat pulse measurements. 

Obs: Despite the number of free parameters the problem is still over-determined, 

since at every time during the sawtooth period the simulations should match to the 

measurements outside the mixing radius. As a result a unique value can still be 

found, for all the parameters that are varied. 

5.3 Results 
Simultaneous measurements of density and heat pulses have been made in limiter 

bounded plasmas, 3MA/3Tesla, with up to 10 MW of ICRF heating. Table 3.2 gives 

an overview of the elements of the linearized diffusion matrix for 10 pulses. An 

example of measured data and the best numerical fit is given in Fig. 3.13. 

The best fits of the heat pulse are obtained when the value of xhp is reduced by a 

factor 2 to 4 inside the mixing radius. The lower value in the centre is needed to 

model the tail of the heat pulse. In some pulses it is found that the value of A11 

increases sharply (to a value of lm2/s) in the edge region of the plasma (r/a > 0.9). 

However, this edge region is dominated by the recycling source and further 

investigations of this effect are necessary. 

The implications of the coupled analysis are illustrated in Fig. 3.14. It is 

shown that the time evolution of the phase change on the reflectometer is only 

correctly simulated when A12 is not equal to zero. However, the value of the particle 

diffusion coefficient A11 is not changed significantly if one compares these values with 

the values for Ddp in the uncoupled simulations (section 4.3, Table 8.1). The heat 

pulse has to arrive at the limiter to cause the inward propagating pulse, so the effects 

of the coupling are only observed well before the density pulse reaches its maximum. 

93 



~ 

Pulse A A A 
11 22 12 

2 2 2 
(m /s) (m Is) (m Is) 

19611 0.30 2.1 0.00 

19621 0.30 4.6 -0.28 

19596 0.38 4.1 -0.65 

19619 0.23 2.4 -0.4 

19617 0.17 3.9 -0.55 

19614 0.33 4.9 -0.7 

19760 0.22 6.4 -1.2 

19761 0.25 4.9 -1.2 

19356 0.81 6.4 -0.30 

19616 0.31 4.2 -1.1 

Table 9.2 
Overview of the linearized diffusion coefficients for 10 
pulses with a plasma current of 9 MA and toroidal field 
of 9 Tesla. <11e> is given in units of 1019 m-a. The 
values gifJen here have been taken in the centre of the 

I 
I A p z T n 

e,avl 21 add eff e,av 
~ -3 (m /s) (MW) (keY) (m ) 

0.0 0.5 1.7 0.9 2.5 

0.0 1.5 - - 2.2 

0.3 3.9 2.1 1.9 2.0 

0.0 5.7 2.3 1.9 2.7 

0.1 7.8 2.4 1.9 2.9 

0.1 8.1 2.3 1.9 3.0 

0.0 8.6 3.9 2.0 2.8 

0.6 8.6 3.9 2.0 2.8 

0.0 8.8 4.1 2.6 2.4 

0.7 10.6 2.2 2.0 3.1 

measurement region (r/a~ 0.6 to 0.75). A11 is found to 
have a profile which sharply increases towards the edge 
{r/a > 0.9)i the other matrix elements are constant 
over the whole plasma. 
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Measurements with the EGE polychromator and the 

reflectometer at various different radial positions {full 

lines)1 compared with the best numerical fits {dashed 

lines) for pulse 19617. The electron temperatures are 
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As a result the density pulse is only slightly modified. Therefore, one may conclude 

that the uncoupled analysis gives a reasonable estimate of Ddp. 

There is no clear effect of the density pulse on the temperature. As a result the 

value of the off-diagonal term A21 is difficult to determine and has large 

uncertainties (up to 100% ). It is possible that the only effect of the coupling comes 

from the energy flow by the particle flux in which case A21 = 2A11/3, as was shown in 

the example of section 5.2. 
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Measured density evolution at r/a = 0.66 compared with 
numerical simulations including coupling {dotted line) and without 
coupling {dashed line). Note that the initial decrease of the local 
density is only simulated when coupling is included. The value of 
Dine found in the uncoupled analysis gives a good estimate for 
Dine when coupling is included. 
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Section 6: Comparison of Results 

The analysis described so far of density and heat pulses following a sawtooth collapse 

has been made of the density and temperature measurements along the midplane of 

the Tokamak for 0.5 < r/a < 1.0 on the outboard side of the torus. Dine and xmc 

have also been determined for JET plasmas using different perturbations of the 

electron density and temperature, with sometimes different measuring techniques. A 

few of these experiments done by various authors will be discussed and the results 

will be given. 

6.1 Other experiments in JET 

Injection of small deuterium pellets, gas puffs, or injection of impurities at the edge 

of the plasma perturb the density and temperature in the same region as where the 

density and heat pulses are measured. From the evolution of the changes of the 
density and temperature profiles Dine and xine are determined. 

Injection of small deuterium peUets {Che-88, Gon-88 ].-
The density and temperature profiles are perturbed by the injection of small 

deuterium pellets which penetrate into the plasma up to a radius of~ 0. 7 rfa, which 

is the radius were the pellet is completely evaporated. Ionisation following the 

evaporation causes the deposition of additional electrons at r/a"' 0.7; simultaneously 

the electron temperature is locally reduced. Because of its small size of 2. 7 mm the 

pellet only produces a relatively small perturbation in the electron density and 

temperature. The changes in the electron temperature are measured with the 

ECE-polychromator and the variations of the electron density profile are measured 

by interferometry. The inward propagation of the perturbations is modeled and 

fitted to the measurements to determine Dine and xinc in the region 0.5 < r/a < 0. 7. 

The results under ohmic conditions (3MA/3.1T) are that Dine= 0.4:1: 0.1 m2/s and 

xmc = 2.9:1: 0.3 m2fs. 

Gas puffs and injection of impurities at the edge: 
A steady state density profile can be perturbed by puffing deuterium or other gases, 

like argon or nitrogen into the plasma during a relatively short time ( < 100 ms. ). The 

perturbation of the electron density caused by ionisation of the gases will be small 
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and will travel inward. 

A similar change of the electron density profile can be achieved by injecting 

high-Z impurities into the plasma. These impurities can be injected in a controlled 

way by ablating them from a solid target at the edge of the plasma using a 

high-power Ruby laser pulse. With this technique the impurity transport coefficients 

can be determined [Pas-90], and the associated density perturbation due the 

ionization of the impurity species ( eg.: Germanium, Nickel) can be studied. 

In both perturbative techniques the evolution of the electron density is 

measured with the FIR-interferometer or, recently, with the reflectometer operating 

in the fixed frequency mode. Possible changes of the electron temperature due to 

coupling are too small to be detected with the ECE-polychromator. 

6.2 Measurement of Dine with three methods 

The particle transport coefficient (Dine) has been determined with different 

techniques in discharges with similar plasma conditions (3MA/2.8T with up to 9 

MW ofiCRF heating). Studied are: 

Sawtooth induced density pulses (dominated by inward propagating pulse), 

nitrogen puffs, 

and the density perturbation due to a piece of nickel that fell accidentally into 

the plasma; the small piece of nickel had the same effect on the electron 

density as a laser ablation of nickel from a target plate. 

The change in the density profiles have been measured with the FIR-interferometer 

and reflectometer. The transport coefficients are calculated in two ways: 

by using the transport code described in section 5, setting the off-diagonal 

terms to zero since no temperature measurements were available, 

by using the FIR-interferometer to measure the changes in the density 

gradient (Vn1) and to calculate the perturbed particle flux (r1) at a certain 

position. The diffusion coefficient Dine is related to the ratio rtfVnt. 

Table 3.3 gives an overview of the method to induce the density variations, the 

analysis technique, the measurement technique used and the results. 

The values for the particle diffusion coefficient from these perturbation studies do 

agree within the uncertainties given. From this we conclude that in the plasma region 

0.5 < r/a < 1.0 the different ways to determine Dine are consistent. Also the values 

for xmc obtained in the heat pulse studies and in the pellet perturbation experiments 

are consistent. 
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I 
Dine 2 Method I Analysis technique Diagnostic (m /s) 

! 

Sawtooth Nu merica I code Reflectometer 0.35 ± 0.1 

Nitrogen puff Numerical code Reflectometer 0.50 ± 0.1 

Nitrogen puff Flux I Gradient Interferometer 0.60 ± 0.2 

Nickel Piece Flux I Gradient Interferometer 0.50 ± 0.1 

Table 9.9 The particle diffusion coefficient (Dine) determined for various 

different types of ezperiments at JET for 9MA/2.8T ohmic 

plasmas. Indicated is the ezperimental method which is used to 

induce the changes in the electron density profile, the analysis 

technique used to determine Dine, and the diagnostic used to 

measure the changes in the density profile. 
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Section 7: 
Analysis of Density and Heat Pulse Measurements 

in TEXT in Tenns of Coupled Transport 

Experimental data pertinent to the study of coupled transport have been obtained in 

JET and TEXT (Austin, USA), by simultaneous measurements of sawtooth induced 

density and heat pulses. The measurements in JET have been analysed in section 5 

using coupled equations for particle and heat transport. It was shown that non-zero 

off-diagonal terms in the transport matrix are required to describe the data. The 

heat pulse in JET is an order of magnitude faster than the density pulse, yielding a 

large value of the ratio (x/D)inc. However, in TEXT the density and heat pulses 

propagate at the same speed through the confinement region (0.4 < r/a < 0.9). It is 

claimed that this is evidence for coupling of heat and particle transport [Kim-88b, 

Pee-89, Bro-90], but no data analysis which takes coupling into account has been 

reported. 

In this section we first present an analysis of the TEXT data in terms of 

coupled transport, using the analysis techniques described in this chapter. Then we 

compare the TEXT and JET results. Finally, we discuss the consequences for the 

fundamental. transport coefficients. 

7.1 Summary of experimental results 

The TEXT Tokamak has the following experimental parameters: 

Major radius: 1 m. 

Minor radius: 0.26 m. 

Typical values for the plasma current: 200 to 300 kA 

Typical values for the magnetic field strength on axis: 2 to 2.8 Tesla 

Circular plasmas, mainly in hydrogen. 

In TEXT the density pulse is measured using a high-resolution multichannel 

interferometer system and the heat pulse is measured with a soft X-ray detector 

array. The density and temperature perturbations are observed to be transported out 

through the confinement zone at the same rate with nearly identical pulse shapes 

[Kim-88b, Pee-89, Bro-90]. The initial relative perturbation of the electron 

temperature is typically 3 times larger than the perturbation of the density profile. It 
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is reported however, that in high current discharges in TEXT and in plasmas with 

high density the density and heat pulses are not identical [Kim.....S8b]. In this case the 

perturbation of the electron density is 1 to 2 times smaller than the relative 

temperature perturbation. Analysing the data without accounting for coupling, 

typical values of Dine and xine are found in the range 2 to 6 m2/s exceeding the 

values obtained from a power balance analysis by a factor 2 to 5. The value of Dine 

deduced from density pulse propagation is 2 - 5 times larger than the value of Dine 

from oscillating gas puff experiments and Electron Cyclotron Resonance Heating 

(ECRH) power modulation experiments in TEXT, which is typically equal to 1 m2/s 

[Gen-90]. 

7.2 Analysis of density and heat pulses in TEXT 

The density pulse in TEXT is dominated by the outward propagating density pulse 

following the collapse of the density profile in the centre. A perturbation of the 

electron source at the edge due to the arrival of the heat pulse is generally not 

observed in TEXT. Moreover, any perturbation of the recycling would effect the 

whole plasma since the neutral penetration length is comparable to the minor radius 

of TEXT (0.26 m). This is in contrast to the observations in JET. Therefore, density 

and heat pulses in TEXT can be analysed in terms of coupled transport using 

eigenmodes of the linearised equations, in which pertnrbations of the particle and 

heat sources after the sawtooth are set to zero. 

The density and heat pulses in TEXT are transported out through the 

confinement zone at the same rate and have identical shape at every radial position: 

n1(t)/no = aTt(t)/To (3.39) 

The spatial distributions of the initial perturbations of ne and T 6 , induced by the 

sawtooth collapse are to good approximation identical. Hence, the ratio 

a = ( ntfn0) f (T tfT 0) is independent ofthe minor radius, and the initial perturbations 

can be represented by a vector in the n1/no- TtfTo plane (see Fig. 3.15). A possible 

orientation of the eigenvectors of the linearised coupled transport matrix A (section 

5) is also shown in Fig. 3.15. If the initial perturbation vector coincides with one of 

the eigenvectors, the relaxation is an eigenmode of the coupled equations. The 

evolution of the density and temperature profiles is described by a single diffusion 

coefficient {eigenvalue), and the density and heat pulses travel at the same speed and 
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have identical shapes. In general however, a sawtooth collapse excites a combination 

of the two eigenmodes. 

In terms of eigenmode analysis the sawtooth collapse at TEXT launches a 

single eigenmode of the coupled transport equations (Fig. 3.15). Inserting this into 

the set of coupled equations (3.32), the following relation between the transport 

coefficients can be derived: 

(3.40) 

where the value of a at TEXT is normally quoted as 0.3 [Kim-88b]. From this 

equation no unique solution for the matrix elements can be found. 

Fig. 3.15 

TIT 'fast' eigenvector 
I 0 

1 i initial perturbation vector 
-----t----

'fast' component of 
temperature 
perturbation 

'slow' component of 
temperature 
perturbation 

I 

JGoo51l512 n/no 
I 

I 'fast' component of density 
perturbation 

'slow' component of density perturbation 

In TEXT a single eigenmode appears to be launched which 

indicates that the initial perturbation lies close to an eigenvector of 

the transport matrix. The vector diagram moreover shows that the 

contribution of the fast eigenmode to the density perturbation is 

positive. The eigenvectors differ from the eigenvectors in JET 

{Fig. 3.12) in order to explain the TEXTres'tl.lts. 
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The TEXT data have also been simulated with the analysis code developed at JET 

(section 5). The off-diagonal term A21 is difficult to determine from pulse 

measurements and in the calculations A21 is assumed to be 2A11/3; this represents the 

direct coupling due to the energy carried by a particle flux. The off-diagonal term 

A12 is determined by a least squares fit of the simulation of pulses to the data, for 

fixed A22 {2 m2fs) and for the ratio A22/ Au ranging from 1 to 10. The results thus 

obtained are in good agreement with the analytic expression eq (3.40) and are shown 

in Fig. 3.16. The figure clearly demonstrates that for A22/ A1f:l1 the value of A12 

changes very significantly by variation of either A22 or A11• This seems incompatible 

with the observation that the identical behaviour of the density and heat pulses is 

maintained in a wide range of plasma conditions. 
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Fig. 9.16 

A2.JA11 

The value of A12 required to describe the TEXT data has been 
determined for values of A22/ Au ranging from 1 to 10. The solid 
curve represents the analytic e:r;pression eq.(9.40}. The points have 
been obtained by numerical simulation of the data. The error bars 
indicate the sensitivity of the least square fit to variations in A12. 

All transport coefficients are taken constant with radius. 
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The off-diagonal term A12 is stable for variations in the diagonal terms for 

A22 > 2A11 and thus a satisfactory description of the TEXT data is obtained. An 

important aspect is that in this case the density pulse is governed by the fast 

eigenvalue which is substantially higher than the slow eigenvalue. This could lead to 

an incorrect interpretation of the data if coupling is not taken into account. In other 

perturbative experiments (i.e. gas puffing) in TEXT [Gen-90] where different, or no, 

temperature perturbations are generated, the evolution of the density is determined 

by Dine. In particular, for a higher value of a both eigenmodes will be launched. This 

may explain the divergence of the density and heat pulses which is observed in high 

current and high density discharges, where a is increased to a value higher than 0.5 

[Kim-88b]. 

In this interpretation, no estimates of the absolute value of A11 and A21 can be 

obtained from the TEXT density and heat pulse data. 

In summary the application of coupled transport analysis to the TEXT data offers an 

explanation for the following observations: 

Identical pulse shapes are generated if an almost pure fast eigenmode is 

launched by the sawtooth collapse. 

The discrepancy between the diffusivity derived from the propagation of 

density pulses induced by the sawtooth collapse and by oscillating gas puff 

experiments arises from the fact that the first are governed by the fast 

eigenvalue, whereas the density pulses driven by oscillating gas puff and other 

perturbative experiments yield values for Dine. 

The observed divergence of the density and heat pulses in high current and 

high density discharges occurs since then both the slow and the fast eigenmode 

are launched. This is due to the fact that in those conditions the ratio a is 
increased by a factor two [Kim-88b]. 

7.3 Comparison of results from TEXT and JET 

The effect of coupling of density and heat pulses is in JET observed as an initial 

decrease of the local density at the time the temperature perturbation reaches its 

maximum. A comprehensive numerical analysis of the data, including possible 

perturbed sources and damping (see section 5), has confirmed the results of a 

description ofthe pulses using eigenmode analysis [Haa-91]. 
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From the density and heat pulse measurements in TEXT the following can be 

concluded concerning the matrix A: 

The value of A11 can not be obtained from density pulse measurements, since 

only a fast eigenmode is launched. 

The value of the off-diagonal term A12 should be stable for small variation of 

the diagonal elements if A22/ A11 > 2. 

A21 can not be determined and is assumed to be 2A11/3. 

A22 can be determined from the propagation of the heat pulse and has a 

typical value of 2 m2fs. 

To give a full evaluation of A we shall use the value of A11 obtained from oscillating 

gas puff experiments, i.e. A11 1:$ 0.8 m2/s in the high density regime in TEXT 

[Gen-90]. This is justified within the framework of the analysis, where any 

perturbation of the electron density evolves with Dine. Thus, representative TEXT 

and JET transport matrices are: 

A [ 0.8 0.3] 
TEXT = 0.5 2.0 

A [ 0.3 -0.5] 
JET= 0.2 2.0 

The following remarks are made: 

A11 is larger in TEXT than in JET. This difference may be attributed to the 

fact that the TEXT discharges are in hydrogen, whereas in JET deuterium is 

used [Pee-89, Gen-90]. 

A22 is similar in both experiments. 

A12 is positive in TEXT and negative in JET. 

In order to interpret this difference in sign of the off-diagonal term it is useful to 

express the particle and heat fluxes as linear combinations of the gradients. From 

thermodynamic arguments it can be shown that the relevant thermodynamic forces 

areVp and VT [Rou-87], which leads to: 

- r =- roffset +Mu ~0 Vp + M12 T;VT 

(3.41) 

- q = - qoffset + M21 Vp + M22 no VT 

Where the offset values represent the flow in steady state. The matrix M is 
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considered to represent the fundamental transport coefficients and can be derived 

from matrix A, yielding: 

M- [ Au 
- 3A2t/2 -Au (3.42) 

M [ 0.8 -0.5] 
TEXT= 0 2.8 

M [ 0.3 -0.8] 
JET= 0 3.5 

In this interpretation, the underlying transport as described by matrix M is 

essentially the same in both experiments. The main difference is brought about by 

the value of Dine= A11 = M11, which is larger in TEXT than in JET. This difference 

in M11 results in the difference in signs of A12 in both experiments. As a result, the 

eigenvectors of A in TEXT have a different orientation in the n1fn0 - Tt/To plane 

(compare Fig. 3.12 with Fig. 3.15) such that the sawtooth collapse predominantly 

excites the fast eigenmode of the coupled diffusion equations. 

We remark that the comparison is only made for some typical density and heat 

pulses in TEXT and JET, and that a more detailed study is required to confirm our 

interpretation. 
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Section 8: Summary and Discussion 

Summary: 
The evolution of the density profile after a sawtooth collapse in JET can be measured 

with the multichannel reflectometer. The measurements are made in the horizontal 

midplane of the Tokam.ak in the region 0.5 < r/a < 1.0 on the outboard side of the 

plasma. The heat pulse can be measured simultaneously by monitoring the changes 

of the electron temperature with a 12-ehannel ECE-polychromator. It is found that 

the heat pulse reaches the limiter in advance of the density pulse and generates an 

inward propagating density pulse caused by an increase in the recycling at the edge. 

We also observe a small temporary decrease in local density when the heat pulse 

passes; this cannot be attributed to a change in the position of the magnetic flux 

surfaces in the Tokamak. 

The existence of an inward propagating density pulse makes it necessary to model 

the evolution of the density after a sawtooth collapse numerically, including 

variations in the electron source term. In this chapter the density pulses are modeled 

in two ways: 

Calculation of the evolution of the density profile ignoring the effects of the 

heat pulse on the density, 

Calculation of the evolution of the changes of the electron density and 

temperature, including the effects of coupling. 

From our simulations in the uncoupled case we find that the electron particle 

diffusion coefficient (DdP) can typically be represented by: 

Ddp (0.5<r/a<l.O) = (0.12 to 0.22) (1 + 2r2/a2) m2/s 

This range of values is valid for plasmas under various conditions. Ddp is found to be 

independent of the average electron density and temperature in the plasma.; DdP is 

strongly increased in helium plasma.s compared to deuterium plasmas. The ratio 

Xhp /Ddp is found to be 12:!:4 at r /a=O. 75. 
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Chapter!J 

In our coupled 8Jlalysis the complete time evolution of the electron density 8Jld 

temperature are simulated. The coupling is explicitly introduced as a result of the 

inclusion of the density 8Jld particle flux in the energy conservation equation. Since 

the tr8Jlsport coefficients themselves may dependent on n, T, Vn and VT, the particle 

and energy transport are implicitly coupled. The equations for particle and energy 

conservation can be linearized; this yields a set of coupled equations. The most 

important term in the equations is a diffusive transport matrix A which has diagonal 

elements that include Ddp and xhP; the off-diagonal terms include a possible 

dependence of D on V T and a possible dependence of x on V n. 

It is found that the initial decrease of the local density can be well simulated 

when one of the off-diagonal terms in the tr8Jlsport matrix is negative ( A12 < 0 ). 
Furthermore, the large ratio of xhP/DdP found in the uncoupled analysis is 

confirmed. 

Our values for Ddp and xhp are consistent with those derived from other experiments 

in JET: from density increases by pellet injection (D and x), and from density 

changes caused by gas or impurity injection at the plasma edge (D). 

In the TEXT Tokamak (Austin, USA) density and heat pulses are observed to travel 

through the confinement region at the same speed. This can be explained by the fact 
that the sawtooth collapse launches a single eigenmode of the coupled tr8Jlsport 

equations; the temperature and density pulse travel at the same velocity since both 

are determined by the fast eigenvalue. In contrast to that, a sawtooth collapse in 

JET launches two eigenmodes, and thus, the temperature and density pulse are 

observed to travel at different velocities. 

Analysis of density and heat pulses in TEXT shows, that if the results are 

compared to the results from JET, the transport coefficients have similar values, 

when the particle and heat :fluxes are expressed as linear combinations of the 

thermodynamic forces Vp 8Jld VT. The main difference seems to be that Dine in 

TEXT is larger than Dine in JET by a factor !:l2. This may be expected from the 

different discharge conditions in the Tokamaks. Note that the plasmas are produced 

in deuterium in JET and in hydrogen in TEXT. 
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Discussion: 
In JET the value for the incremental particle diffusivity Dine is substantially lower 

than the value of the incremental heat diffusivity xine; a perturbation of the electron 

density evolves much slower than a perturbation of the electron temperature. It 

should be realized however, that a ratio (x/D)ine cannot be used as a measure for the 

steady state value of xJD. x may depend on VT, which changes the value of xme 

substantially over x, while Dine may be equal to D. Such a model is proposed by 

Rebut et al. [Reb-90]. One of the basic principles of this model is that the heat pulse 

should not be affected by the total input power in the plasma (xine is constant with 

power). This has been observed in JET. 

It has been proposed by Hossain [Hos-87] and Bishop & Connor [Bis-90] that 

the large difference between the values of the transport coefficients obtained from 

steady state analysis and pulse analysis could result from the presence of non-zero 

off-diagonal terms in the transport matrix. However, it has been shown in JET that 

the off-diagonal terms give only a small correction, up to 30%, to the values of Dine 

and xrne obtained from an analysis which does not take coupling into account. It 

must be stressed that only the functional dependencies of x and Don the Vn and VT 

can give rise to incremental transport coefficients which differ significantly from the 

steady state values. 

An important aspect of thermonuclear research is that by improving the 

energy confinement time in the plasma the particle confinement is also enhanced. 

This could pose a problem for the removal of the helium-ash from a D-T plasma and 

could make it difficult to control the level of impurities in the plasma. A more 

detailed study in the relation between Dine and DPb is required as well as their 

relation to the confinement of impurities in the plasma. 

Finally, the cause of the anomalous transport in the plasma is not yet 

understood. However, the results ofthe analysis described in this chapter can be used 

to reduce the number of possible candidates for the observed anomaly. We may 

conclude that any transport model which does not predict the large ratio of (x/D)ine 

may be questionable. 
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Samenvatting in het Nederlands 

Het promotieonderzoek is verricht aan de Joint European Torus (JET) te Culham 

(U.K.), een experimentele opstelling gericht op het onderzoek om electrisch 

vermogen op te wekken met behulp van beheerste thermonucleare versmelting. In 

JET wordt een beet, volledig geioniseerd wa.terstofgas (plasma) opgesloten door 

sterke ma.gneetvelden in een torus (Tokama.k). JET is tha.ns de belangrijkste en 

grootste Tokama.k ter wereld. Een korte omschrijving van thermonucleare kernfusie 

en de JET Tokama.k zijn gegeven in het eerste hoofdstuk van dit proefschrift. Dit 

eerste hoofdstuk dient als een a.lgemene inleiding voor het werk dat beschreven wordt 

in de volgende twee hoofdstukken. Het belangrijkste instrument waa.rmee de 

metingen voor dit proefschrift zijn verricht is een refl.ectometer. Dit meetinstrument 

is ontwikkeld in een samenwerking tussen het FOM Instituut voor Plasma.fysica 

"llijnhuizen" en JET. Het pricipe van de re:Oectometer berust op het feit dat 

microgolven, met een aanta.l specifiek gekozen :frequenties tussen 18 en 80GHz, in 

plasma aan lagen van verschillende dichtheid gere:Oecteerd worden. Met de 

refl.ectometer is het mogelijk om kleine veranderingen in de dichtheid van het plasma 

te bestuderen en ook om nauwkeurig elektronen dichtheidsprofielen in het plasma te 

meten. De beginselen van refl.ectometrie en de twaa.l:f-kanaa.lsopstelling voor JET 

zijn beschreven in hoofdstuk 1. 

In hoofdstuk 2 is het optimaliseren van de twaa.lf-kanaa.ls-reflectometer voor 

JET behandeld. Het bleek a.1 snel na de insta.llatie van het instrument dat de 

metingen erg verstoord werden door dichtheidsfluctuaties in het plasma. Door de 

gevolgen van deze fluctuaties is de laag waaraan de microgolven re:Oecteren geen 

idea.le spiegel meer en ondervinden de ontvangstantennes van de microgolven 

moeiliJKheden voldoende gere:Oecteerd signaal op te vangen. Daarom werden 

verschillende veranderingen aangebracht die het instrument aanzienliJlc verbeterden. 

Dichtheidsfluctuaties zijn met de reflectometer in detail bestudeerd in plasmas met 

een vrij hoge verhouding van kinetische en magnetische druk (P). Waargenomen is 

dat de amplitude van de dichtheidsfluctuaties sterk toeneemt met {:J, indien deze 

dicht bij de theoretische limietwaarde komt. Deze :Ouctua.ties hangen samen met een 

verhoogde a.ctiviteit van insta.biliteiten in het plasma. Verder wordt een methode 

behandeld om de veranderingen van de dichtheid van de elektronen te bepa.len. 

Hiervoor wordt de informatie van verschillende kana.len gecombineerd, nadat is 
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vastgesteld waar de reflectielagen zich in het plasma bevinden. Hiervoor zijn 

metingen gebruikt van een zes-kanaals-interferometer bij JET. Als laatste 

onderwerp van hoofdstuk 2 komt het meten van het dichtheidsprofiel met de 

reflectometer aan bod. Een speciale methode is ontwikkeld om de verstoringen van de 

metingen door dichtheidsfluctuaties te ondervangen. Ook geeft deze aanpak de 

gewenste nauwkeurigheid die nodig is om het profiel te bepalen. Als we de resultaten 

vergelijken met metingen van andere meetmethoden, dan komen deze goed overeen 

binnen de marges van de meetnauwkeurigheid. Hiermee is aangetoond dat het 

mogelijk is om met een reflectometer informatie over het dichtheidsprofiel te 

verkrijgen in thermonuclaire plasmas. 

Het voornaa.mste onderwerp van dit proefschrift is deeltjes- en warmte

transport in plasmas in JET. Om thermonuclaire condities te bereiken in een plasma 

is het noodzakelijk een voldoend dicht plasma voldoende lang op te sluiten. Echter, 

berekeningen van de opsluittijd gebaseerd op botsingen tussen de geladen deeltjes in 

het plasma, overschatten de waargenomen opsluittijd in grootte mate, zelfs als 

rekening wordt gehouden met de geometrie van de torus. Het anomale gedrag van het 

deeltjes- en warmtestransport is nog niet begrepen. Om een beter inzicht te krijgen 

in de oorzaken van het verhoogde transport in een Toka.mak zijn verstoringen in de 

dichtheid en temperatuur van de elektronen gevolgd. Naast de eerder genoemde 

meting van dichtheidsvariaties warden variaties in de tempertuur gemeten met een 

polychromator voor electron-cyclotronstraling. De verstoringen, dichtheidgolf en 

warmtegolf genoemd, warden veroorzaakt door zaagtandoscillaties in het plasma. 

In het laatste hoofdstuk warden de volgende onderwerpen uitvoerig behandeld: 

het bestuderen van een naar binnen lopende dichtheidgolf, die onstaat als de 

warmtegolf aan de rand arriveert, 

het bepalen van de diffusiecoefficienten voor deeltjes- en warmtetransport uit 

het verloop van deze verstoringen, 

het ontwikkelen van een model dat de verstoringen simuleert, rekening 

houdend met de koppeling tussen deeltjes- en warmtetransport. 

Het resultaat van de analyse is, dat een goede beschrijving wordt gevonden voor de 

dichtheid- en warmtegolf mits we rekening houden met die koppeling tussen deeltjes

en warmtetransport. De transportcoefficienten komen goed overeen met de 

resultaten van andere verstoringsmetingen in JET. Tenslotte is aangetoond dat in 

een andere Tokamak, TEXT (Austin, USA), de dichtheidgolf en de warmtegolf met 

nagnoeg dezelde transportcoefficienten beschreven kunnen warden als in JET. 
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I 

De interpretatie van de metingen van een reflectometer is gekompliceerd doordat de 

golven zich voortplanten door het plasma voordat en nadat ze gereflekteerd worden. 

De verwaarlozing hiervan kan leiden tot een verkeerde uitleg van de meetgegevens. 

Dit proejschrift 

II 
De metingen van verstoringen op de dichtheid en temperatuur kunnen alleen juist 

worden gesimuleerd als koppeling tussen deeltjes- and warmtetransport wordt 

meegenomen. Een redelijke a.fschatting van de transportcoiifficienten uit het verloop 

van de verstoringen kan echter al verkregen worden zonder deze koppeling mee te 

nemen. Warden koppeling en de verstoringen van de brontermen toch gebruikt, dan 

zijn ingewikkelde numerieke procedures nodig. 

Dit proefschrift, hoojdstuk 3 
J. C. M. de Haas, et. al, Submitted for publication in Nuclear F'usion 

m 
De bewering van Brower et. al. dat deeltjes- en warmtetransport gekoppeld zijn in 

TEXT, alleen geba.seerd op de observa.tie da.t de dichtheidsgolf identiek is aa.n de 

warmtegolf, is niet juist. 

D.L. Brower, et. al., Phys. Rev. Lett. 65 {1990} 397 
A. C. C. Sips, et. al., Submitted for publication in Nuclear Fusion. 

IV 
Het automatisch verwerken van de data door 'hardware' leidt vaak tot de conclusie 

dat, of het aparaat aan zijn specificaties voldoet, of dat het volledig ongeschikt is 

voor de doeleinden waarvoor het ontworpen is. In dit verband heeft de bewerking van 

data door 'software' de voorkeur als een nieuw meetinstrument wordt ontwikkeld. 

Dit proefschrift, hoojdstuk! 

V 

In het fusiewereldje wu men vaker een theorie moeten baseren op wat de metingen 

aangeven dan de meetgegevens uitlegen aan de hand van een theorie. 



VI 

Door de eis dat de volgende generatie Toka.maks continu moeten werken wordt een 

waarschljnlijk onnodig dure optie voor een Toka.mak reactor gekozen. 

VII 

In de heersende kosmologische theorle, de oerkna.ltheorle, speelt de zwaartekracht de 

hoofdrol. Het is echter zeer goed mogelijk dat ook electromagnetische krachten de 

evolutie van het heelal sterk beinvloeden. 

A.L. Peratt, Heelalzonder knal, Natv:ur& Techniek 11 {1990) 772 

VIII 

Het baseren van de vervolgopleiding na de lagere school op de resultaten van de 

CITO toets dient te worden a.fgeraden. De uitslag van deze momentopname kan 

onnodige schade toebrengen aan de toekomst van het kind. 

IX 

Het veranderen van de universitaire opleiding in Nederland naar Engels voorbeeld 

zou een emstige verslechtering van het onderwijs met zich meebrengen, aangezien de 

driejarlge Engelse college stmctuur de studenten al vroeg tot verregaande 

specialisatie dwingt. 

X 

In de Engelse politiek staat het belang van de partij te veel voorop, hetgeen de 

democratische besluitvormil\gen in het land ernstig belemmert. 

XI 

Het met opzet niet slagen voor een gehoortest, waarbij de testpersoon het horen van 

tonen met verschilende frequenties en geluidssterkten moet bevestigen, vereist een 

uitstekend gehoor. 

xn 
Door het overmatig gebruik van een rekenapparaat vana.f jonge Ieeftijd is de 

werkeffi.ciency van de huidige kassieres danig verminderd. 


