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Abstract 
Edge Localised Modes (ELMs) in the JET tokamak have been studied 

experimentally, using density profile and fluctuation data from a multichannel 

reflectometer and temperature profile data from an ECE heterodyne radiometer. The 

following topics have been investigated 

• The radial extent and localisation of the density and temperature profile 

perturbations caused by the ELMs. 

• Fluctuations in the density and magnetic field in connection with the ELMs. 

• The correlation between the repetition frequency of the L-H transition ELMs, and 

the plasma edge temperature and density. 

• Trajectories in n-T space prior to ELMs later in the H-mode. 
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Dansk Resumé 
Energi- og partikdindeslutningstiden af et tokamakplasma forringes generelt nar 

opvarmningen af plasmaet øges. Hvis den tilførte effect er høj nok, kan plasmaet 

imidlertid overgå fra den såkaldte L-mode (Low confinement) tilstand til en H-mode 

(High confinement) tilstand med væsentligt forbedret mdeslutningtid. H-moden anses 

for at være det mest lovende operationsregime for en fusionsreaktor. Den forbedrede 

partikelindeslutning er imidlertid ikke problemfri. Det er karakteristisk for en H-

mode, at plasrnatætheden bliver ved med at stige. Dette medfører en tilsvarende 

stigning i den udstrålede energi fra plasmaet Når den udstrålede energi bliver for høj i 

forhold til den tilførte energi, transformerer plasmaet tilbage fra H-mode til L-mode. 

Når plasmaet er i H-mode, kan det påvirkes af de såkaldte Edge Localised Modes 

(ELMs), en instabilitet der er lokaliseret i plasmaels yderregion (ydcrregionen er her 

defineret som de yderste 20 cm af plasmaet, p>0.S, hvor p erden normaliserede minor 

radius). ELMs observeres normalt som en skarp, kortvarig stigning i Da-udstrålingen, 

svarende til en skarp, kortvarig stigning i plasmaets partikeltab. Da det øgede 

partikeltcb stammer fra det forholdsvis kolde plasma i yderregionen, kan ELMs 

anvendes til at kontollere tæthedsstigningen i et H-mode plasma, uden at det varme 

plasmacenter påvirkes for meget. 11992 lykkedes det således at holde et JET-plasma i 

H-mode i 18 s ved hjælp af ELMs. Dette er omkring seks gange lamgere end den 

normale varighed af en ELM-fri H-mode. En bedre forståelse af ELM instabiliteten er 

således væsentlig for fusionsforskningen, med henblik på at kunne producere ELMs, 

eller undgå dem, som ønsket 

I det følgende præsenteres en eksperimentel undersøgelse af ELM instabiliteteme 

i JET-tokamakken. De anvendte måledata er blevet indsamlet i løbet af JETs 

opeiationsperiode i 1991 -1992. De anvendte diagnostiske systemer er i første række et 

multichannel reflectometer, der måler både tæthedsprofilen og tæthedsfluktuations-

niveauet, et ECE heterodyne radiometer, der måler elektrontemperaturprofilen, et sæt 

optiske D a teleskoper, og et sæt pick-up spoler, der måler fluktuationsniveauet i det 

magnetiske felt 

De opnåede resultater falder i fem hovedområder: 

1. Udvikling af temperatur- og tæthedsprofilen i en H-mode. 

2. Perturbation af temperatur-og tæthedsprofilen i løbet af en ELM. 

3. Fluktuationsforhold i løbet af en ELM 

4. Repetitionsfrekvens for ELMs umiddelbart efter L-H mode overgangen. 

5. Banekurver i temperatur- og tæthedsrum for ELM serier. 

Udviklingen af temperatur- og tæthedsprofileme i plasmaets yderregion i et H-mode 

plasma er blevet studeret i forbindelse med undersøgelserne af ELM positionen på 
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profilerne og ELM repetitionsfrekvensen- Undersøgelsen af profilperturbationerne 

viser, at de mindre ELMs alk har en karakteristisk placering i den yderste del af 

plasmaet, hvor både temperatur- og uethedsgradienten er stejl. Det er påvist, at ELM-

centcret er placeret, hvor trykgradienten er maksimal. 

Fluktuationsmilingeme viser en karakteristisk kortvarig periode med væsentlig 

forhøjet turbulens i bade elektrontætheden og det magnetiske felt. Denne turbulens er 

udpeget som årsag til det øgede partikeltab, der ses i forbindelse med en ELM. En 

kohxrent precursor fluktuation er påvist som startmekanisme til de fleste ELMs. Før 

starten af en ELM ekspanderer denne precursor udad i retning af plasmaets yderkant, 

og samtidig reduceres precursorens toroidale rotationshastighed. 

En serie af små ELMs med høj repetiuonsfrekvens ses typisk ved L-H mode 

overgangen. Det er vist, at ELM repetitionsfrekvensen er omvendt proportional til 

kvadratet på trykgradienten. I denne periode afhænger stigningen i trykgradienten 

hovedsageligt af temperaturstigningen. En karakteristisk banekurve i temperatur- og 

taethedsrum for en serie af store ELMs er demonstreret. Banekurven beskriver en 

lukket kurve på det samme sted in n-T rummet for hver af de store ELMs. 

Sammenligning med forskellige teoretiske modeller indikerer, at ELMs kan tilskrives 

en resistiv magnetohydrodynamisk instabilitet der drives aftrykgradienten. 

Denne raport skal ses i sammenhæng med de publikationer og konferencebidrag, 

der er publiceret i forbindeise med PhD-studiet. 
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1. Introduction 

1.1. Nuclear Fusion 

The ultimate goal of nuclear fusion research is to produce energy from fusion 

processes between the nuclei of hydrogen isotopes. In order to fuse, the two positive 

nuclei must hit each other at sufficient velocity to overcome the Coulomb force. The 

process that has the highest reaction rate at the lowest therrnodynamical temperature 

T; of the nuclei takes place between deuterium and tritium, 

2 D+ 3 T= 4 He + n 

The thermodynamical temperature required for the fusion reaction is determined 

by the reaction rate, which decreases sharply below temperatures of 100 million 

degrees or 10 keV (In JET and most other experimental fusion devices, tritium is 

replaced by either deuterium or hydrogen in order to minimise problems with 

radioactivation). The other key parameters in fusion research are the km density nj, 

and the energy confinement time rg, defined as the total plasma energy divided by the 

applied heating power. These parameters must also be optimised in order to produce 

enough fusion reactions, and hence energy, to sustain the temperature. 

At the temperatures required for fusion, the gas of hydrogen isotopes is fully 

ionised, forming a plasma. As the plasma particles are charged, the plasma can be 

confined in a suitably shaped magnetic field. The most successful magnetic field 

configuration is generated in a so-called tokamak. The magnetic flux surfaces in a 

tokamak form a set of nested rings, where the plasma particles can flow along the 

closed magnetic field lines. A schematic of the JET tokamak is shown in figure 1.1. 

The toroidal field Bj is produced by a number of field coils around the minor 

circumference of the torus. The plasma ring forms the secondary winding of a 

transformer, which generates a large current through the plasma in the toroidal 

direction. The plasma current then produces the main poloidal component of the field. 

The combination of the toroidal and poloidal field components forms a helical 

magnetic field structure on each flux surface. The pitch angle of the field lines is 

described by the safety factor q, defined as the number of turns a field line travels 

around the major axis of the torus before completing a turn around the minor axis. 

A major problem in magnetic confinement fusion is to avoid contamination of the 

plasma by impurity ions of higher atomic numbers. These impurities both dilute the 

plasma ion density and cause enhanced radiative cooling, mainly through increased 

bremsstrahlung and line radiation from partly ionised atoms. 
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Figure LI. Schematic of the JET tokamak. 
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Figure 1.2. Poloidal cross-sections of a plasma in material limiter configuration and 
in single null X-point configuration, with the X-point at the top of the 
plasma. In the X-point configuration, the plasma that escapes across the 
last closed flux surface flows along the field lines until it hits the upper X-
point target plates at the top of the vacuum chamber. 
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In older to minimise the interaction between the plasma edge at the outermost 

closed flux surface and the wall, and thus limit the impurity influx, JET is usually run 

with a so-called X-point configuration of the magnetic field, as shown in figure 1.2. 

In this configuration the last closed flux surface is determined by the position of 

the X-point, i.e. the null in the poloidal field, rather than by the point where the 

plasma touches the wall. Thus the particles diffusing past the last closed flux surface 

are transported along the magnetic field lines outside the main plasma, until they hit 

the wall at the X-point target plates. JET can be run in both a single null X-point 

(SNX) configuration with the X-point either at the top or the bottom of the plasma, 

and in a double null X-point (DNX) point configuration with an x-point at both the 

top and the bottom of the plasma. 

The plasma current induced by the transformer action heats the plasma, but the 

plasma resistivity, and hence the heating efficiency of the current, decreases with the 

increasing temperature. Thus additional heating of the plasma is required in order to 

reach fusion relevant temperatures. In JET two methods of additional heating are 

exploited; injection of a beam consisting of neutral deuterium atoms accelerated to 80-

140 keV, and heating by electromagnetic radiation in a frequency band where the 

plasma absorbs the radiation. 

Tokamak plasmas are subject to many oscillations in the magnetic field, and 

some of these can lead to serious instabilities and disruptions of the plasma. Many of 

these can be described by a magnetohydrodynamic (MHD) model of the plasma. In 

JET the central plasma temperature and density are modulated by sawtooth-like 

oscillations due to the periodic occurrence of MHD instabilities at the q= I surface. 

Each sawtooth instability or "crash" expels a significant amount of energy from the 

plasma centre, causing a sudden decrease in the central temperature. In the outer part 

of the plasma a temporary increase in density and temperature is seen, as the sawtooth 

generated heat and density pulses propagate out towards the plasma edge [JET,92]. 

Generally the energy confinement time decreases with increasing temperature, 

but when sufficient heating power, around 4 MW, is applied to a plasma in the X-

point configuration, the plasma cm undergo a transition from the low confinement 

(L-mode) regime to a high confinement regime (H-mode). The H-mode energy 

confinement time is improved by a factor 2 to 4 above the L-mode value. The 

transition from L-mode to H-mode is not fully understood at present, but it is widely 

thought that the characteristic enhancement of the confinement arises from a reduced 

level of fluctuations in the edge region, at 0.9<p<I .0 (p is the normalised minor radius 

of the plasma). This region of enhanced confinement is termed the transport barrier. 

As a result of the imp.oved confinement the density profile has a characteristic steep 

gradient in the edge region during the H-mode [Doyle,91]. 
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The H-mode is currently the most promising operating regime for a fusion reactor 

due to the good energy confinement. However, the improved confinement of the H-

mode causes problems as well. During a quiescent H-mode both the plasma density 

and the impurity density keep increasing, resulting in an increase in the radiated 

power loss. When the radiated power becomes comparable with the heating power of 

the plasma, the H-mode collapses [Thomas,92]. In order to harness the H-mode, it is 

thus essential to develop a method of controlling the H-mode density increase and the 

impurity level without reducing the energy confinement too much. 

During the H-mode the plasma is often disturbed by the so-called Edge Localised 

Modes, or ELMs, which cause a loss of plasma particles and confinement. An ELM is 

usually identified by a characteristic sharp spike in the D a radiation, which is 

generated by the sudden increase in the particle transport. As implied by the name, the 

ELMs primarily affect the edge region of the plasma, here defined as p>0.8, where p 

is the normalised minor radius. In JET, the edge region extends 20 cm inwards from 

the last closed flux surface. 

The ELMs generally cause a degradation of the plasma confinement during the 

H-mode. However, it has recently been demonstrated that ELMs can be utilised as a 

means of controlling the increase in plasma density and radiated power losses which 

otherwise terminates the H-mode [Thomas,92],[Schissel,92]. The ELMs affect mainly 

the relatively cool edge region and not the hot centre of the plasma, so the energy loss 

due to the ELMs is acceptably small compared to the favourable reduction in density 

[Schissel,92]. Furthermore the impurity concentration is largest in the edge region, so 

the particle loss at the ELMs includes a relatively large part of the total impurity 

content in the plasma. During the 1991 experimental period in JET, an H-mode has 

thus been kept in a quasi-steady state for 18 s by the regular occurrence of ELMs. This 

is an improvement of a factor 5 over the normal duration of an ELM-free H-mode. In 

order to be able to either avoid the ELMs or generate them as desired, it is thus 

important to obtain a better understanding of the ELM events, and of the instabilities 

that cause the ELMs 

1.2. Experimental Work 

The ELM study presented in this report has been concentrated on analysis and 

interpretation of experimental data. Part of the work has thus consisted of the 

collection of experimental data on ELMs. The data that are used in this study have 

been taken during the 1991-1992 operations period at JET. The data taken during the 

1990 operations period were primarily used to set up the relevant diagnostic systems 
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for ELM measurements prior to the 1991 operations. Four D a telescopes with a fast 

sampling rate were implemented primarily for ELM studies, after the standard D a 

sampling rate was found to be to slow to resolve the ELMs. In order to "catch" 

individual ELMs within the 40 ms time window of the fast (200 kHz) fluctuation 

measurements, an ELM trigger was developed. 

During the 1991 operational period several series of discharges were dedicated to 

production of ELM prolonged H-modes. The data on giant ELMs were taken during 

these discharges. The data on the ELMs occurring at the L-H mode transition were 

mostly taken during discharges where the power threshold for achieving H-modes was 

studied. In these discharges the ELMy period following the L-H mode transition often 

lasted a second or more, allowing the ELM repetition frequency to be studied. Data on 

the other types of ELMs have been taken during a large variety of H-mode discharges, 

when the relevant diagnostics were not in use for other studies. 

In the 1991-1992 operations period, around 5000 discharges where produced at 

JET, including commissioning and calibration. Reflectometer fluctuation data and fast 

magnetic data were taken during around half of these. Analysis of all these discharges 

has shown that reflectometer fluctuation measurements with an acceptable noise level 

have been made during ELMs in around two hundred H-mode discharges. Magnetic 

fluctuation data have been taken during ELMs in a similar number of discharges, 

though not all of these plasmas were positioned favourably for ELM studies. 

Approximately half of the reflectometer fluctuation measurements of ELMs have been 

taken simultaneously with the magnetic data. 

The reflectometer density profile data and the temperature data from the ECE 

heterodyne radiometer require a lower sampling rate, so these measurements have 

been made throughout most of the H-modes in JET. However, the number of 

discharges, where the reflectometer phase data is of use for ELM studies are limited 

by the plasma fluctuation level. As the magnetic field determines the position of the 

ECE measurements, suitable ECE data are only available from discharges with a 

specific magnetic field. Furthermore the ECE data from the 1991-1992 period have 

only been calibrated for around hundred discharges at present, of which around half is 

suitable for ELM studies. 

1.3. Outline 

In chapter 2 a review of the standard diagnostic systems that have been used is 

given, including a discussion of the potential and limitations of each diagnostic 

method with respect to ELM studies. 

Risø-R-700(EN) 13 



The multichannel reflectometer is discussed separately in chapter 3. The first part 

presents two new methods of generating density profiles from reflectometer phase 

measurements, which have been implemented for use during ELMs. In the second part 

the signal response of the reflectometer fluctuation measurements is modelled and 

evaluated. 

Chapter 4 covers an investigation of the evolution in the edge density and 

temperature profiles throughout the H-mode. This investigation is necessary for the 

discussion of the ELM driving parameters. 

The fluctuation signature and profile perturbations associated with individual 

ELMs are investigated in chapter S. An empirical classification of the ELMs is given 

in order to define the terminology of the ELMs. The radial position and extent of the 

ELMs are determined, and the density and magnetic field fluctuations during the 

ELMs are investigated. 

Finally, the driving parameters for the ELMs are discussed in chapter 6. The 

correlation between the repetition frequency of the L-H transition ELMs and the 

plasma edge pararmeters is investigated, and the trajectories of the H-mode and the 

ELMs in parameter space are determined. 
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2. Diagnostic Systems 

2.1. ECE Temperature Measurements 

Principle 

The frequency, ©, of the electron cyclotron emission (ECE) is determined by the 

local magnetic field B [Hutchinson,87]: 

eB 
© = n — (2.1) 

me 

where n is the harmonic number. In a tokamak the magnetic field is dominated by the 

toroidal component B j , given by: 

BT = - ^ 2 - (2.2) 
T BTj0R 

where R is the major radius and B j 0 and RQ are the values at the magnetic minor 

axis of the plasma. The ECE frequency is inversely proportional to the major radius. 

In an optically thick plasma the intensity I((o) (radiative power per unit area per 

unit solid angle per unit angular frequency) of the ECE is proportional to the local 

electron temperature Te(R) [Hutchinson,87J: 
2T 

I(fl)) = rTT <TeinK) (23> 
571 C 

and so a measurement of the intensity leads directly to a determination of Te(R). 

Hence a radial profile of the electron temperature can be obtained from measurements 

of the ECE intensity as a function of the frequency. 

The ECE Heterodyne Radiometer 

The heterodyne radiometer views the plasma along the horizontal midplane via 

the JET multichannel wave guide system. The ECE radiation is split into four 

independently polarised bands by non-polarising beamsplitters and polarisation 

selectors [Porte,91]. The four bands contain 44 viewing channels covering the 

frequency ranges of 73-103 GHz and 116-127 GHz. A schematic of the ECE 

heterodyne radiometer is shown in Figure 2.1. 

The radial separation of the viewing channels in the edge region is 4 cm at a 

typical magnetic field of 2.9 T. The spatial resolution is limited by the instrumental 
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spectral resolution, relativistic broadening and Doppler broadening of the cyclotron 

resonance, and the poloidal curvature of the magnetic field. The spatial resolution in 

the edge region is estimated to be better than 3-4 cm [Porte,91]. The radial positions 

of the cyclotron resonances are deduced from the total magnetic field, as given by the 

JET magnetic equilibrium data. 

The minimum detectable change in plasma electron temperature is around 10 eV. 

Absolute calibration of the temperature measurements is obtained by cross-calibration 

against an absolutely calibrated Michelson interferometer, with an uncertainty of 

around 10 %. The uncertainty between different channels can be reduced to less than 

3 % by a method based on sweeping the magnetic field while maintaining a constant 

temperature profile [Porte,91]. The maximum sampling rate is 12S kHz, but in order 

to maintain a reasonably long time window the sampling rate was typically kept at 30-

50 kHz during the discharges used in this study. 

Mode 
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Amplifier p j j t e r 

Local 
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*'— ' • : — • Filter Mixer 
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Figure 2.1. Schematic of one of the 12-channel subsystems of the heterodyne 
radiometer at JET. 
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Edge Plasma Temperature Measurements 

Due to the high sensitivity and good spatial resolution in the edge region, low 

signal levels are not usually a problem. The most important limitation of the ECE 

measurements in the edge region is the optical thickness criteria. The local optical 

thickness of the plasma is proportional to the electron temperature, and the density to 

the n'th power, where n is the harmonic number of the measured cyclotron resonance 

[Bartlett,90]. Outside the optically thick region the intensity of the ECE is enhanced, 

mainly by relativistically downshifted radiation from the plasma centre. It is possible 

to calculate the optical thickness at a given electron temperature and density, but the 

main problem is that the ECE temperature measurements can not be trusted for the 

calculation, when the optical thickness is marginal, and no other temperature profiles 

are available at the required spatial and temperature resolution. 

Instead, the optical thickness can usually be determined from characteristic 

features of the measured ECE temperature traces and profiles. Where the plasma is 

optically thin close to the last closed flux surface, the measured ECE temperature is 

typically higher than at the outermost optically thick measurement point. Looking at 

the shape of the edge temperature profile, it is generally fairly easy to see where the 

limit for optical thickness is. As an example an edge temperature profile is shown in 

figure 2.2. A steep edge temperature gradient is seen between the two outermost 

optically thick points. Outside of this, in the optically thin region, the ECE 

temperature increases again. 

Another method is to utilise the edge temperature signature of the sawtooth 

"crash" instabilities. At each sawtooth crash a heat pulse propagates from the plasma 

centre to the edge region, where it is seen as a rounded "bump" on the ECE traces 

(plotted as a function of time). At the start of the sawtooth crash in the plasma centre a 

large amount of broad band radiation is also generated. In the optically thin part of the 

plasma, the radiation is seen on the ECE traces as a sharp spike at the start of the heat 

pulse, whereas it is not visible on the optically thick ECE traces. An example is given 

in figure 2.3, where the ECE temperature is shown during two sawtooth crashes at 

several radial positions. It is clear that the plasma is optically thick at p=0.92 and 

optically thin at p=0.99 and further outside. At p=0.96 the plasma is marginally 

optically thin at the first sawtooth, but before the second sawtooth crash the plasma 

becomes optically thick due to the density and temperature increase. 

Using these two methods it is usually fairly easy to establish at which ECE 

measurement points the plasma is optically thick. In H-mode plasmas in particular the 

edge density gradient is so steep that the optical thickness of the plasma changes from 
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completely thick to obviously thin in a radial distance of less than 2 cm. This is also 

illustrated in figure 2.2, where the density profile is shown together with the ECE 

temperature profile. The density profile has been used to calculate the critical 

temperature for optical thickness. It is clear that the critical temperature for optical 

thickness increases sharply at p*0.97, corresponding to the outer part of the steep edge 

density gradient. 

ELMs may also give rise to large, very brief spikes in ECE intensity in optically 

thin and marginally thick parts of the edge region. The amplitude of these spikes is 

fairly random compared to the D a amplitude of the ELMs. The ECE intensity of the 

spikes corresponds to several times the measured temperature on the optically thick 

channels further inside the plasma, and the duration is generally less than 0.5 ms. It is 

clear that the spikes do not represent an increase in thermodynamical electron 

temperature, and currently work is under way at JET to identify the origin of the 

spikes. 
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2.2. Da Measurements 

Priacipk 

Neutral and partly ionised atoms entering the plasma often undergo several 
excitations, mainly by plasma electrons, before being fully ionised [Engethardt,S2]. At 
the subsequent deexcitarions the atoms emit linr radiation. D a radiation is emitted by 
deuterium atoms at the so-called Balmer-alpha transition from n=3 to 11=2, at a 
wavelength of 656 nm. The intensity of tUe D a emission can be used to deduce the 
influx of neutral deuterium into the plasma rEngclhardt,82]. In general the plasma 
recycling coefficient is s i , so that a flow of plasma particles outwards across the last 
closed flux surface will give rise to a similar influx of neutrals. Thus the D a emission 
can be used to deduce the plasma particle outflux. As most of the neutrals are ionised 
in the plasma edge region, most of the D a emission is emitted from the region in the 
vicinity of the last closed flux surface, at p>0.9. 

Experimental Set-up 

In JET, the D a emission is measured by an array of optical telescopes looking 
through the plasma. The main lines of sight are a vertical line through the plasma at a 
major radius of 3.11, a line ending at the upper, outer X-point target plates, and a 
horizontal line through the midplane of the plasma [Stamp,91]. 
The D a data are usually available at 3 different temporal resolutions; 

• The "general purpose" D a measurements at R=3.11 are available throughout all 
JET discharges at a sampling rate of the order of 500 Hz 

• The fast Da measurements are available for four lines of sight, usually including 
R~3.ll, the outer X-point and the midplane, at a sampling rate of 20-40 kHz 
during 6 seconds covering the H-mode. 

• The Da measurements at R-3.11 are also digitised at 250 kHz together with the 
data from the fast magnetic diagnostic coils, in a time window of 32 ms. 

After the 1990 experimental period analysis of the fast D a measurements taken 
together with the magnetic data revealed several aspects of ELM behaviour, which 
could not be resolved by the slower D a measurements at 500 Hz. This led to the 
implementation of the fast Da measurements throughout the H-mode for the 1991-
1992 experimental period. 

ELM Measurements 
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The D a emission responds to the increase in particle transport caused by the 

ELMs within a time scale of 0.1 ms. For most ELMs the ennanced turbulence and 

particle transport disappear again over a time scale of less than 0.1 ms as well. In 

these cases the decrease in D a emission after the ELM takes place on a slower time 

scale, determined by the ionisation time of the neutral deuterium resulting from the 

ELM. The characteristic exponential decay in the D a emission after an ELM is thus 

the result of the ionisation process, rather than an exponential decrease in the 

enhanced particle transport caused by the ELM. 

The D 0 emission measurements in the line viewing the X-point target typically 

has a much better temporal resolution of high frequency ELMs, and the signal level is 

also more sensitive to ELMs of low D a amplitude. This is due to the localisation of 

the recycling during the H-mode. Most of the recycling takes place at the X-point 

target plates, where the plasma hits the vacuum chamber wall after flowing parallel to 

the field lines outside the last closed flux surface. The D a emission at the target plate 

therefore reacts immediately to any changes in particle transport. The neutrals 

emitting the D a radiation at R-3.11 have to travel approximately 20 cm from the 

X-point target without being ionised, so the concentration of neutrals and the D a 

emission level will be less than at the X-point target. 

In order to estimate the total D a emission it is necessary to consider the spatial 

variation in D a levels throughout the plasma. During the H-mode the X-point target 

plates show an area of strong D a emission. This area is relatively small, less than 

10% of the total plasma surface [Morgan,93]. The D a emission at R=3.I1 is 

generally representative of the average D a emission around the rest of the plasma, 

away from the X-point. The relative D a amplitude of the very small ELMs just after 

the L-H transition is typically a factor 3 higher at the X-point than at R-3.11. During 

the larger L-H transition ELMs the relative D a amplitude at R=3.11 can be larger than 

at the X-point. When the area of the D a emission is taken into account, it is clear that 

the X-point component only represents a relatively small amount of the total D a 

emission, even if the signal level is several times higher than at R=3.11. Hence the D a 

emission at R=3.11 can be used to represent the increase in particle loss during ELMs, 

and the X-point component can be ignored without a significant loss of accuracy. 

During many ELMs broad band fluctuations at frequencies up to 100 kHz have 

been observed on the fast D a measurements, similar to the broad band fluctuations in 

the magnetic field and the density. Currently the mechanism behind this is not well 

understood, as the time scale of the fluctuations is more than an order of magnitude 

shorter than the estimated time scales for changes in the recycling and D a emission. 

However, it is possible that the fluctuations in electron density, either just inside the 
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last closed flux surface or around the X-point target plate, could cause similar 

fluctuations in the excitation of neutrals and the subsequent D a emission. 

2.3. LIDAR Density and Temperature Measurements 

LIDAR is based on the principle that a laser beam passing through a plasma 

undergoes incoherent Thompson scattering from the plasma electrons. The intensity 

of the scattered light is proportional to the plasma electron density, and the 

temperature of the plasma electrons can be deduced from Doppler broadening of the 

scattered light [Go\vers,91]. 

JETs LIDAR system utilises the time of flight principle to generate profiles from 

the Thompson scattered signal. A laser beam is directed into the plasma horizontally 

along the midplane, and the backscattered laser light is measured [Gowers,91]. 

The main limitation of LIDAR is the repetition time. Each of the LIDAR profiles 

are generated with a temporal resolution of 10 ns, but the repetition rate of the laser 

only allows the measurement of a profile every 1.2 s. 

The uncertainty on both the temperature and density is 5-7 % [Gowers,91]. For 

Thompson scattering, the uncertainty depends on the number of scattered photons, so 

the uncertainties can be substantially more at temperatures of less than 400 eV and 

densities of less than 0.4x 10 ̂  m~3 in the edge region. 

The measurement points in the profiles are spaced 5 cm apart, and each 

measurement is averaged over approximately 10 cm. This presents another limitation 

in the edge region. Due to the averaging over 10 cm intervals, the LIDAR profiles can 

only resolve the steep edge density gradient, if it extends over more than 20 cm, twice 

the width of one measurement. If the edge density increases from 0 to a flat top 

density n0 in less than 20 cm, the LIDAR profile will show an increase from 0 to n0, 

but taking place over at least 20 cm. Thus LIDAR measurements can usually only 

give an estimate of the minimum possible edge density gradient. 

Another problem is the independent calibration of the radial position of the 

LIDAR profiles. The LIDAR profiles consistently show the plasma edge at around 6 

cm larger major radius than calculations of the plasma position based on the 

equilibrium magnetic field [McCracken,93]. As the position of the ECE temperature 

profiles are based on the magnetic field, they can not be compared directly with 

LIDAR profiles. 

Several aspects of the JET LIDAR system are currently under development. The 

repetition rate will be improved to the order of 4 Hz for the 1994 experimental period, 
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and a separate edge LIDAR system with a spatial resolution of S cm will be 

implemented as well. 

2.4. Magnetic Field Fluctuation Measurements 

Fluctuations in the magnetic field are measured by recording the current that is 

induced in a suitable pick-up coil, 

I c o « « ^ (24) 

JET has several sets of fast pick-up coils. An array of 8 coils is placed around the 

torus in the toroidal direction, at the same position in the poloidal plane, and another 

array of 18 coils is placed around the torus in the poloidal direction. All of these coils 

measure changes in the poloidal field. Two pick-up coils with a faster response time is 

situated at the outer midplane, and two more more coils are placed at the top and 

bottom X-points. These coils also measure fluctuations in the poloidal field. The 

sampling rate is typically 40 kHz for the poloidal and toroidal arrays of coils, and 

250 kHz for the fast coils. 

The sensitivity of the pick-up coils to fluctuations in the poloidal magnetic field 

goes as r m , where r is the distance between the magnetic fluctuation and the coil, and 

m is the poloidal mode number of the fluctuation [Ali-Arshad,92]. As the poloidal 

mode numbers for ELM precursors are thought to be >20, it is clear that the distance 

between the plasma and the coil is important [Ali-Arshad,92]. In general the quasi-

coherent ELM precursor oscillations can only be observed with the magnetic pick-up 

coils, when the last closed flux surface is less than 5 cm from the wall at the outer 

midplane. In the cases where a precursor is observed with the reflectometer but not the 

coil, the plasma is typically further than 5 cm from the wall. A weak precursor signal 

may also be obscured by noise and other MHD activity of much larger amplitude. 

A major problem when measuring the fluctuation structure of the ELMs is that at 

a sampling rate of 200 kHz, the data storage of 8192 time points per discharge gives a 

time window of 40 ms for both the fast coils and the reflectometer. It is generally 

impossible to predict to within 40 ms when an ELM will appear in a discharge, so the 

fluctuation measurements must be triggered at the start of the ELM. The D a 

measurements have been used to construct an "ELM trigger" for the fast fluctuation 

data. The ELM event is defined as a sharp increase in D a emission, and when this is 

detected the appropriate fluctuation data is recorded. The triggering amplitude can be 

varied, depending on the type of ELMs that are being studied. 
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15. Far Infra Red Interferometer Measurements 

Interférometry uses the variation in the plasma refractive index for density 

measurements. The phase of an electromagnetic wave that has passed through the 

plasma is compared with the phase of a wave that has propagated a similar distance 

through free space. The phase difference gives the integrated plasma density along the 

line of passage [Stott,92]. In JET, the far infrared (FIR) interferometer measures the 

line integrated density along six vertical lines. From these measurements and the 

magnetic field configuration the density profile is then calculated by an Abel 

inversion technique [Braithwaite,89]. 

The sampling rate of the FIR interferometer is typically in the order of 200 kHz. 

Profiles are routinely produced at 10-20 Hz. but this can be extended to 100 kHz for 

specific discharges. The interferometer is sensitive to density fluctuations, and in 

some ELMy plasmas it may not be possible to generate profiles from every 

measurement, but this is not generally a problem. 

The distance between measurement points is around 20 cm or Ap=0.2, so the 

steep edge density gradient can not be resolved fully [(yRourke,93]. In chapter 4 it is 

shown that during the build-up of the H-mode density profile the gradient remains 

constant in the edge region, while the steep edge gradient region expands radially, and 

the "knee" in the profile moves inwards to a higher density. This is seen on the 

interferometer profiles as an apparent increase of the density gradient throughout the 

edge region. An obsen'ed increase in edge gradient during the H-mode should thus be 

interpreted as an increase in the density at the "knee" in the profile. 

The FIR interferometer measurements are also used for calculating the volume 

integrated density of the plasma. During the H-mode the density profile is typically 

fairly flat throughout most of the plasma, with a characteristic steep edge gradient. 

Thus the volume averaged density is roughly proportional to the density at the "knee" 

in the profile. 
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2.6. Correlation Reflectometry 

A reflectometer is sensitive to the density fluctuations at the reflecting density 

layer, as discussed in more detail in chapter 3. If two reflectometers reflect from 

separate positions spaced a distance Ax apart, any density fluctuations of larger extent 

than Ax will be observed by both reflectometers [Cripwdl,92]. The correlation 

between the density fluctuations observed by each reflectometer can be expressed by 

the coherence function 712(«) [Cripwdl,92]: 

G,(fc>)G2(d>) 

Here Gj(«), i=I,2, is the autopower spectra of the two reflectometers, and G j2(«) is 

their cross power spectrum. The maximum level of coherence is 1, for identical 

signals. A minimum level of coherence, corresponding to die average coherence found 

between two totally unrelated signals, can be calculated. If the coherence between the 

two reflectometers is significantly above this level it indicates that they are both 

observing the same fluctuations, and that the fluctuations have a larger extent than Ax. 

If the coherence is significant, the crossphase spectrum, 612, between the 

observations of the two reflectometers gives the phase difference between the 

fluctuation at the two reflectometers [Cripwell,92J. The phase difference is assumed to 

be due to a propagation of the fluctuation between the two reflectometers. Thus the 

wave number of the fluctuation can be expressed as 

©I2(«>) = K|2(®)-AX (2.6) 

where k]2 is the wave number for propagation in the direction of Ax. It should be 

noted that the underlying phase during the fluctuations is arbitrary for each 

reflectometer, so the measured phase difference can be either 6^=612 or 

The group velocity of the fluctuation is found by differentiation of (2.6): 

v'=Tde^)T- (2J) ' " fde,^)! 

The radial coherence, and the radial propagation velocity, can be found using two 

reflectometers probing the plasma along the same line of sight, but with a frequency 

difference corresponding to the desired Ax in the radial direction. The poloidal or 

toroidal coherence and propagation velocity can be found using two reflectometers at 
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the same frequency, but probing the plasma along lines spaced Ax apart poloidally or 

toroidally [Cripwell,92a]. 

The Toroidal Correlation Reflectometer 

During the 1991-1992 operational period at JET, a toroidal correlation 

reflectometer was constructed, probing the plasma along the horizontal midplane 

[Cripwell,92a]. A channel from the multichannel system is used as one of the two 

reflectometers, and another reflectometer was installed 15.5 cm apart toroidally. The 

second reflectometer can operate at two frequencies, 29 GHz or 34 GHz, 

corresponding to channel 3 and 4 of the multichannel reflectometer. The second 

reflectometer uses a homodyne detection system similar to the fluctuation facility of 

the multichannel reflectometer. In fact the data storage and part of the control and 

detection systems from channel 12 of the multichannel system have been used for the 

second channel of the correlation reflectometer. Further details of the multichannel 

reflectometer are given in chapter 3. 

Interpretation of the Toroidal Correlation Measurements 

If the coherence of the two reflectometers is significant throughout the observed 

frequency band, and the cross phase show a linear dependency on the fluctuation 

frequency, this indicates that all the fluctuations move at the same velocity. In this 

case the fluctuations are interpreted as fine scale density structures rotating with the 

plasma past the two reflectometers. The measured group velocity thus describes the 

toroidal rotation velocity of the reflecting plasma layer. 

On the other hand the coherence between the two reflectometer signals may be 

caused by a specific fluctuation mode and the higher harmonics this generates in the 

reflectometer signal (the reflectometer fluctuation signal is discussed in more detail in 

chapter 3). In this case the correlation reflectometer gives the toroidal rotation velocity 

of the fluctuation mode only, not the rotation of all of the reflecting plasma layer. 

The n'th harmonic has wave number kn=nkn, and the phase difference between 

the reflectometer signals is 

9 n =n0, = Axkn (2.8) 

The group velocity of the n'th harmonic, given by (2.7), is thus identical to the group 

velocity of the first harmonic if the slope of the cross phase against frequency is the 

same. This is not surprising, since all the harmonics observed by the reflectometer are 

generated by the same density perturbation, and the group velocity describes the 

physical rotation velocity of this density perturbation past the reflectometers. 
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Another problem arises if the fluctuation is propagating at an angle 6 to the 

toroidal direction. In this case the apparent distance that the fluctuation travels 

between observation by each of the two reflectometers is given by Ax/cos8, as 

illustrated in figure 2.4. The propagation velocity is thus given by 

|v| = vmeascosG, vtor = vmeascos2 9 and v^, = vmeascosØsinQ (2.9) 

where v m e a s is the velocity measured by the toroidal correlation reflectometer, and 

V|0r and Vp0j are the toroidal and poloidal components of the propagation velocity. In 

order to calculate the pitch angle and the toroidal propagation velocity, it is thus 

necessary with simultaneous measurements from both toroidal and poloidal 

correlation reflectometers. Such a reflectometer is currently under construction at JET, 

in preparation for the next operations period starting in 1994. At present, it is 

necessary to estimate the angle of rotation velocity by other means, such as 

spectroscopy measurements of the poloidal and toroidal plasma rotation velocity 

profiles. 

Figure 2.4. Propagation of a density perturbation at an angle 9 to the toroidal 
direction. 

2.7. Spectral Analysis of Fluctuation Data 

The autopower spectrum of a fluctuating signal is found by a Fourier transform of 

the signal in a given time window. Hence the calculated spectrum represents an 

average for the time window. In order to study the temporal evolution of the 
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fluctuation spectrum, the signal is divided into overlapping time slices, and the 

spectrum is calculated for each time slice. However, the reduced number of data 

points in the time slice leads to a lower spectral resolution, and a larger random error 

on the autopower. In order to improve the random error on the autopower the time 

slice can be divided into a number NSUD of overlapping subslices. The autopower 

spectrum for the timeslice can then be calculated as the average of the spectra of the 

subslices. 

The temporal resolution of the spectra is given by the duration of the main 

timeslice, the spectral resolution is given by the inverse of the duration of the 

subslices, and the random error is given by 

er = - J = (2.10) 
VNsub 

The same slicing is applied to the calculation of autopower and crosspower spectra for 

correlation analysis, giving similar temporal and spectral resolutions. The maximum 

coherence level of uncorrelated data also depends on the slicing; it is given by the 

random error er in equation (2.10). 

In the following, the program BERP1 has been used for spectral analysis of 

fluctuation data from the reflectometer and the magnetic pick-up coils. The program is 

documented in [Cripwell,91]. The autopower spectra are presented either as ID 

diagrams, or 2D contour plots. The ID diagrams show the autopower spectrum in a 

single time slice, typically on a logarithmic scale. The 2D contour plots show the 

autopower spectrum on a logarithmic scale against time. They are referred to as 

contour plots of fluctuations in the following. The values of the contours are equally 

spaced on the logarithmic scale, starting at a given minimum level. The minimum 

level is chosen in order to show the phenomena of interest as clearly as possible. 

The temporal resolution of the ID spectra in the following has been chosen 

according to the duration of the analysed phenomena. The temporal resolution of the 

2D contour plots is typically 0.6 ms for plots covering a time window of less than 

15 ms, and 1.3 ms for plot covering more than 15 ms. The number of subslices have 

been chosen to give a good spectral resolution of 3 kHz for the contour plots, in order 

to identify frequency changes of ELM precursors. The spectral resolution of the ID 

plots is generally lower, 6 kHz, in order to achieve a smaller random error. 

The correlation analysis facility provides 1-D diagrams of the coherence and the 

crossphase between two signals. In the following correlation analysis has been used to 

study the changes in the crossphase spectrum during a phenomena of around 3 ms 

duration. Hence a temporal resolution of 1.3 ms and a spectral resolution of 3 kHz 

have been chosen, at the expense of a high random correlation level of 0.4. 
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3. The Multichannel Reflectometer 

3.1. Introduction 

In the following the potential and limitations of JETs Multichannel Reflectometer 

System are discussed with respect to ELM and L-H transition studies. 

The first part concentrates on the phase measurements used for generating density 

profiles. When the plasma is disturbed by ELMs the facility for producing 

independent density profiles does not work reliably, so alternative methods of data 

processing are necessary. Two new methods for generating density profiles from fixed 

frequency data have been implemented in order to overcome the problems presented 

by different aspects of the ELMs. The fast fluctuation data have also been used to 

provide additional information about profile changes during the ELMs. 

In the second part the fluctuation data from the reflectometer are evaluated with 

respect to the significance of the fluctuations in phase and signal attenuation. A simple 

model for the reflectometer signal response for a given plasma oscillation has been 

developed, based on the 'moving mirror' principle. The parameters of the model 

include the relative oscillation in signal attenuation, the absolute phase at the start of 

the oscillation and the radial amplitude of the oscillation. As a preliminary, the phase 

change caused by a given density profile perturbation is discussed. The signal 

response during various plasma conditions is then explored with the model, and the 

results are compared with experimental results in order to establish the reliability of 

the reflectometer fluctuation data. 

3.2. Calculation of Density Profiles from Reflectometer Data 

Reflectometry relies upon the total reflection of electromagnetic waves by a 

plasma when the local refractive index fi equals 0. For an electromagnetic wave 

polarised parallel to the magnetic field, i.e. in ordinary mode, the refractive index u is 

given by 

H = 1 - ne(R) 

V n c 
(3.1) 
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Here, n^R) is the density at major radius R, and nc is the critical density where 

reflection takes place. The critical density is the density at which the plasma 

frequency equals the frequency Fc of the incoming wave 

Bc = Ij4 2 E^m t ( 3 2 ) 

e 

Here the constants have their usual meaning. 

A reflectometer compares the phase of a wave propagating through the plasma to 

the reflecting density layer and back, with the phase of a wave propagating through 

the reference arm of the reflectometer. The phase (j>c of an ordinarily polarised wave 

of frequency Fc reflected from the cut-off density layer nc is given by [Budden,61], 

[GinzburgJO]: 

+ £ Æ f " K M R ) ) d R . l (3.3) 
C JRC 2 

Here Re is the position of the reflecting layer and Rout is a chosen reference position 

outside the plasma edge. 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 (the WKB-approximation) is used for the first solution. The 

second solution results from a full-wave calculation, which assumes that u^ varies 

linearly with position [Budden,61], [Ginzburg,70j. From (3.3) it can be seen that 

changes in the phase delay can be caused by changes in both the density profile and in 

the reflectometer frequency. Measurements of <|>c(t) at fixed frequency give the 

relative movements of the critical density layers. Several techniques can be employed 

to convert these into density profiles, all of which require a reference density profile 

for calibration. Self-calibrated density profiles can be calculated from measurements 

of the change in phase with frequency. 

Swept Frequency Profiles 

The phase change measured by sweeping the frequency can be expressed as 

[Hubbard,87]: 

^ = i^ = T ( F c )^ (3.4) 
at aFc at v cJ at 

Here T(FC) is the group delay expressing the propagation time of the wave through the 

wave guides and the plasma 

Tmeas = ^plasma "*"^waveguide W*3/ 

Differentiating and using an Abel inversion technique the expression for the phase 

delay is transformed to [Hubbard,87]: 
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R< = R - - fJo F t 7FW d F (36) 

In JET the group delays are measured simultaneously by sweeping each of the twelve 

source frequencies in a narrow band. A linear interpolation is carried out to find x(F) 

for 0<F<Fc, and this is then Abel-inverted to give the density profile in the form 

R(rie). The calibration, to find ^waveguide for each channel, is carried out by 

measuring the group delays to the back wall of the vacuum vessel with no plasma 

present. The swept frequency profiles of the reflectometer are thus calibrated 

independently of other diagnostics. 

Constant Gradient Method 

The density profile is approximated by a linear model with a constant gradient, 

nø/AR , from the plasma edge Redge t 0 a position Re(]ge-AR in the plasma, and a 

constant value no throughout the rest of the plasma. Inserting this model in (3.3) gives 

the density gradient and the edge position: 

• . + • „ _ 2 AR 
4 ] t c T n c + K out Kedge V-') 
-j-rc i n 0 

The multichannel reflectometer provides simultaneous measurements of <|>c at several 

critical densities nc. With these data the density gradient and plasma edge position can 

be calculated from (3.7) employing a linear regression method (see appendix A for 

details). In order to calculate the phase constants <|>c,0> a set of values for the density 

gradient and edge position is obtained from a reference density profile. These are then 

inserted in (3.7) to give $CQ for each nc. 

Linear Method 

The phase equation can be written as: 

<f>c,nor = h + Ic-I + •••• + ll + Rout " ^edge ( 3 8 ) 

Here, ((>c,nor=(,t,c" • o . c ) 0 ^ , and h is the phase integral from R\.\ to Rj, The density 

profile is assumed to be linear between each critical density nj at radial position Rj, 

with gradient Anj/ARj 

n(R) = n i - ^ L ( R - R i ) (3.9) 
AR| 

where Anj=nj-nj.i and ARJ=RJ.]-RJ. Inserting this in the phase integral and 

integrating gives 
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The solution to the phase integral (3.10) is inserted in equation (3.8) 

c-l 

* C nor — , n c Anc Z 2 AR; 3 3 

i=l Ans 

(3.11) 

Here, Anc=nc-nc.|, nø=0 and Rn=Redge- Rearranging gives an expression for AR^ 

Assuming that the plasma edge position Re(jge is known, the position of each 

subsequent critical density nc is given by: 

Rc - R c - i ~ -
n„ 

An, 

c-1 

- tøcnor " Rout + ^edge) " » » c ^ ^ W " ^-^ 
'AR; (3.12) 

In order to calculate the phase constants <t>ojC
 a reference density profile must be used. 

The positions of the critical densities are obtained from the reference profile. Inserting 

these in (3.11) then gives §o c at each critical density. 

The results obtained with the linear method are presented either in the form of 

profiles at selected time points, or as a 2D "streak plot". The streak plot shows the 

major radii of the reflecting density layers against time. Since the reflecting densities 

are fairly evenly spaced over the density range, the streak plot corresponds 

approximately to a contour plot of the density against time and major radius. 

3.3. The Multichannel Reflectometer System at JET 

The multichannel reflectometer system probes the plasma along the horizontal 

midplane with microwaves polarised in the ordinary mode. It employs separate launch 

and reception antennas, oversized wave guides for transmitting the microwave power 

to and from the antennas, Gunn oscillators as sources and a heterodyne detector 
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system [Prentice,86]. There are twelve discrete probing frequencies in the range from 

18 to 80 GHz, corresponding to critical electron densities from 0.4x10^ m~̂  to 

8x10*9 m-3 A schematic diagram of the multichannel reflectometer system is shown 

in figure 3.1, and the probing frequencies are shown in table 3.1 together with the 

corresponding densities. 

During an H-mode the density profile is relatively constant across most of the 

plasma, decreasing steeply in the edge region. Thus a spatial resolution of around 5 

cm or less is needed to obtain quantitative measurements of the edge density profile. 

The reflectometer has the advantage that it measures the radial positions of layers of 

fixed density. Most of the reflection points are found where the density gradient is 

steepest, resulting in a good spatial resolution in the edge region. This is illustrated in 

figure 3.2, where a schematic of the measurement positions on the density profile is 

shown. 

The reflectometer has two independent arrays of detectors: 

1) The coherent detectors measure a combination of phase changes, caused by 

movements of the reflecting layer, and amplitude changes of the reflected wave. This 

is equivalent to homodyne detection. Frequency spectra of the density related 

fluctuations can be computed from the data; the maximum sampling rate is 500 kHz. 

At present the maximum bandwidth of the low-pass filtering is only 100 kHz, so the 

sampling rate has been kept at 200 kHz in the discharges used for ELM studies. 

2) The fringe counters measure the phase part of the signal 4>(t) in units of fringes 

(one fringe is equivalent to a phase change of 2n radians). The resolution is 1/128 

fringe corresponding to movements of the reflecting layers of around 0.2 mm. In order 

to eliminate the effects of high frequency density fluctuations the fringe counter data 

is bandpass filtered, at a bandwidth of 3 kHz. Apparent "jumps" in the measured 

phase still occur occasionally, caused by a momentary loss of signal from the plasma 

arm. This results in the phase counters measuring the phase change of the reference 

arm, at the internal frequency of 10 MHz, rather than the change in phase difference 

between the two arms. The reflected signal can disappear for several reasons. The 

most important for ELM studies is scattering of the microwave radiation by 

turbulence, away from the receiving antenna, and Doppler shift of the microwave past 

the 3 kHz bandwidth of the filters, due to fast movements of the reflecting layer. Most 

of the phase jumps are eliminated during the off-line data processing by taking the 

time derivative of the signals and removing the spikes in ddj»/dt corresponding to the 

jumps. 

Risø-R-700(EN) 33 



_yv 

10.7 MHz 
osdlator 

I 
phasetock 
loop (PUL) 

I 
Gunn-
oscOafor2 
f+10.7MHz 

^J 

1 ' 
coherent 
detector 

programmable 
filters 

vf 

-t-

plasma 

<j-^j 
: 

mner 
1 

reference 
waveguide 

maer 
2 

UTMHZ + £-

signal 
amplifier 

Knuter 

phase 
detector 

period 
counter 

computer 

10.7 MHz 

reference 
ampfifier 

limiter 

\< u 

fringe 
counter 

Figure 3.1. Schematic of the multichannel reflectometet system at JET. 
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Figure 3.2, Schematic of the reflecting positions on the density profile. It is clear that 
the reflectometer has the best spatial coverage in the edge region, -where 
the density gradient is steepest. 

Channel no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12* 

Frequency (GHz) 

18.6 
24.3 
29.2 
33.8 

39.5 
45.2 
50.3 
57.1 
64.2 
69.5 

75.1 
80.2 

Density (xl019nr3) 

0.43 

0.73 
1.06 

1.42 
1.94 
2.53 
3.14 
4.05 
5.11 
6.00 
7.00 
7.98 

Table 3.1. The frequencies and the corresponding reflecting densities for the 
multichannel reflectometer. (*) In part of 1991-1992 channel 12 was 
disabled, and the data processing and storage facilities were used for the 
toroidal correlation reflectometer, as discussed in chapter 2. 
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Figure 3.3. Reflectometer phase data during a period of sweep/dwell operation. The 
gradual phase change superposed on the frequency sweeps is caused by a 
movement of the reflecting density layers, i.e. a change in the density 
profile. 

The reflectometer has two modes of operation; fixed frequency, for monitoring 

the relative movements of the critical density layers, and narrow band swept 

frequency, for generating density profiles. In the latter case, the frequency of each 

source is swept over a narrow band (typically 100 MHz). The resultant change of 

phase is measured, at a rate of around 25 samples/sweep. 

In order to compensate for phase changes caused by movements of the reflecting 

layers during the sweep the reflectometer employs a sweep/dwell technique. An 

example of the reflectometer phase signals during swept frequency operation is shown 

in figure 3.3. A number of fixed frequency samples is taken in the dwell periods 

between each frequency sweep [Sips,91J. These measurements are used to reconstruct 

a baseline corresponding to the movement of the reflecting layer. This can then be 

separated from the phase changes caused by the frequency sweeps. Alternatively the 

baseline can be used as fixed frequency data. 
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3.4. Phase Measurements During ELMs 

Due to the 3 kHz bandpass filtering the minimum sweep time is around 3-6 ms, 

separated by dwell periods of the same order. The narrow band sweep profiles are 

generated at a rate of one per sweep/dwell period i.e. with a temporal resolution of 10 

ms. Thus it is only possible to geneiate profiles when the positions of the reflecting 

layers do not change abruptly during the sweep. As the density perturbations during 

ELMs occur on a time scale of 0.5-2 ms, they are too fast to be studied using narrow 

band sweep profiles. Also, the ELMs generally disturb the positions of the reflecting 

layers enough that it is impossible to generate density profiles at all from sweep-dwell 

periods containing any ELMs. 

The temporal resolution of the fixed frequency phase data is 0.3 ms, fast enough 

to resolve the ELMs. The fixed frequency phase data have the following limitations: 

• 3 kHz filters limit the movement of the reflecting layers that can be observed; the 

maximum observable radial velocity is around 10 m/s. 

• All methods of generating profiles from fixed frequency data require a reference 

density profile in order to establish the absolute position of the reflecting layers. 

• Since the fringe counters measure the total phase change, a fixed frequency 

profile will be corrupted by any phase jumps in the period between the time of the 

reference profile and the time of interest. Thus a new reference profile must be 

used in each period of good data between phase jumps. 

The gradient method depends on linear regression of data from several channels. 

This results in a fairly good tolerance of phase jumps on any single channel. 

Furthermore the error on the linear fit at any given time can be calculated. This error 

is due to phase jumps and to changes in the profile shape, in the period since the 

reference profile time. As the change in profile shape during ELMs is small, the error 

gives an estimate of the data corruption caused by phase jumps during the ELMs. 

Comparisons show that the linear approximation to the density profile is usually good 

in the edge region, particularly during the H-mode [Colton,91]. 

The gradient method has been used to calculate the average density gradient in 

the edge region. In figure 3.5 the linear density gradient is shown during one medium 

and two small ELMs. The calculation is based on a reference profile in the beginning 

of the period, shown in figure 3.4. The uncertainty on the gradient increases during 

each ELM. The reason for this is most likely that the reflecting layers move faster 

than can be observed by the fringe counters due to the 3 kHz filtering. The maximum 

velocity that can be resolved by the filters is around 10 m/s, whereas in the following 

the density perturbation is found to propagate radially at a velocity of around 13 m/s 

by comparison of several channels [Colton,92a]. 

Risø-R-700(EN) 37 



The linear method was developed to overcome the limited radial resolution of the 

gradient method. It allows the movement of each critical density layer to be calculated 

individually. Thus the radial propagation of a density perturbation or build-up can be 

resolved. As an example a streak plot of the critical densities against radius and time 

generated by the linear method is shown in figure 3.6, during the three ELMs of 

figure 3.5. The larger ELM originates between n= 1.4x10*9 and n=2xI0'9 m~3„ 

causing an outward propagating density perturbation. A propagation velocity of 13 

m/s is found by calculating the time delay between the pulse at different reflecting 

densities, thus overcoming the limited time response of each channel due to the 3 kHz 

filters. 

The main disadvantage of the linear method is the lower tolerance for phase 

jumps, as the calculation of each critical density position will be corrupted by errors in 

the phase data at any lower density. Furthermore it is also necessary to obtain the 

plasma edge position from another diagnostic. 

An alternative to the phase detector data is to obtain phase measurements from 

the homodyne fluctuation detectors. In the beginning of the H-modc it is usually 

possible to see the outwards movement of a reflecting density layer as a sinusoidal 

perturbation of the fluctuation data, corresponding to a phase change of several times 

2ft. By measuring the phase change in a given time interval on each of the moving 

channels, the change in profile can be calculated using the linear method. This method 

is particularly suitable for the ELMy period in the beginning of the H-mode. Due to 

the ELMs continuous data are not available from the phase detectors. The fluctuation 

data have sufficient temporal resolution to cope with the ELMs, and the density 

perturbations caused by the ELMs are small enough that the underlying phase change 

due to movement of the reflecting layer is clearly visible. An example of a profile 

calculated from fluctuation data is shown in figure 4.7 on page 63, and the raw 

fluctuation data are shown in figure 5.3 on page 83. 
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Figure 3.4. The reference profile and the linear approximation that is used for 
calculating the gradient method results in figure 3.5. 
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Reference Profiles for Calibration 

There are three possibilities for reference density profiles: LIDAR, the FIR 

interferometer and swept frequency reflectometer profiles. 

The processing of swept reflectometer data is currently under development 

towards automatic profile generation [Sips,93]. As a result the elimination of possibly 

corrupt data is severe. Profiles are not available in ELMy periods, and in general the 

profiles are limited to the lower density channels, below the channels where the fixed 

frequency data show significant changes. A separate program has been developed in 

order to provide reference profiles from sweeps just before or after an ELM. This 

program bypasses the automatic elimination of suspect data and generates one profile 

from each frequency sweep without correcting the t(n) data against neighbouring 

sweeps. Instead the uncertainty on the density profile is calculated from the 

uncertainties on the t-values, and the profiles are validated manually. 

The reflectometer profiles should in theory have a far better radial resolution than 

the LIDAR and FIR interferometer profiles, but in reality the radial uncertainty is of 

the order of 10 cm, similar to the resolution of the other profiles. An example of such 

a density profile is shown in figure 3.7, together with error bars showing the 

uncertainty on the radial positions of the reflecting layers (lx the standard deviation to 

either side). 

One particular problem is that the reflectometer measures the profiles as R(ne) 

rather than ne(R). The uncertainty on R(ne) combined with the steep edge gradient 

therefore often results in layers of higher density being placed further out towards the 

plasma edge than the lower density layers. This is physically impossible, and results 

in a large uncertainty on the density gradient. 

In the following density profiles from the FIR interferometer have generally been 

used. LIDAR profiles have a better spatial resolution, but the temporal resolution of 

one profile every 1.2 s is not usually sufficient to give a reference profile in a given 

period of good phase data. Also, the radial positions of the FIR interferometer profiles 

are based on the magnetic equilibrium in JET, and these usually differ some 6 cm 

from the radial positions of the LIDAR profiles. The FIR interferometer profiles have 

been chosen to allow comparison with the radial positions of the ECE temperature 

profiles, which are determined from the magnetic equilibrium as well. 
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3.5. Reflectometer Response to Fluctuations 

When density fluctuations in a plasma are measured with a reflectometer, the 

interpretation of the measurements depends on several factors. To summarise, a 

coherent detector of JETs multichannel reflectometer (equivalent to a homodyne 

detector) measures the phase difference between a wave reflected from a position in 

the plasma corresponding to a critical density nc, and from the reference arm of the 

reflectometer. The measured phase change corresponds to the radial movement of the 

reflecting density layer, i.e. the density fluctuations. Furthermore any fluctuations in 

the amplitude of the reflected wave, i.e. in the attenuation of the wave during 

reflection and propagation through the plasma, will also cause fluctuations in the 

measured signal. The measured signal is given by the following expression: 

S(t) = A(l + å(t))cos(«j»0(t) + $(t)) (3.13) 

Here A is the amplitude of the reflected signal (in the following referred to as 

attenuation to avoid confusion with amplitude of the density fluctuations), a^t) is the 

relative fluctuation in attenuation, $ t ) is the phase fluctuation and <|>0 is the 

underlying phase during the fluctuations. <{>0(t) is constant on the time scale of the 

fluctuations, but may vary on a slower time scale corresponding to density profile 

changes. The relative sensitivity of the measured signal to fluctuations in attenuation 

and phase depends on the value of (J>0. If <{>os0, the cosine will damp the effect of 

phase fluctuations, and if «p0=±7t/2 the phase fluctuations will have a significant effect 

on the signal. 

If the position of the critical density layer oscillates radially over a distance 

corresponding to a phase change of n7t/2, the measured signal will go through n 

oscillation cycles for each cycle of the density oscillation, such that an apparent 

oscillation frequency of n times the actual frequency is measured by the reflectometer. 

At a typical reflectometer frequency of 30 GHz, a phase change of nil corresponds to 

a change in the critical density layer position of around 2 mm. MHD modes can have 

radial amplitudes of the order of em's, so the frequency multiplication may be 

significant in some cases. 

Phase Change Caused by Oscillation in the Density Profile. 

The density profile is approximated by a linear model with a constant gradient, n0/AR, 

from the plasma edge Redge t 0 a position Recjge-AR inside of the critical density, and 

a constant value n0 throughout the rest of the plasma. The linear profile is now 

overlaid with a localised oscillation in the position Rc of the reflecting density layer 

nc: 

42 Risø-R-700(EN) 



Rc = R c 0 + 5R sin ©t (3.14) 

This oscillation only affects the plasma density profile in a region stretching a 

distance d to each side of the centre R^o of the oscillation, as shown in figure 3.8. 

Inserting this expression for Rc in equation 3.11 (for the linear method) gives an 

expression for the phase fluctuation 8<|> as a function of 5R: 

4 n R 2 rr-^ . d 
8*c = - f Æ « . drel = 

Redge ~ Rc,0 
(3.15) 

The phase perturbation is proportional to the square root of the relative radial 

extent of the density perturbation. Thus the relative radial extent drei of the 

perturbation will influence the phase change, but only weakly compared to the radial 

amplitude 5R of the oscillation. 

Reflectometer microwave 

Rc,o R1 Redge 

Figure 3.8. Oscillating bump on the density profile: The position of the density layer 
at nc oscillates with amplitude hR and angular frequency to. The 
perturbation affects the density profile a distance dto each side of the 
oscillation centre RCQ. 
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For drei=l the perturbation reaches all of the way out to the plasma edge, 

corresponding to an oscillation in the linear gradient throughout the edge region. This 

gives the commonly used relation between the radial movement of the reflecting layer 

and the phase change 

4JTF 2 
5 < | > c = - - ^ - S R (3.16) 

c 3 

where the phase change equals 2/3 of the phase change that would occur over the 

same distance in vacuum. 

Various types of density perturbations all result in a 8<j> that is proportional to 6R, 

with a proportionality constant that depends on the perturbation. In the following the 

simplest expression (3.16) has been used, but this could easily be changed to take 

account of any other specified density perturbation. It should be noted that the 

calculations are based on the phase equation (3.11), which is an approximation to the 

full wave solution. Investigation of the phase response to a density perturbation using 

the full wave equation falls outside the scope of this study. Numerical solutions of the 

full wave equation for several types of density perturbations can be found in 

[Cripwell,92b]. 

Model of Reflectometer Response to Density Oscillations 

The reflecting density layer is assumed to oscillate with frequency co and 

amplitude dR, resulting in a phase oscillation of amplitude 5<|>°c5R. Inserting in (3.13) 

gives an expression for the oscillation in the reflectometer signal 

S(t) = A(t)cos(<|>0(t)-8<|>sincot) 

= A(t)[cos<(»0 cos(8<|> sin cot) + sin<p0 sin(8<j> sin cot)] 

where 8<j>>0. Inserting an expansion in terms of Bessel functions [Abramowitz,65] 

gives: 

r 
S(t) = A(t) cos<t>0J0 +2cos<{>07 J2i(Cos2kcot 

V k=i 

+2sin<j>0T^ J2k+i sin(2k + l)cot 

k=l (3.18) 

k=0 

where Jj=Jj(8<|>). The signal attenuation is also assumed to oscillate with frequency co, 

amplitude a, and shifted 9 relative to the phase oscillation. 

A(t) = l + asin(cot + 9) = l + acos0sincot + asin0coscot (3.19) 

This is inserted in the signal expression (3.18) and reduced (see appendix A.2 for 

details of the calculation): 
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S(t) = J0 cos(j>0 +aJ,sin(t>0cosG 

+ V {[2J2k+i sin<(»0 +a(J2k - J 2k+2) cos<|>0 cosØ] sin(2k + l)<ot 
fc=0 

+a(J2k + J2k+2)cos<|>0sinØ cos(2k + i)©t} (3.20) 

+ V { [ 2 J 2 k cos<|>0 + a(J2k+i - J2k_j)sin<(>o cosØ] cos2ka>t 
k = l 

+a(J2k+i + J2k-i)sm<t»osm^ sin2k©t} 

In the following section this expression has been used to calculate and plot the 

reflectometer signal for various combinations of the parameters ty0, a, T and 5<|>oc5R. 

In order to obtain the relative power in each frequency component, the signal 

given by (3.20) is Fourier transformed and squared to give the autopower spectrum 

[BendafJ: 

P(co') = [J0cos<|»0 +aJ1sin<j>0cos6]28(co) 

+ X U2J2k+i s m * o + a(J2k " J2k+2)cos<l'o c o s e l 2 

k=0 

+[a(J2k +J2k+2)cos(|>0sine]2}8(co'-(2k + l)(o) (3.21) 

+ 2]{[2J2kcos<f»o +a(J2k+i -J2k-i) s i n < l ,ocose]2 

h[a(J2k+l + J2k-l)sm<l>0s'n^]2 P(G>' -2k©t) 

k = l 

+1 

In the following this expression has been used to calculate the spectral power that the 

reflectometer observes at the different harmonics of the oscillation frequency (in the 

following, the fundamental frequency is referred to a the first harmonic). The spectral 

power in each harmonic is plotted against the various parameters of the perturbation. 

Numerical Implementation of the Model 

A program has been constructed to simulate and plot graphs of the signal 

oscillations seen by the reflectometer. The reflectometer signal is calculated from 

(3.20), using (3.16) for the relation between 8<(> and 5R. The spectral power density in 

each of the frequency components is calculated from (3.21) and normalised as 

follows: 

• The DC component is divided by the total signal power, i.e. the sum of the 

spectral power in the DC component and each of the AC components. Thus it 

describes the fraction of the total spectral power that is distributed to the DC 

component; the rest goes to the AC components. 

• Each AC component is divided by the total AC power, i.e. the sum of the spectral 

power in all the AC components only. Thus it describes the fraction of the total 

AC spectral power that goes to each harmonic of the base frequency. 
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3.6. Simulation of the Reflectometer Signal 

Effect of Underlying Phase 

Under the commonly assumed conditions, where <|>0=JI/2, a « l and 8<t><7t/2, all 

the spectral power lies at the first harmonic as expected. However the underlying 

phase, <|»0, changes as the plasma density profile evolves, and must generally be 

considered to have an arbitrary value between 0 and 2n at any given time. When <(>0 is 

close to 0, (3.21) shows that the spectral power is divided between the DC component 

and the second harmonic of the density oscillation frequency. This effect is 

demonstrated in figure 3.9, where the simulated reflectometer signal is plotted during 

two oscillation cycles for <j>o
=0,7t/6, TT/3 and n/2, with 5R=1 mm and a=0. The shift of 

the spectral power from the first to the second harmonic is also illustrated in 

figure 3.10, where the relative spectral power in each of the harmonics of the 

oscillation frequency is plotted against <f>0. Mathematically, the explanation for this is 

that the cosine in the expression for the reflectometer detection (3.13) is symmetric 

around 0. Physically the reflectometer signal is at peak level for §o=0, and a 

movement of the reflecting layer will cause the reflectometer to record a decrease in 

signal, regardless of whether the direction is inwards or outwards. Consequently each 

half-cycle in a density oscillation, from 0 to SR and back to 0, and from 0 to -6R and 

back to 0, are seen as identical and recorded as full cycles in the phase oscillation, at 

twice the frequency of the physical oscillation. 

Oscillation in Signal Attenuation 

Traditionally the oscillation in signal attenuation, which may be induced by an 

oscillation in position of the reflecting layer, has been ignored. The main reason is that 

at present it is not possible to give a reasonable estimate of the modulation in 

attenuation that affects the experimental data [Cripwell,92a]. 

Introducing an oscillation a of the signal attenuation in the expression (3.20) for 

the reflectometer signal will superpose an oscillation in the first harmonic upon the 

oscillation caused by the phase fluctuations. This helps to increase the spectral power 

at the first harmonic, when <f>0 is close to 0 and most of the spectral power of the phase 

oscillation lies at the second harmonic. In figure 3.11 the reflectometer signal is 

plotted for a relative modulation in attenuation of 0.05, 0.1, 0.2 and 0.5 during two 

cycles, with <{>o=0 and 8§«n. In figure 3.12 the spectral power in each harmonic is 

plotted against the relative modulation of the attenuation, for the same parameters. In 

the plot of the signal the effect is not visible for a<0.2, but the plot of the spectral 

power shows that a modulation of the signal attenuation of only 0.2 or 20 % is enough 
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to shift half of the normalised spectral power from the second to the first harmonic. 

When experimental results show a continuous oscillation at the first harmonic during 

periods with changing <|>0, it could thus be due to the oscillation in signal attenuation. 

The amplitude modulation could be caused by several physical effects, the most likely 

of which are [Cripwell,92a]: 

• a change in attenuation as the distance from the reflectometer to the reflecting 

layer changes. 

• a change in the angle between the reflectometer wave and the direction of the 

density gradient during the propagation path and particularly at the reflection 

point. This would cause a change in the fraction of the reflectometer microwave 

that is reflected back towards the antenna. 

The modulation of the attenuation that is induced by a particular oscillation would 

depend on the antenna pattern, the position of the antenna relative to the plasma 

midplane, the radial position and scale length of the density oscillation and so on. In 

some cases there may be a phase difference 6 between the oscillation in attenuation 

and phase. 

The simulated reflectometer signal is plotted in figure 3.13 for a=0.S and 4>o=0, 

7t/6,7i/3 and rc/2, and the spectral power in each harmonic is plotted against $0 for 

a=0.5 in figure 3.14. In this case, the first harmonic dominates for all values of $ 0 . 

In figure 3.15, the simulated reflectometer signal is plotted for a=0.5, $o=0, and 

with a phase difference between the oscillation in phase and signal attenuation of 8=0, 

7t/6,7c/3, and nil. The shape of the signal curves change quite dramatically. However 

figure 3.16, where the spectral power in the harmonics are plotted against T, shows 

that 80-90 % of the spectral power goes to the first harmonic for all values of 0. Thus 

the distribution of the normalised spectral power in the first and second harmonic is 

fairly independent of the phase difference 0 between the oscillation in phase and 

signal attenuation. 

Large Phase Oscillation 

When 5<j> is larger than ft/2 the higher harmonics become important. In the 

numerical simulations 5ty=n/2 corresponds to 8R=2 mm. The reflectometer signal is 

plotted for 8R=1, 2, 4 and 8 mm, with a=0 and $0=n/2, in figure 3.17. For 8R less 

than 2 mm, the reflectometer signal describes the density fluctuation spectrum 

correctly, but as 8R increases above 2 mm, the measured signal is obscured by higher 

harmonics. The spectral power in the different harmonics is plotted against 5R in 

figure 3.18. At 8R=4 mm the first harmonic has disappeared from the spectrum. For 

higher values the first harmonic reappears again in periods, as dictated by the bessel 

functions in the equation for the autopower spectrum (3,21). This equation also shows 
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that at an underlying phase of w/2 there is no components at even multiples of the 

fluctuation frequency. At an underlying phase of 0, all the spectral power would be 

distributed to the second and higher even numbered harmonics. In the case shown in 

figure 3.18 the spectral power is highest at the third harmonic for an oscillation 

amplitude of 4.5 mm, and at the fifth harmonic for an amplitude of 8 mm, and for an 

amplitude of only 9 mm the largest amount of spectral power lies at the seventh 

harmonic. 

3.7. Comparison with Experimental Data 

Data from the phase detectors of the reflectometer show that during an ELM 

precursor oscillation, the underlying phase may change as much as K/2 due to a 

movement of the reflecting layer. The phase variation can thus be large enough that 

the proportion of the spectral power in the fundamental and the second harmonic 

component changes significantly. However, the value of +0 at the start of the 

precursor will be randomly distributed both on the different reflectometer channels, 

and also at the start of separate ELMs on the same channel. Any observations that are 

consistent for several channels, and for several ELMs on the same channel, must 

therefore be independent of any frequency doubling or damping caused by the value 

of the absolute phase. 

The autopower spectrum is shown for two small ELMs in figure 5.21 on page 

110. Prior to each ELM a quasi-coherent precursor oscillation is observed, starting at 

around 50 kHz. There is no evidence of any quasi-coherent oscillations at lower 

frequencies, so this is assumed to be the first harmonic. At 95 kHz an oscillation 

component at the second harmonic of the frequency is seen. Prior to the ELM the 

frequency of both the first and the second harmonic component of the precursor 

decreases. The spectral power density in the second harmonic is however much 

smaller than in the first harmonic for all three ELMs. This is characteristic for the 

ELM precursors in JET. A possible interpretation is that the oscillation in the signal 

attenuation is significant enough to cause a oscillation in the reflectometer signal at 

the first harmonic even for $ 0 close to 0. On a more practical note, this indicates that 

the experimental data generally are reasonably independent of changes in the 

underlying phase. 
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Figure 3.9. Plots of the reflectometer signal for varying $Q: with no modulation of the 
attenuation, the oscillation frequency doubles at +ø=0. 
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Figure 3.10. Plots of the autopower in the frequency components against $0: At ifo=0 
the power is split between the DC component and the second harmonic. As 
$0 approaches n/2, the power shifts to the first harmonic. 

Risø-R-700(EN) 49 



I-

t >—, . , » I I • » — » 1 a=0.05 
2 a=0.10 
3 a=0 20 
4 a=0.50 
4o=0. 8R=0.001 m 

10 ' J I- It I I .M 

Time (us) 

Figure 3.11. Plots of the reflectometer signal for a =0.05, O.J, 0.2 and 0.5, and$o=0. 
The frequency doubling is reduced by the oscillation in attenuation. 
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Figure 3.12. Plots of the autopower in the frequency components against the relative 
oscillation in attenuation, at $0=n/2: For an a-value of only 0.2, half the 
spectral power has already shifted from the second to the first harmonic. 
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Figure 3.13. Plots of the reflectometer signal for 4>o=0. tU6, n/3 and ti/2, anda=0.5. 

The frequency doubling is decreased at tyo=0 and increased slightly at 
if0=tt/2 by the amplitude oscillation. 
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Figure 3.14. Plots of the autopower in the frequency components against typ, for 
a=0.5. The frequency doubling is reduced at $o=0 and increased slightly at 
ty0=n/2 by the oscillation in attenuation, so most of the spectral power lies 
in the first harmonic for all values ofifp. 
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Figure 3.15. Plots of the reflectometer signal for ifo
s0, a-0.5 and 8=0, n/6, iU3 and 

•n/2. The curves change shape, but the first harmonic is still clearly visible 
in the oscillation 
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Figure 3.16. Plots of the autopower in the frequency components against Bfor a=0.5 
andpo=0. The spectral power distribution is fairly constant, with around 
85% of the spectral AC-power in the first harmonic. 
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Figure 3.17. Plots of the reflectometer signal for SR=1, 2, 4 and 6 mm, ^0=n/2 and 
a=0. For bR greater than 3 mm, the higher harmonics in the oscillation 
become significant. 
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Figure 3.18. Plots of the autopower in the frequency components against hRfor a=0 
and §0=TI/2. For SR greater than 3 mm the spectral power shifts 
periodically to the higher harmonics. For a bR of only 5 mm, the power in 
the fifth harmonic is significant. 
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Figure 3.19. The reflectometer fluctuation data at several critical densities during a 
large plasma oscillation at a frequency of around 200 Hz. On the outermost 
channel the amplitude of the oscillation is small enough that first harmonic 
is dominant. On the channels further inside it is clear that the amplitude of 

c A the oscillation corresponds to a phase change 5<J> of more ^ | ' 0^?7OO(EN) 



The effect of an oscillation with a large amplitude 6V(> is illustrated in figure 3.19, 

where the reflectometer fluctuation data are shown at several densities during a large 

MHD-mode. On the outermost channel the phase change during the oscillation is less 

than TI, and there is clearly no significant higher harmonics in the signal. On the 

channels further inside the plasma it can be seen how each cycle of the oscillation 

causes a phase change of more than n, similar to the simulated reflectometer signals in 

figure 3.17. 

It is clear that when reflectometry data show several higher harmonics of an 

oscillation, these may not exist physically. Instead the observation of several higher 

harmonics should be interpreted as an indication that the oscillation in phase is larger 

than n/2, corresponding to a radial oscillation of more than 3 mm or so. 

Summary and Conclusions 

Simulations of the reflectometer response sh"w that depending on the absolute 

phase, a certain amount of frequency doubling occurs. If however the density 

oscillation causes a significant oscillation in the signal attenuation, this will ensure 

that some of the spectral power is distributed in the fundamental of the oscillation 

frequency. An oscillation with an amplitude corresponding to more than nil will also 

give rise to components at several higher harmonics of the fundamental oscillation 

frequency. 

The experimental data do not show any significant changes corresponding to 

changes in the absolute phase (ftø; This suggests that the experimental data contain a 

significant amount of fluctuations in signal attenuation, around 10-20% or more. A 

smaller amount of power is also observed at the second harmonic of the ELM 

precursor frequency independently of the absolute phase <|>o, in agreement with the 

model. 

To conclude, it is necessary to be aware of the possible effects that can influence 

the reflectometer response, but if experimental data show fluctuation features that are 

consistent over several channels and several events on the same channel, they can be 

regarded as real and independent of reflectometer signal changes due to the 

underlying phase. The existence of several higher harmonics of an oscillation are 

however not likely to be physical; generally this should be interpreted as evidence that 

the radial oscillation is larger than »3 mm. 
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4. Evolution of the H-mode in JET 

4.1. Introduction 

The H-mode in tokamaks is characterised by a very steep radial electron density 

gradient in the edge region. In this chapter, the detailed radial build-up of the electron 

density and electron temperature profiles in the edge region is investigated. The 

results from JET are compared to data from the ASDEX and DIII-D tokamaks. The 

localisation of ELMs on the density and temperature profiles is used to confirm the 

relative radial positions of the steep edge temperature and density gradients. The 

evolution of the density and temperature profiles towards the end of the H-mode is 

investigated, and finally the termination of the H-mode is discussed. 

The investigation of the profile build-up is motivated by the study of repetitive 

low amplitude ELMs, which typically occur after the L-H transition. In chapter 6 it 

will be shown that the repetition frequency of these ELMs is strongly correlated to the 

plasma temperature. In order to establish whether the driving mechanism is the 

temperature, the pressure or the gradient of either, it is necessary to know the detailed 

evolution of both the density and temperature profiles in the edge region. 

The discussion of the profile evolution towards the end of the H-mode is likewise 

necessary for studying the ELMs that often terminate a quiescent H-mode. In chapter 

6 the trajectory of ELM prolonged H-modes in parameter space is investigated, and 

again the details of the profile evolution must be known in order to establish possible 

driving parameters for this type of ELM. 

4.2. Edge Profile Build-Up at the Start of the H-mode 

Edge Temperature Profile 

The typical evolution of the edge temperature and density profiles in JET is 

illustrated by discharge #27221, with a plasma current of 2.0 MA and a toroidal 

magnetic field of 2.4 T. In figure 4.1 the global parameters for this discharge are 

shown. The plasma is ohmic until t=9.5 s, when 4 MW of additional heating is 

applied. A transition from L-mode to H-mode then occurs at around 9.8 s, followed by 

a series of small ELMs during the first 100 ms of thre H-mode. After the L-H 
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transition, both the volume averaged plasma electron temperature and density increase 

rapidly. 

The evolution of the electron temperature profile during the L-H transition has 

been studied with the ECE heterodyne radiometer. The ECE temperature 

measurements are limited to the region where the plasma is optically thick, which is 

typically for densities greater than 0.6x10^ m~3. In the example considered here, 

most of the edge region covered by the steep edge gradient, out to R=4.13 or p=0.97, 

is optically thick. The temperature profile is shown for discharge #27221 in figure 4.2. 

Between the two outermost optically thick measurements the temperature gradient is 

significantly steeper than in the rest of the plasma edge region, where it is fairly 

constant. In figure 4.3 the evolution in the local temperature gradient is plotted, at four 

radii in the edge region. It is clear that the steep temperature gradient between the two 

outermost measurement points increases throughout the illustrated period of 1.2 s, 

after the L-H transition at t=9.8 s. At the end of the period the edge gradient is 10 

times steeper than the gradient further inside. It is also clear from figure 4.3 that the 

temperature gradient in the rest of the edge region does not increase after the L-H 

transition. This evolution of the temperature profile is typical for H-modes in JET. 

Generally, the steep edge temperature gradient only extends over the two 

outermost measurement points. A better spatial resolution is needed to resolve the 

edge gradient fully. Hence the measured gradient represents a lower limit for the 

actual gradient. Furthermore, if the plasma is not completely optically thick at the 

outermost measurement point the ECE measurements will show a slightly higher 

value than the actual thermodynamical temperature. This would also result in too low 

an ECE edge temperature gradient. 

To conclude, during the H-mode the temperature profiles show a significantly 

steeper gradient in the outer edge region, at p>0.9, than in the rest of the edge region 

inside p=0.90. During the profile build-up in the beginning of the H-mode, this edge 

gradient increases an to order of magnitude more than the gradient in the rest of the 

edge region. 

Looking at the evolution in temperature with time, the increase in edge 

temperature is composed of an underlying slope related to the amount of plasma 

heating power, overlaid with a "hump" each time a heat pulse reaches the edge region. 

The heat pulses originate in the centre of the plasma, where the so-called sawtooth 

instability causes a sudden loss of energy. This is illustrated in figure 4.6 where the 

increase in edge temperature is shown for discharge #24708, during a H-mode with a 

long period of ELMs after the L-H mode transition. Both the temperature throughout 

the edge region, and the steep edge temperature gradient, increase in steps each time a 

sawtooth generated heat pulse reaches the edge region. 
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In discharge #24708 the underlying increase in temperature is approximately 

equal to the decrease that would otherwise occur after each sawtooth heat pulse, 

resulting in a stepwise increase in the temperature. In discharges with higher heating 

power the temperature increases gradually between each sawtooth pulse. In other 

discharges the energy carried by each sawtooth pulse can be so small that the heat 

pulse perturbation is damped before reaching me plasma edge region. In this case the 

edge temperature increases smoothly rather than in steps, as seen for discharge 

#27227 in figure 5.8 on page 89. 

Edge Density Profile 

In general the reflectometer phase data, used for generating density profiles, are 

not available continuously during ELMy periods (as discussed in chapter 3). In 

discharge #27221 this is not a problem, since the ELMy period after the L-H 

transition is so brief that most of the edge density profile build-up takes place during 

the quiescent H-mode afterwards. A streak plot of the evolution in density after the 

L-H transition is shown in figure 4.4 The density streak plot is calculated using the 

linear method described in chapter 3. The absolute radial positions of the reflecting 

density layers are determined by employing a FIR interferometer profile for reference. 

At the start of the time interval 50 ms after the L-H transition, the two outermost 

density layers at n=0.4xl0^m"3 and n=0.7xl0^m"^ are stationary, with a steep 

density gradient. The density layers further inside move rapidly outwards after the 

transition, until they one by one reach the region of the steep edge gradient. Once each 

density layer has reached this edge region, it remains stationary throughout the rest of 

the H-mode. 

The corresponding radial density profiles are shown in figure 4.5, at the same 

seven time points in the beginning of the H-mode as the temperature profiles in figure 

4.2. With respect to the density profile the plasma can be divided into two regions; the 

edge region at p«0.9-1.0, and the bulk plasma region from the plasma centre to «0.9. 

It is characteristic of the H-mode that the density profile in the edge region shows a 

very steep gradient. In the bulk region the density profile is comparatively flat, with 

an absolute density that keeps increasing throughout the quiescent H-mode. The figure 

shows that the steep gradient in the edge region remains constant. At the edge of the 

bulk region the gradient builds up until it reaches the constant value of the steep 

gradient in the edge region. Thus the edge region expands inwards, and the density at 

the top of the steep edge gradient increases. The profile evolution is similar to the 

building of a pyramid; as each layer is added, the edge slope is extended inwards. 

In order to judge the accuracy of the observations it should be noted that the 

reflectometer measures the relative movements of the reflecting layers with an 
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uncertainty of around 0.05 cm during ELM free H-mode periods. However the 

absolute positions of the reflecting layers, and the resulting profile shapes and 

gradient values, depend entirely on the profile used for reference. The spatial 

resolution of the reference profile is generally not sufficient to resolve the steep edge 

density gradient fully. 

To conclude, it is clear that the steep density gradient in the edge region remains 

constant, while the profile build-up takes place at the top of the steep edge gradient, as 

this observation is based on the relative movements of the reflecting layers. An 

estimate for the edge density gradient of dng/dr^xlO20 m - 4 is obtained from a 

LIDAR profile. Due to the limited spatial resolution this only gives a lower limit for 

the edge density gradient; the actual density gradient could be several times higher. 

#27221 

D(X R=3.11 (a.u.) 

Total heating power (MW) 

Total radiated power (MW) 

Total plasma energy (MJ) 

Vol. averaged density 

(X1019 m-3) 

Vol. averaged temperature 
Temperature, p=0.85 (keV) 

Dist. upper X-point - wall (m) 

Dist. lower X-point - wall (m) 

Dist. outer midplane - wall (m) 

9.0 -jo.O 11.0 12.0 
Time (sec.) 

Figure 4.1. Global plasma parameters after the L*H transition for #27221. 
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Figure 4.2. Temperature profdes after the L-H transition for #27221. 
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Figure 4.3. Evolution of temperature gradients after the L-H transition for #27221. 
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Figure 4.4. Reflectometer density contours after the L-H transition for #27221. 
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Figure 4.S. Density profile evolution after the L-H transition for #27221, calculated 
from fixed frequency reflectometer data. 
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Figure 4.6. Increase of temperature, temperature gradient and volume average 

density after the L-H transition for U24708. 

Density Profile Build-Up during L-H Transition ELMs 

The radial evolution of the density profile during the ELMy period in the 

beginning of the H-mode has been calculated from the reflectometer fluctuation 

measurements, as described in chapter 3. The density profiles have been generated 

using the linear method, with a LIDAR density profile being used for reference in 

order to resolve better the "knee" in the density profile at the top of the steep edge 

gradient. 

The evolution of the density profile is shown in figure 4.7 for discharge #24734, 

in the beginning of the ELMy period after the L-H transition. The data show the 

density profile building up to a critical gradient on channel 4, at n=1.4xl0^ m*3. The 

increase in gradient at n= 1.4x10^ m~3 slows down and stops, when the critical 

gradient is reached, at the end of the 40 ms period. 

The reflectometer fluctuation data for discharge #24734 are shown in figure 5.3 

on page 83. On the outer channels, at n£l .1x10^ m~3, in the region of constant steep 

gradient, the profile recovers to the pre-ELM value after each ELM perturbation, so 

the underlying profile shape and gradient is not affected by the ELMs. The reflecting 

density layer just inside the top of the steep edge gradient is moving outwards as the 

gradient builds up. Each ELM causes a small inwards movement corresponding to the 
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particle loss, and it is clear that this delays the underlying outwards movement 

slightly. Thus the ELMs do not affect the profile in the constant gradient region, but 

they slow down the rate of the density profile build-up. 

A similar density profile build-up is observed in all cases where fluctuation data 

are available during the ELMy period after the L-H transition. It is identical to the 

results from ELM free H-modes, confirming that the constant edge gradient, and the 

shape of the profile during the H-mode density increase, are independent of the ELMs. 

In figure 4.6, the volume average density is shown during several series of ELMs 

separated by short ELM-free periods in the beginning of the H-mode. In this case, the 

rate of increase in the volume volume averaged density is significantly higher in the 

ELM-free periods than during the ELMs. As the steep density gradient in the edge 

region remains constant, the only effect of the ELMs is to suppress the rate at which 

the steep gradient builds up and the edge region expands. 
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Figure 4.7. Density profile evolution during the ELMy period at the L-H transition 
for U24734, calculated from reflectometer fluctuation data. 
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Figure 4.9. Density profiles from DIII-D during the L-H transition [Peebles, 92]. 
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Edge Density Profiles from other Tokamaks 

For comparison, edge density profiles from the ASDEX tokamak are shown in 

figure 4.8 at several time points between the L-mode and the ELM free H-mode 

[Manso,91]. The profiles have been measured with a broad band swept frequency 

reflectometer. Density profiles in the edge region of the DIII-D tokamak are shown in 

figure 4.9 at several time points during the L-H transition [Peebles,92]. In both cases 

the profile evolution is similar to that observed at JET. As the density increases, the 

steep edge gradient remains constant, and at the top of the edge gradient the profile 

builds up towards the constant value of the gradient further out. As a result the region 

of constant steep edge gradient expands inwards and the density at the top of the steep 

gradient increases. 

In both of the above figures, the first profile was measured during the L-mode 

phase before the transition, and it is possible to see that the steep edge density gradient 

only starts to build up at the L-H transition. At JET a corresponding L-mode profile is 

not available, since the reflectometer phase data are corrupted by phase jumps during 

the L-phase and the following ELMy period. 

Relative Positions of Density and Temperature Profiles 

In order to discuss the pressure profile it is important to establish whether the 

steep gradients of the temperature and density profiles coincide radially. The results 

indicate that the radial extent of both the steep edge density gradient and the edge 

temperature gradient is of the order of 10 cm. The uncertainty on the radial position of 

the profile is around 10 cm for both LIDAR, the swept frequency profiles of the 

reflectometer, and the ECE heterodyne radiometer. As the radial positions are 

determined by three independent calibration methods, it is not possible to compare the 

temperature and density profiles directly or calculate a pressure profile with a 

reasonable accuracy. The calculation of the position of FIR interferometer and ECE 

profiles are based on the magnetic equilibrium field, so they can be compared directly, 

but due to the limited spatial resolution of 20 cm the FIR interferometer cannot 

resolve the edge density gradient. LIDAR temperature and density profiles are 

calculated in the same radial positions so they can also be compared directly. 

However, the spatial resolution of the LIDAR profile, in combination with the random 

error on the temperature, is insufficient to resolve the steep edge temperature gradient. 

It is however possible to use the localisation of the ELMs on the temperature and 

density profiles to establish the radial positions of the profiles in relation to each 

other. As will be described in chapter 5, the L-H transition ELMs cause a temporary 

increase in both temperature and density in the outermost edge region, and a 
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corresponding decrease in the inner part of the edge region. The radial centre of the 

perturbation, defined as the inversion radius of the ELM, fall at n= 1.4x10*9 m~3, in 

the inner part of the region with a constant, steep gradient on the density profile. On 

the temperature profile the inversion radius falls in the region of the steep gradient at 

0=0.94, between the two outermost measurement points at p=0.92 and p=0.96. 

Assuming that the inversion radius of the temperature and density fall at the same 

radial position, it can be established that the steep gradient on the temperature and 

density profile are radially coincident, to within ±2 cm. However, the radial resolution 

of the edge temperature gradient is limited to to measurement points, whereas the 

absolute radial positions of the reflecting density layers only are known with the 

limited accuracy of the reference profile. The steep edge density gradient expands 

during the density profile build-up, so it may extend further inwards than the edge 

temperature gradient at high densities. On the other hand, if the radial extent of the 

edge temperature gradient is less than the distance between the two measurement 

points, it could expand radially similar to the density edge gradient. 

4.3. Further Evolution of the Edge Profiles 

Density 

It is characteristic that the volume averaged density continues to increase 

throughout a quiescent H-mode [Thomas,92]. This is illustrated in figure 4.10, where 

the plasma heating power and radiated power are shown together with the volume 

averaged density and temperature for discharge #24707. The figure covers two ELM-

free H-mode periods, separated by an ELMy period. The volume averaged density 

continues to increase throughout each of the ELM-free H-mode periods, also after the 

temperature starts to decrease as a result of a reduction in the heating power from 4 

MW to l.S MW. In figure 4.11 a streak plot of the density evolution is shown for 

discharge #24707, during the last half of the quiescent H-mode prior to the ELMy 

period. The density profile in the edge region, at n<3.1xI0'^ m'3, remains unchanged 

throughout this period. Thus the increase in density only affects the density profile 

further inside, at n>3.1x10*9 m'3. This indicates that the density profile continues to 

build up throughout the H-mode as observed in the beginning of the H-mode. Thus 

the steep density gradient in the edge region remains constant, but the region of the 

steep gradient expnds inwards as the density increases inside the edge re.rion. 

The edge density profile is not affected significantly by the heat and density 

pulses resulting from sawtooth instabilities. This is illustrated in figure 4.11, where 
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the density streak plot covers three sawtooth crashes during a quiescent part of the 

H-mode. The edge density profile remains unchanged by the sawtooth pulses. In 

contrast each of the sawtooth crashes cause a large perturbation of the edge 

temperature, shown together with the global plasma parameters for discharge #24707 

in figure 4.10. 

Temperature 

An example of the temperature evolution during a typical H-mode is shown in 

figure 4.10 for discharge #24707. In the beginning of the H-mode the underlying 

temperaure is increasing rapidly, but during the H-mode the rate of increase slows 

down. When the heating power is reduced from 4 MW to 1.5 MW, 300 ms before the 

end of the ELM-free H-mode period, the temperature immediately starts decreasing. 

The decrease continues until the beating power is stepped up again in the middle of 

the ELMy period. 
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Figure 4.10. Global plasma parameters and edge temperature during two H-mode 
phases for #24707. The edge temperature shows a large perturbation at 
each sawtooth generated heat pulse. 
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Figure 4.12. Temperature profile evolution in the last part of the H-modefor #24707. 
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Figure 4. IS. Plasma power balance during an H-mode with small ELMsfor #25942 

In general the edge temperature increase during the H-mode depends on both the 

applied heating power and radiated power loss. The radiated power loss is caused 

mainly by brehmsstrahlung and line radiation from impurities. If the applied heating 

power is kept constant throughout an ELM-free H-mode, the continued density 

increase inevitably leads to a gradual increase in radiated power [Thomas,92]. As a 

result the temperature increase slows down during the H-mode, and eventually it starts 

decreasing. As an example the heating power, radiated power, volume averaged 

density and the temperature at three radii are shown for discharge #27227 in figure 

4.13. The H-mode evolves after this pattern during the first quiescent H-mode period, 

and also between each of the giant ELMs later in the H-mode. It is clear that both the 

total radiated power and the brehmsstrahlung increases with the volume averaged 

density. 

Returning to discharge #24707, the evolution of the temperature profile in the last 

300 ms of the H-mode is shown in figure 4.12. Inside the steep gradient and 

throughout the rest of the plasma the temperature decreases approximately 7 %. The 

absolute drop in temperature is largest at the centre, resulting in a 7 % decrease in 

temperature gradient throughout the plasma as well. At the outermost measurement 

point, corresponding to the lower part of the steep edge gradient, the temperature 

remains constant. As a result the steep edge gradient decreases significantly, by 

J I I I I I L 
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around 15%. In this discharge, the temperature profile evolution during the 

temperature decrease corresponds to the reverse of the profile evolution observed in 

the beginning of the H-mode. 

The evolution of the temperature profile for discharge #27227 is shown in figure 

4.14 during the temperature saturation and decay in the last second prior to the first 

ELM. In the last 600 ms prior to the ELM, a temperature decrease of around 30 % is 

observed in the edge region at p<0.92, on the inside of the steep edge gradient. The 

decrease in temperature results in a decrease in temperature gradient as well. In the 

last 200 ms or so prior to the ELM the edge temperature profile moves 2.5 cm 

inwards. Hence it is possible that some of the apparent change in the edge temperature 

gradient is caused by the radial shift of the measurement positions on the profile. 

From 600 ms to 300 ms prior to the ELM the measurement positions remain fairly 

constant. During this period the edge density gradient decreases, though not 

significantly more than the gradient in the rest of the edge region. At present the 

available data are insufficient to determine, if the temperature profile evolution 

depends on whether the decrease in temperature is caused by a decrease in applied 

heating power or a gradual increase in radiated power. 

4.4. End of the Quiescent H-mode 

It might be expected that during the H-mode the plasma would reach an 

equilibrium state, where both the density and temperature gradients adjust, so the 

diffusive transport of particles and power out of the plasma equals the influx. As 

described above this does not happen. The continued increase in density results in an 

increase in radiation losses and a consequent decrease in temperature. Eventually this 

leads to the collapse of the H-mode. In JET, the quiescent H-mode is typically ended 

by an ELM as described below, if it is not ended prematurely by an impurity bloom or 

another type of instability. 

Instability 

This can be a disruption, a termination of the plasma by the automatic disruption 

control system, or a termination of the H-mode due to any other instability not directly 

related to the evolution of the H-mode. 

Impurity Bloom 

This consists of a large release of impurities into the plasma caused by localised 

overheating of the X-point target plates. The subsequent large power loss due to 
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radiation leads to a significant loss of plasma energy confinement. Often the effective 

heating power also drops below the threshold level for maintaining the H-mode, 

causing a transition to L-mode or possibly an ELM. Impurity blooms are most 

common in high power, low density plasmas. In this case the radiated power is low, 

so a large amount of power flows through the plasma and is deposited on the X-point 

target plates, where it may cause overheating. After an impurity bloom the plasma 

density will have increased and the temperature will be reduced, so a subsequent 

H-mode period often ends with an ELM as described below. 

ELMs 

After the temperature has started to decrease, the quiescent H-mode usually 

terminates with the occurence of a large ELM. When the temperature decrease is due 

to a drop in input power at the end of the discharge, the first ELM is typically 

followed by a period of smaller ELMs and a gradual return to L-mode. During this 

period the ELM repetition frequency increases, while both the plasma temperature and 

the volume average density continue to decrease. This tj'^e of return to L-mode 

corresponds to an ELMy L-H mode transition, but in reverse. The length of the ELMy 

period varies; it can last several seconds, or the plasma may return to L-mode at the 

first ELM. In discharge #24707, shown in figure 4.10, the quiescent H-mode is 

terminated twice due to a decrease in applied heating power. During the ELMy period 

following the first quiescent H-mode the heating power is increased again, and 

subsequently the plasma recovers and starts a second quiescent H-mode period. 

If the temperature decrease is caused by an increase in radiation losses, and the 

applied heating power is not reduced, the ELMs may reduce the density and the 

radiated power loss enough to restore the H-mode. The heating power, radiated power 

loss, volume averaged density and the temperature at several radii are shown in figure 

4.13, during such an ELM prolonged H-mode in discharge #27227. Each of the giant 

ELMs cause a significant reduction of the density and the radiated power. A series of 

giant ELMs can thus keep the plasma in a quasi-steady state and prolong the H-mode 

period significantly. In JET, ELM prolonged H-modes lasting 18 s have been 

produced in this manner [Thomas,92], which is a factor of at least 6 more than the 

typical duration of a quiescent H-mode at similar heating power. 

A different example of an ELM prolonged H-mode is given in figure 4.15, where 

the plasma power balance is shown for discharge #25942. In this discharge a series of 

small ELMs occurs in the later part of the H-mode. Individually these ELMs are to 

small to influence the density significantly, but the repetition rate is high enough that 

the particle loss caused by the ELMs can suppress the density increase and keeps the 

plasma in a quasi-steady state for 1.5 s. 
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4.5. Summary and Conclusions 

The edge temperature and density profiles build up in a different manner during 

the H-mode. The H-mode density profile is fairly flat in most of the plasma, with a 

characteristic steep gradient in the edge region. The steep density gradient in the edge 

region remains constant throughout the H-mode. Hence the continued increase in 

volume averaged density causes the region of the steep edge density gradient to 

expand further inwards to a higher density. The density profile continues to build up 

in this manner until the quiescent H-mode is terminated. 

Neither sawtooth generated density pulses nor the L-H transition ELMs affect the 

underlying density profile in the region of the constant steep gradient, but the ELMs 

slow down the rate of increase in volume averaged density and profile build-up, i.e. 

expansion of the edge gradient region. 

After the L-H transition, a steep edge temperature gradient gradually builds up in 

a narrow radial region, from the last closed flux surface to p=0.9. The temperature 

gradient further inside remains approximately constant during the H-mode 

temperature increase. The build up of the edge temperature gradient can however not 

be fully resolved at the available spatial resolution. 

If the ELM-free H-mode is not terminated prematurely by another instabilities, it 

typically collapses with the occurrence of an ELM. The ELM usually occurs after the 

temperature has started decreasing, either as a result of an increase in radiated power 

loss, or due to a reduction in heating power. If the applied heating power is sufficient, 

the plasma may recover and remain in H-mode. If not, it goes through an ELMy 

period ending in L-mode. It is clear that both individual giant ELMs, and series of 

small ELMs occurring late in the H-mode, can suppress the increase in the density and 

the resulting radiated power losses. Hence the ELMs can prolong the H-mode period. 
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5. ELM Characteristics 

5.1. Introduction 

In this chapter, the parametric changes associated with the individual ELMs are 

investigated. In order to determine the types of instability that could cause the ELMs, 

it is necessary to understand what actually happens to the edge plasma during a single 

ELM event. This information is also needed for establishing whether the whole range 

of observed ELMs are generated by the same basic mechanisms. Furthermore an 

understanding of the particle loss mechanism, and of the radial extent of the ELM, is 

required in order to use ELMs as a means of controlling the H-mode density and 

impurity increase. 

In the first part of the chapter, a description of the various types of ELMs that 

have been observed in JET is given, together with the plasma conditions where they 

occur. The main purpose of this is to give an overview of the ELMs prior to 

describing each type in more detail, and to define the terminology that is used for 

discussing the ELMs. 

In the second part, the profile perturbations caused by the ELMs are investigated, 

and the radial extent and localisation of the various types of ELMs are established. 

The ECE heterodyne radiometer has been used for the temperature measurements. 

The density data are mostly from the fixed frequency phase measurements of the 

reflectometer. 

In the third part of the chapter, the fluctuations during the ELM have been 

studied, using both the reflectometer fluctuation measurements, and the fast magnetic 

pick-up coil at the midplane measuring fluctuations in the poloidal magnetic field. A 

period of enhanced broad band fluctuations is always observed in connection with the 

D a burst at the ELM, and this is related to the particle loss. A quasi-coherent 

precursor oscillation is observed prior to some types of ELMs. The evolution of the 

precursor oscillation is discussed, and finally the ELM characteristics are compared 

with that of a temporary transition from H-mode to L-mode. 

5.2. ELM Types 

ELMs are usually identified by the characteristic sharp burst of D a emission 

arising from the plasma particle loss caused by the ELM. The particle loss from the 
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plasma is approximately proportional to the amplitude of the burst in D a emission 
(see chapter 2 for details), so the D a amplitude is used as an indication of the severity 
of the ELM. The amplitude of the D a burst at an ELM varies from the observable 
minimum of 0.1 (arbitrary units) to the saturation level of the D a signal at 10. For 
comparison 10 is around an order of magnitude more than the decrease in D a 

emission at the L-H mode transition. It should be noted that the change in D a 

amplitude at the L-H transition can vary quite a lot in JET; it is typically between 0.2 
and 2. The ELMs observed in JET are classified in groups based on the phase of the 
H-mode in which the ELMs occurs, the radial extent of the temperature perturbation, 
the precursor characteristics, and the D a amplitude of the ELM. 

L-H Transition ELMs. 

These ELMs occur in the beginning of the H-mode, when the edge temperature is 
still increasing. The D a amplitude of the transition ELMs ranges from 0.1, the 
minimum that can be observed, to around 2. Just after the L-H transition the ELMs 
occur in series with a repetition rate as high as 2 kHz. The ELM repetition rate usually 
decreases as the edge temperature increases, and the ELMs become more singular 
with a higher D a amplitude, though they still appear in series. The temperature 
perturbation is localised to the region of p>0.9. Quasi-coherent precursor oscillations 
are observed for these ELMs, whenever the sampling rate of the fluctuation data is 
sufficient to detect them. Examples of these ELMs can be seen in figure 4.6. 

Small ELMs occurring later in the H-mode 

These ELMs generally occur either when the edge temperature has stopped 
increasing late in the H-mode, or after a large ELM has ended a quiescent H-mode 
period. The D a amplitude of the small ELMs range from 0.2-2, and they usually 
occur in series or groups similar to the transition ELMs in the beginning of the 
H-mode, They always have quasi-coherent precursors at 50-125 kHz. Examples of 
small ELMs can be seen in figure 4.15. The small ELMs have the same radial 
perturbation characteristics and fluctuation signatures as the transition ELMs at the 
start of the H-mode, so the two types of ELMs are considered to be identical. In a few 
discharges, isolated groups of ELMs occur a few hundred ms after the end of the 
regular series of L-H transition ELMs, but much earlier in the H-mode than the usual 
small ELMs. These ELMs have generally been termed small ELMs as well. 

Large ELMs at the end of a quiescent H-mode. 
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These ELMs occur singularly at the end of an ELM-free H-mode period, usually 

when the edge electron temperature has started to decrease. They are often followed 

by a series of small ELMs and a transition back to L-mode. The amplitude of the D a 

burst ranges from around 2 to the saturation level at 10. Most of the large ELMs have 

quasi-coherent precursors at 50-125 kHz. The distinction between large ELMs and 

small ELMs is based on the temperature perturbation. The temperature profile 

perturbation at the large ELMs extends further into the plasma than at the small 

ELMs, at least to p=0.85. There is however no clear borderline between the large 

ELMs and the small ELMs, and generally the large ELMs are thought to be the same 

phenomenon as the small ELMs, just on a larger scale. It is possible that some of the 

large ELMs may involve a brief return to L-mode, with the associated larger particle 

losses. Examples of large ELMs can be seen in figure 4.10. 

Giant ELMs occurring in ELM-prolonged H-modes. 

These ELMs typically occur after the temperature has started to decrease late in a 

quiescent H-mode due to increasing density and radiation losses. Their D a amplitude 

ranges from 3-10, often followed by a fiat top at 3-4 lasting for 2-5 ms. The particle 

loss at a giant ELM is typically large enough to cause a decrease of 2-10% in the 

volume averaged density. In general the first few giant ELMs in an ELM prolonged 

H-mode are the largest. Later in the H-mode the D a amplitude and the duration of the 

giant ELMs decrease, and they occur more frequently. No fluctuation data are 

available for the smaller giant ELMs late in the ELM-prolonged H-modes, so it is not 

possible to establish whether these ELMs have precursors similar to the large ELMs 

in other types of discharges (the fluctuation data was triggered automatically, catching 

the first giant ELM in each of the ELM prolonged H-mode discharges). Examples of 

this type of ELM can be seen in figure 4.13. 

P-crashes. 

In high-p H-modes several so-called p-crashes are often observed. These cause a 

D a burst with an amplitude of 3-10, which often has a duration of several ms, similar 

to the giant ELMs. Thus most of the p-crashes also cause a visible decrease in the 

volume averaged density. Presently the relation between ordinary ELMs and the p-

crashes has not yet been established. The fluctuation signature of the P-crashes is 

similar to that of the giant ELMs in ELM prolonged H-modes, with no quasi-coherent 

precursor oscillations. Prior to the P-crashes a large amount of MHD activity is 

typically observed. This dominates the reflectometer data and the magnetic signals, 

and the connection with the p-crash is not clear. The p-crashes are widely thought to 
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involve coupling with instabilities in the plasma centre. Hence the p-crashes fall 

outside the scope of this study, but an investigation of the p-crashes, in particular a 

comparison with the giant ELMs, is recommended as a subject for future work. 

Mini ELMs. 

These are precursor oscillations which disappear again without developing fully 

into the turbulent phase. As a result they do not cause a significant D a burst either, 

though a small increase in D a emission may be visible on the channel viewing the X-

point target plates. Mini ELMs usually occur together with ordinary transition ELMs 

or small ELMs. Furthermore the precursors to large ELMs can sometimes appear and 

disappear several times prior to the ELM, suggesting that the precursor causing the 

ELM may be preceded by several mini ELMs. 

ELM type 

D a ampl. 

(0-10) 

Radial 

extent 

Turbulence 

duration 

Repetition 

time 

Coherent 

precursor 

Precursor 

duration 

Mini 

<0.1 

5 cm 

none 

0.5-20 ms 

yes 

0.2-15 ms 

Transition 

0.1-2 

5 cm 

=0.2 ms 

0.5-20 ms 

yes 

0.2-15 ms 

Small 

0.1-2 

5 cm 

»0.2 ms 

1-20 ms 

yes 

0.5-15 ms 

Large 

2-10 

5-30 cm 

0.2-5 ms 

>100ms 

yes 

5-30 ms 

Giant 

3-10 

>30cm 

1-10 ms 

>100ms 

no 

-

Table 5.1. Characteristic parameters for the different types of ELMs. 

In table 5.1 the characteristic parameter ranges of the various ELM types are 

summarised. It should be stressed that this classification is empirical, and only meant 

as a definition of the terminology. As described above the parameters of the ELMs 

vary over a continuous range. The criteria for the division into classes have been 

chosen for practical reasons, in order to clarify the discussion of the various ELM 

results. 
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5.3. Profile Perturbations During Small ELMs 

All of the L-H transition ELMs and the small ELMs cause a decrease in 

temperature and density in the inner edge region at p=0.92, and an increase in both 

quantities in the outer edge region at p=0.96. The radius at the centre of the 

perturbation, where it changes from positive to negative, is defined as the inversion 

radius of the ELM. 

Density 

The reflectometer phase data corresponding to the movements of the reflecting 

density layers are shown in figure 5.1, together with the ECE temperature data. The 

figure show three ELMs following the L-H transition in discharge #24704. The 

reflectometer phase data show a sharp increase in density on the two outer channels, 

from n=0.7xl0 , 9nr3 to n=l. lxl01 9nr3 (p>0.95). Further inwards, at 

n=1.9xl0^m"3 (p=0.92), the density decreases at each ELM. In between, at 

n=1.4xl0'^m"3, the density first decreases slightly, then increases as on the outer 

channels. This suggests that the inversion radius is just inside n=1.4xl0^m"3 

(p=0.94). The perturbation at the start of the ELM occurs over a time scale of less 

than 0.3 ms (the temporal resolution is 0.3 ms). The recovery afterwards continues for 

2 ms. In this case, the intervals between the ELMs are so short that the next ELM 

occurs immediately after the pre-ELM density has been reached. 

The reflectometer phase data are shown in figure 5.2b for an ELM later in the 

same ELMy period of discharge #24704, when the intervals between the ELMs are 

longer. On the innermost reflectometer channels, at n>1.9xl0^m"3 (p<0.92), a 

decrease in density is seen. On the two outermost channels, at n<0.7xl0'9m"3 

(p>0.95), the density increases at the start of the ELM. On channel 4 at 

n=1.4xl019m*3 (p*0.93), and to some extent also on channel 3 at n=l.IxlO ,9m"3 

(p*0.94), an initial decrease is seen. This is followed by a larger increase similar to 

the increase on the outer channels. A gradual change in the perturbation from the inner 

to the outer reflectometer channels is clearly visible, with the inversion radius 

between channel 4 and 5, at around n=1.6xl0'^m"3 (p*0.93). The perturbation is 

interpreted as an initial decrease in density due to a loss of particles in the inner part 

of the edge region. In the outer part of the edge region, this density decrease is 

overlaid with an increase caused by the arrival of the particles lost from further inside 

the edge region. 

In JET, the density at the inversion radius varies between typically 

n= 1.2x1019 m"3 for the high frequency ELMs just after the L-H transition, to around 

n=l.9xl0'9 m-3 for (nc transition ELMs at the end of the ELMy period (from p*0.95 
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to p=0.92). In figure 5.3 the rcflectometer fluctuation data are shown during a series 

of ELMs just after the L-H transition. The higher density signals at n>1.4xl0^ nr^ 

(p<0.94) show a sinusoidal evolution. This is caused by a change in phase of the 

reflected microwave of several times 2n, corresponding to a continuous movement of 

the reflecting density layer. On channel 4 and inwards of this, at n>1.4xl0" m"-5, the 

density gradient is thus building up towards the constant edge value, as discussed in 

chapter 4. Later in the time window the movement on channel 4 slows down and 

stops, indicating that the constant edge gradient has been reached. On channel 1 to 3, 

at n<l.lxl0l9 m~3 or p>0.95 there is no sign of a gradual plasma movement, 

indicating that the density profile is constant here. The ELMs primarily affect channel 

1 to 4 at n<1.4xl0'9 m'3, corresponding to the outer edge region at p>0.95 where the 

density gradient is steep and constant, and the "knee" in the profile at p=0.94 where 

the density gradient is building up towards die edge value. Reflectometer phase data 

show that me inversion radius lies between channel 3 and 4, at n~1.2xl0^m~^ 

(p*0.95), in the edge region just outside the "knee" in the density profile. The 

localisation of the inversion radius on the upper part of the steep, constant edge 

density profile is typical for all L-H transition ELMs. 

When the density profile builds up and the "knee" at the top of the steep constant 

edge gradient moves inwards to a higher density, the inversion radius moves inwards 

to a higher density as well, while remaining in the region of constant steep gradient 

outside the "knee" in the profile. An illustration is given in figure 5.4. This 

localisation of the density inversion radius has been observed both for the L-H 

transition ELMs, and for the small ELMs later in the H-mode to the extent of 

available data. 

Temperature 

The temperature data are shown in figure 5.1 for a series of ELMs shortly after 

the L-H transition in discharge #24704. The temperature perturbation caused by each 

ELM is small, around 3 % on both the channels inside and outside the inversion 

radius. At the start of the D a burst, the temperature decreases sharply on the inner 

channel at p=0.92, within 2 ms (the temporal resolution is 0.2 ms). On the channel at 

p=0.96, outside the inversion radius, the temperature first starts decreasing 

simultaneously with the start of the decrease on the inner channel. However the 

decrease on the outer channel is smaller, only about 1 %, and immediately after the 

decrease the temperature increases sharply again, to around 3 % above the pre-ELM 

level. The time scale of both the initial decrease and the following increase is less than 

0.2 ms. After the perturbat;',n at the ELM, the temperature recovers over a time scale 

of 2 ms on both channels, until the pre-ELM temperature is reached. The observed 
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temperature perturbation suggests that the ELM cause a decrease in temperature in the 

edge region, at p>0.90. Outside the inversion radius this gives rise to an outwards 

propagating heat pulse. In this case the initial temperature decrease on the outer 

channel, followed by a larger increase, also indicates that the ELM inversion radius is 

around p*0.95, closest to the outer channel at p=0.96. 

Near the end of the ELMy period following the L-H transition the time intervals 

between the ELMs are much longer. The ECE temperature data are shown in figure 

5.2a for a series of ELMs later in the ELMy period of discharge #24704. The decrease 

in temperature inside the inversion radius is still around 3 %, but the increase outside 

the inversion radius has now doubled to 6 %. However the temperature difference 

between the two channels, and the edge temperature gradient, has increased a factor of 

two as well. Thus the absolute temperature decrease at p=0.92 inside the inversion 

radius has doubled, which explains why the temperature increase on the outside 

channel at p=0.96 is twice as large as the decrease on the inner channel. There is no 

discernible initial decrease on the outer channel, indicating that the inversion radius 

has moved inwards to p=0.94. This is consistent with the observed inwards movement 

of the density inversion radius. 

In JET, the temperature inversion radius for both the L-H transition ELMs and 

the small ELMs always lies in the region of the steep edge temperature gradient, 

between the two outermost measurement points. As the ECE temperature 

measurements on either side of the inversion radius are Ap=0.04 (4 cm) apart, the 

inwards movement of the inversion radius during a series of L-H transition ELMs 

must be less than Ap%0.03 (3 cm). 

The perturbation at the start of the ELMs in figure 5.2 occurs in less than 0.2 ms 

as before, and the recovery time is still around 2 ms at p=0.92 inside the inversion 

radius. At p=0.96, outside the inversion radius, the recovery time has doubled to 4 ms. 

This is thought to be a result of the larger temperature perturbation. With an ELM 

repetition time of 10 ms the edge temperature profile now remains unperturbed most 

of the time, for at least 6 ms between successive ELMs. 

It should be noted that the edge temperature on the inner channel at p=0.92 is less 

than 500 eV at the start of each ELM in figure 5.1, and nearly 900 eV in figure 5.2 

later in the same ELMy period. The perturbation caused by each ELM is insignificant 

in comparison, it ranges from 10 eV to 20 eV. The same goes for the temperature 

gradient in the edge region; the overall increase during the ELMy period is an order of 

magnitude larger than the perturbations caused by the ELMs. 

The temperature perturbations of the small ELMs occurring later in the H-mode 

are similar to the observations of the L-H transition ELMs late in the ELMy period, 

which are shown in figure 5.2. 
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Pulse No: 24704 

10.054 14.056 14.058 

Time (s) 

Figure 5.1. ECE temperature data, and rejlectometer phase data corresponding to 
the radial movements of the density layers for several ELMs after the L-H 
transition in #24704. It should be noted that due to different time delays in 
filters etc. the Da trace is 0.2-0.3 ms ahead of the others. 
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Figure 5.2. ECE temperature data and reflectometer phase data corresponding to the 
radial movement of the layers later in the ELMy period after the L-H 
transition in discharge #24704. It should be noted that due to different time 
delays in filters etc. the Da trace is 0.2-0.3 ms ahead of the others. 
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Figure 5.3. Reflectometer fluctuation data during ELMs after the L-H transition in 
#24734. 
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Figure 5.4. A schematic of the build-up of the density profile and the inwards 
movement of the density inversion radius after the L-H transition. 
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Pressure 

The localisation of the ELMs suggests that they are linked to the region of steep 

density, temperature and pressure gradients. Both the temperature profile and the 

density profile are approximately linear in the edge region, 
A AT* 

n,(r) = Ar-^- and Tc(r) = A r - ^ . (6.22) 
dr dr 

Thus the pressure gradient can be expressed as 

SL-MrÆ^rjiL.MÅffl. (6.1) 
dr dr dr dr dr 

Here Ar is the distance from the plasma boundary to the ELM inversion radius, and r 

is the radial position of the ELM inversion radius. This shows that if both the 

temperature gradient and the density gradient are fairly constant throughout the steep 

gradient region, the pressure gradient will have a maximum at the innermost point of 

the steep edge gradient region, at the "knee" in the density profile. Thus the inwards 

movement of the ELM inversion radius, following the expansion of the steep edge 

density gradient region, indicates that the ELMs are linked to the point of maximum 

pressure gradient. This is illustrated in figure 5.4. 

Density Perturbation During the Precursor Oscillation 

Prior to each of the smaller ELMs a quasi-coherent precursor oscillation of the 

density and magnetic field is observed, as described in more detail in the next section. 

In figure 5.5 the reflectometer phase data corresponding to the radial movements of 

the reflecting layers are shown, together with the density fluctuation data at the same 

reflecting densities. On the outer three reflectometer channels, at n<l .1x10^9 m~3, the 

phase data show that the reflecting density layers start to move outwards slightly 

when the precursor oscillation begins. The D a emission also starts to increase slightly 

above the base level around the time the precursor starts at the outermost reflecting 

density, 2-3 ms prior to the ELM. These results suggest that the precursor oscillation 

may cause a slight flattening of the local density gradient, and a resulting "bump" on 

the density profile at the outer edge of the precursor, prior to the larger perturbation 

during the turbulent part of the ELM. 

Furthermore, the first mini ELM also causes a profile perturbation in the inner 

part of the edge region, at nStl.4x!0^ m"3. A small density profile perturbation starts 

propagating outwards, but it more or less fades away before it reaches the plasma 

edge, thus causing only a minimal increase in the D a emission. The fluctuation data 

for this mini ELM, in figure 5.17, show that it consists of a typical quasi-coherent 
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precursor oscillation, but this does not develop fully into the broad band turbulence 
observed for other ELMs. 

In the section discussing the precursor oscillations for L-H transition ELMs, it is 
also shown that each of a series of precursor bursts causes a slight increase in the 
density outside the centre of the precursor. To conclude, the results indicate that the 
precursor can cause a small increase in the local particle transport. 

#24745 

Ch.3 n=1.1x1019 m-3 

Ch.3 n=1.1x10l9m-3 

Ch.2 n=0.7x10l9m-3 

Ch.2 n=0.7x10l9m-3 

Ch.1 n=0.4x10l9m-3 

Ch.1 n=0.4x10l9m-3 

15 010 15.014 15 018 
Time (sec.) 

Figure 5.5. Reflectometerfluctuation data, and phase data corresponding to the 
radial movements of the density layers during a small and a mini ELM in 
discharge #24745. 

5.4. Radial Evolution of Giant ELMs 

Each of the giant ELMs result in a significant reduction of the total plasma 
particle content, as shown in figure 4.13. FIR Interferometer measurements of the 
volume averaged plasma density show a particle loss due to the ELM equivalent to as 
much as 10 % of the total plasma particle content. 

As an example, the first of the giant ELMs in discharge #27227 is considered. In 
the first 10 ms after the start of the D a burst, the reflectometer phase data are 
corrupted due to the increased density fluctuation level (this is shown in figure 5.10 
for #27227 and discussed later in this chapter). Afterwards the recovery of the density 
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profile can be followed. A streak plot of the density during the recovery period after 

ELM is shown in figure 5.6, and in figure 5.7 the corresponding evolution in the 

density profile is shown. Below n=3.1xl0^ m~3, the whole of the density profile 

moves outwards gradually, with no significant change in the density gradient. At the 

higher densities, n>4.0xl0^ m"̂ , the density gradient builds up towards the constant 

value of the gradient further out, in a manner similar to the density gradient build-up 

after the L-H transition. The outwards movement of the density profile takes 80 ms. 

The density profile continues to build up at n>4xl0^m"^, until the next ELM 

occurs. 

In figure 5.8 the radial position of the plasma is shown for the same ELM. Both 

the centre of the plasma current density profile, and the plasma edge at the outer 

midplane move inwards around 1 cm after the ELM. The inwards movement is 

interpreted as a reduction in major radius of the plasma, caused by the loss of total 

plasma pressure. The time scale of the inwards movement is around 10 ms, and the 

subsequent outwards movement takes around 80 ms, consistent with the outwards 

movement of the density profile shown by the reflectometer. The outwards movement 

after the ELM is partly due to a reduction in the poloidal field on the outside of the 

plasma, directed by the automatic plasma positioning system. This restores the plasma 

position after the decrease in major radius caused by the loss of plasma pressure. 

The radial positions of the ECE channels remain unchanged during the inwards 

movement of the plasma. Thus the radial movement of the plasma must be taken into 

account when the ECE temperature data ire analysed. 

In figure 5.9 t! e ECE data from both the edge region and the plasma centre are 

shown during the giant ELM. At the start of the ELM the temperatures on all edge 

channels inside the steep edge gradient show a sharp decrease of 10-15 %. On the 

outer part of the steep edge gradient a temperature increase of 10 % is seen, followed 

by a decrease to below the pre-ELM level within less than 1 ms. The decrease 

happens simultaneously on all channels, in less than the temporal resolution of 0.2 ms. 

Over the next 5 ms the temperatures gradually recovers to around its pre-ELM value. 

On the edge channels a small temporary increase is seen during this period; it is 

thought to be a heat pulse arising from the temperature decrease further inside the 

plasma. 

As the plasma moves inwards, the last closed flux surface moves closer to the 

position of each measurement position. In the edge region this is seen as a decrease in 

temperature over the time scale of the movement. From 5-15 ms after the start of the 

ELM the temperatures on the three outer channels decrease gradually due to the 

plasma movement. Afterwards, 15-80 ms after the ELM, the temperatures increase 

again to 5 % or so above the pre-ELM value in the whole edge region. The apparent 
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decrease depends on the local temperature gradient; it is most noticeable, around 

10 %, on the channel which is situated at p=0.92 just inside the steep edge gradient at 

the start of the movement. In figure 5.9 the underlying temperature change caused by 

the plasma movement is indicated, in order to separate it from the perturbation caused 

directly by the ELM. 

During the recovery from 15 ms to 80 ms after the ELM the whole temperature 

profile moves outwards around 1 cm, corresponding to the density profile movement. 

The build-up of the temperature profile follows the same pattern as that after the L-H 

transition. The steep edge temperature gradient, at p>0.92, increases significantly, 

whereas the gradient inside p=0.92 remains unchanged. 

In the plasma centre the temperature decreases approximately 3 % at the start of 

the ELM, in less than 0.2 s. Afterwards the temperature recovers to the pre-ELM 

value in 4 to 5 ms, corresponding to the duration of the D a flat-top. There are no signs 

of a plasma movement on the slower time scale observed in the edge region. This is 

consistent with the time scale of the flux surface movement. The time scale of the 

radial movement of the flux surfaces at the plasma edge is restricted by currents 

induced in the walls. In the plasma centre the flux surface movement is not restricted 

by this, so it can take place on a faster time scale [Fishpool,93]. At present data on the 

radial position of the magnetic axis are not available at a sufficient temporal 

resolution to establish the size and time scale of the movement. It is not possible to 

determine, how much of the observed temperature decrease in the plasma centre that 

is caused by the inwards movement of the whole plasma. 

Comparing the effect of ELMs with the effects of sawtooth crashes in the plasma 

centre, the temperature <f" ise at the first ELM in #27227 is roughly similar to the 

decrease at the sawteeth. However, the temperature recovery after the sawtooth crash 

takes at least 200 ms, whereas the recovery after the ELM takes less than 10 ms. This 

suggests that the observed temperature decrease at the ELM is instrumental, caused by 

either a plasma movement, or a decrease in the ECE enission from the plasma centre 

that is transmitted through the plasma. 
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Figure 5.6. Density contour evolution during recovery after the giant ELM in #27227. 
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Figure 5.7. Density profile evolution during the recovery after the giant ELM in 
#27227. 
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Figure 5.8. Plasma movement during three giant ELMs in #27227. The time scale of 
the movement is clear from the trace showing the average current position, 
and the trace showing the plasma edge position gives the extent of the 
movement as I cm. 
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Figure 5.9. ECE temperature data during giant ELM in #27227, On the edge 
channels the initial temperature decrease at the ELM, and the recovery at 
the end of the Da burst, is overlaid with the gradual decrease and increase 
caused by the slower plasma movement. 
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The effect of the giant ELMs on the plasma density is sufficiently large that the 

radial extent can be investigated using LIDAR density and temperature profiles. The 

main problem is the repetition time of the LIDAR profiles, which is restricted to at 

least 1.2 seconds. At present not enough profile measurements during giant ELMs are 

available for analysis. However, the LIDAR repetition time will be improved to 4 Hz 

for the next operational period. The upgraded LIDAR systems may thus be used to 

provide more extensive measurements of the giant ELMs during the next operations 

period. 

Radial Localisation of Large ELMs 

Large ELMs typically occur at the end of an ELM free H-mode period. In general 

the large ELMs result in a sharp temperature decrease in the edge region, from p=0.92 

to p<0.85, not usually followed by an immediate recovery. A brief temperature spike 

is often observed at p=0.96 at the start of the ELM. As the plasma is only marginally 

optically thick at p=0.96, the spike is thought to be caused partly by non-thermal 

radiation. In the ASDEX tokamak at the Max-Planck Institute in Germany a similar 

temperature profile perturbation is observed for medium to large ELMs, with a 

decrease in temperature at p=0.9, 4 cm inside the last closed flux surface, and a 

temperature spike on the ECE data at the last closed flux surface [Zohm,92a]. 

The temperature profile perturbation caused by the large ELMs covers a 

considerable range. The smallest of the ELMs classified as large have a radial extent 

of around 15 cm or Ap=0.15, not much more than the small ELMs, and they do not 

affect the volume averaged density significantly. On the other hand a large ELM with 

a D a amplitude of 5-10 can cause a decrease in the volume average density of as 

much as 5 %. The large ELMs can also give rise to an inwards movement of the 

plasma due to the loss of pressure, as seen for the giant ELMs. A reduction in major 

radius of AR=5 mm has been observed for a 5 % decrease in volume average density. 

As for the giant ELMs, reflectometer phase data are not available during the large 

ELMs due to the enhanced fluctuation level. Furthermore the plasma does not usually 

recover to a quiescent H-mode after a large ELM, so it is not even possible to follow 

the recovery of the density profile after the ELM. 

5.5. Fluctuations during the Da Burst 

All ELMs have one feature in common; a significant burst of increased 

fluctuations in the magnetic field and density throughout the measured bandwidth of 
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5-125 kHz (referred to as turbulence in the following). The turbulence always starts 
simultaneously with the beginning of the sharp increase in D a emission characteristic 
of the ELM. In general the disappearence of the turbulence also coincides with the 
start of the decrease in D a emission. 

Fluctuations during Giant ELMs 

In figure 5.10 the density fluctuation data at several densities are shown together 

with the D a emission and the magnetic field fluctuations during a giant ELM from the 

ELM-prolonged H-mode in discharge #27227. The D a emission increases rapidly 

over a time scale of 0.2 ms at the start of the turbulence. The D a emission then 

remains approximately constant for 5 ms, with a peak value of around 4 (well below 

the signal saturation value of 10). Thereafter the D a emission starts to fall off. In this 

case the decrease in D a emission is slower than usual, it takes more than 5 ms to 

decrease to the pre-ELM level. 

The density shows an increased fluctuation level for pv>re than 10 ms after the 

start of the ELM. Coinciding with the slow decrease in D a emission aiu.. the ELM, 

the density turbulence is gradually reduced to the pre-ELM level. After some piant 

ELMs the density turbulence disappear quicker, in these cases the D a emission 

reduces to the pre-ELM level on a correspondingly shorter time scale. The magnetic 

field fluctuations show a sharp burst of large amplitude lasting less than 1 ms at the 

start of the ELM. Afterwards, during the rest of the 5 ms flat-top phase of the D a 

emission, the magnetic fluctuations remain significantly above the H-mode level. At 

the end of the D a flat-top phase, the magnetic field fluctuations reduce to the pre-

ELM level again immediately. 

For giant ELMs the turbulence is observed on all the available reflectometer 

channels, typically ranging from n=0.4x!0'^ m~3 to n=5xl0^ m"3. Considering that 

the steep edge density gradient can extend to above the highest reflectometer channel, 

it is only possible to say that the turbulence reaches at least 20 cm into the plasma, 

affecting all of the edge region. The build-up of the turbulence takes place in less than 

the observable minimum of 50 \is for the giant ELMs, and there is no discernible time 

lag between different radial positions. 

The close correspondence between the timing of the enhanced fluctuation level 

and the D a emission indicates that the observed particle losses during the ELM is a 

result of fluctuation enhanced transport in the edge region. The radial extent and the 

duration of the enhanced fluctuation level are also consistent with the profile 

perturbations during the ELM. It is however not clear why the reflectometer shows the 

extended period of enhanced fluctuations after the end of the D a flat top, whereas the 

magnetic fluctuations disappear at this point. 
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Contour plots of the density fluctuations at two radii are shown in figure 5.11, 

during the giant ELM in discharge #27227 (see chapter n for details of the fluctuation 

contour plots). Furthermore the density and magnetic fluctuation spectra are shown 

before, during and in the "tail" of the ELM in figure 5.12. The magnetic fluctuation 

spectrum before the ELM shows an amplitude that decreases with frequency. The 

enhanced fluctuations during the ELM show a similar decrease with frequency, but 

the amplitude is around 4 dB higher throughout the spectrum. 
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Figure 5.10. Reflectometer fluctuation data at several density layers in the edge 
region andpoloidal magnetic field fluctuations at the outer midplane, 
during a giant ELM prolonging the H-modefor discharge #27227 
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Figure 5.11. Contour plots of the density fluctuations at n=0. 7xl019 nr* and 
n=4xlOi9 m~3 during a giant ELM prolonging the H-modefor discharge 
#27227 
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F'fure 5.12. Fluctuation spectra for the density and the poloidal field at the midplane 
before and during a giant ELM prolonging the H-modefor discharge 
#27227. The density fluctuations are shown for n=0.7x10^9 m~$ and 
n=4x!0^9 mr*, both during the Daflat top and during the tail of the 
density fluctuations, after the end of the flat top. 
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The density spectra shows that the fluctuation level at frequencies above 30 kHz 

increases significantly during the ELM. In contrast, the fluctuation level below 30 

kHz first decreases at the beginning of the ELM, then increases in line with the rest of 

the spectrum. This decrease is most pronounced on the inner reflectometer channels at 

densities above 1.9xl0^m"3. The decrease is thought to result from the 

disappearance of coherent MHD modes rather than a decrease in the underlying 

random fluctuation level. The contour diagram clearly shows a relatively stable 

coherent mode at 10 kHz befor: the ELM. During the ELM it disappears. Similar 

suppression of coherent modes has been observed for both small and large ELMs as 

well. Often, but not always, the modes reappear again after the end of the ELMs. It is 

clear that the modes are not precursors to the ELMs. The reason for this suppression 

of MHD activity by the ELMs is not well understood, but it is speculated that the 

turbulence in the magnetic field in the plasma edge region during the ELM may 

"break up" coherent MHD modes. 

Fluctuations during Transition ELMs, Small ELMs and Large ELMs 

For most other ELMs, the duration of the turbulence is less than 0.5 ms. The 

investigation of the turbulence is limited by several factors. When looking at the raw 

fluctuation signals it is difficult to distinguish between the turbulence and quasi-

coherent precursor oscillations, and the 0.6 ms temporal resolution of the contour 

plots are insufficient. The fluctuations in the poloidal magnetic field and the density 

are shown in figure 5.13 for a series of L-H transition ELMs. The duration of the 

turbulent period is from 0.2 to 0.3 ms for these ELMs. Again the turbulent period 

coincides with the rise of the D a emission. The D a emission even shows an increased 

fluctuation level during the rise, corresponding to the turbulent fluctuations in the 

magnetic field. In this case the turbulence, and hence the enhanced particle flux, stops 

sharply. The end of the turbulence corresponds to the peak of the D a emission. Thus 

the reduction in the D a emission after the ELM is determined by the time scale of the 

ionisation of the neutrals generated by the ELM, rather than the duration of the 

transport enhancement due to the ELM. 

Over the whole range of ELMs, the time scale of the turbulence and the D a 

emission during the ELM show a close correspondence. This is consistent with the 

interpretation of the particle losses during the ELMs as caused by fluctuation 

enhanced transport. 

For the small and most of the larger ELMs, the spectral power of the turbulence is 

roughly constant throughout the spectrum. This is unlike the decrease in spectral 

power with increasing frequency that is observed during giant ELMs, and during the 

L-mode. A peak in the spectral power is often seen at the precursor frequency, 
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tjpically in the range of 40 kHz to 100 kHz. Usually this is in fact the last of the 

quasi-coherent precursor oscillation, rather than a feature of the turbulence. In a few 

cases the duration of the precursor oscillation is so short that it is only visible on the 

autopower contour diagram as a peak during the turbulent period. 

The turbulence is always visible on the outermost reflectometer channels, even 

when the precursor oscillation is localised further inside the plasma. This is illustrated 

in figure 5.14, where the reflectometer fluctuation data is shown during a series of 

transition ELMs in discharge #27278. The precursor is seen as several bursts of 

oscillations, localised to channel 3 at n=l.lxlOJ9 nr3. The turbulence during the D a 

burst has a similar amplitude on channel 1 to 4, from n=0.4xl0^m"3 to 

n=1.4xl0l9m"3. The radial extent of the turbulence is consistent with the 

interpretation of the turbulence as the particle loss mechanism. The turbulence is 

assumed to cause an increased diffusion across the field lines. In order to generate the 

observed plasma particle outflux, the turbulence would be expected to extend to the 

last closed flux surface. 
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Figure 5.13. Fluctuations in the poloidal magnetic field and Da emission during a 
series of small ELMs in the beginning of the H-modefor discharge #24847, 
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5.6. ELM Precursor Oscillations 

Prior to most ELMs a quasi-coherent oscillation with a centre frequency of 

SO kHz to 125 kHz is observed on both the magnetic field and the density in the edge 

region. This oscillation is referred to as a precursor (the start of the ELM is defined as 

the start of the broad band turbulence and the D a burst). In the following examples of 

precursors are shown for the various ELM types. 

L-H Transition ELMs 

In figure 5.14 the reflectometer fluctuation data are shown during the series of 

ELMs following the L-H mode transition for discharge #27278, and in figure 5.15 a 

contour plot of the density fluctuations at n=l .lxlO1^ m~3 is shown. A quasi-coherent 

precursor is observed prior to each ELM, followed by a burst of broad band 

fluctuations during the D a event. The precursor starts 0.5 ms prior to the ELM, and 

the frequency is initially 75 kHz, decreasing to 50 kHz prior to the ELM. Looking at 

the corresponding fluctuatuation data for channel 3 at n=l . lx l0^ m~3, several short 

bursts of high frequency oscillations are visible between each ELM. Comparing the 

timing of these bursts with the frequency contours, each of the bursts can be linked to 

individual peaks in the ptecursor spectrum. The decrease in the precursor frequency 

shows that each of the oscillation bursts prior to one ELM is at a lower frequency than 

the previous burst. 

The reflectometer fluctuation signals are identical for the sequences of 

fluctuation bursts during each ELM event, indicating that the underlying reflectometer 

phase difference is the same at the start of each ELM event. This shows that the local 

density profile is identical at the start of each of the ELMs. The reflectometer signal 

also showns that the change in the underlying reflectometer phase difference between 

each precursor burst is significantly less than n/2, so the bursting nature of the 

precursor oscillations can not be explained by the reflectometer signal characteristics 

(see chapter 3 for details). The precursor oscillations are not present on channel 4 at 

n=1.4xl0l9 m-3 o r at smaller radii. Further outside, on channel 2 at n=0.7xl0^ m"3, 

each of the bursts of the precursor oscillation is just visible, but the amplitude is only 

about a tenth of the amplitude of the turbulence during the D a burst. In comparison, 

the amplitude of the precursor burst is around two thirds of the turbulence amplitude 

on channel 3. As the precursor bursts are observed simultaneously on both channel 2 

and 3, it is clear that the bursting nature of the precursor is not caused by the centre of 

the oscillation moving radially in and out of the reflecting density layer. In this case 

the precursors are localised to a narrow radial region at 0.94£p£0.97, centred around 

n=l.lx!0l9 m"3. It is typical for the transition ELMs that the precursor oscillations 
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are centred on the upper part of the steep constant edge density gradient, at the same 

radial position as the inversion radius of the profile perturbation. 

It is possible that each of the precursor bursts in #27278 is a completely separate 

event, an "aborted" mini ELM as seen in other discharges, but both the gradual 

decrease in frequency from the first to the last burst prior to each ELM, and the 

similarity between the set of bursts prior to different ELMs suggests that there is a 

causal connection between the whole series of bursts and the ELM. 

The reflectometer data for channel 2 at n=0.7xl0^ m~3 give some additional 

information about the effect of the fluctuations on the density profile outside the ELM 

inversion radius. During the recovery period between the ELMs the density decreases, 

interrupted by a density increase during each oscillation burst. Finally, during the 

broad band fluctuations after the start of the ELM, the density increases rapidly 

outside the inversion radius (the direction of the movement has been inferred from 

phase data). This is consistent with the reflectometer phase data results at lower 

temporal resolution. The results also suggest that the precursor oscillation causes a 

local flattening of the density gradient, resulting in a density increase outside the 

centre of the precursor. This is similar to the observations of density profile 

perturbations during precursors, discussed earlier in this chapter. 

Small ELMs early in the H-mode 

In figure 5.16 the reflectometer fluctuation data for these two ELMs are shown. A 

high frequency precursor oscillation is clearly visible on the signals prior to both 

ELMs. The precursor to the second larger ELM starts simultaneously on the higher 

density channels, at n>1.9xl0^ m-3̂  around 5 ms prior to the ELM. The precursor 

then gradually spreads outwards to the lower densities, finally reaching the outermost 

channel at n=0.4xl0^ m"3 approximately 2 ms prior to the ELM. 

Contour plots of the density fluctuations are shown for a medium ELM and a 

mini ELM in figure 5.17. The ELMs occur in the early part of the H-mode in 

discharge #24745. The fluctuation contours are shown at several densities 

corresponding to different radial positions. Both ELMs show a clear precursor at 60-

70 kHz. Prior to the second and larger ELM, the precursor frequency gradually 

decreases to less than 40 kHz. The frequency decrease of the precursor takes place 

simultaneously on all the reflectometer channels where it is observed. Thus the 

frequency of the precursor is the same throughout the affected radial region at any 

given time. On the higher density channels at n>1.9x!0^m*3 the precursor 

oscillation peaks from 5 ms to 4 ms prior to the ELM at 70 kHz. Further outwards, on 

the lower density channels, the precursor peaks later, from 2 ms before the ELM at 

40-50 kHz. This suggests that the precursor oscillation may expand outwards prior to 
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the ELM. The precursor appears to be composed of between two and four successive 

oscillation bursts, rather than one oscillation of constant amplitude. 

Precursor Oscillations without ELMs 

Mini ELMs or "aborted" precursors are observed regularly, usually in connection 

with groups of smaller ELMs. These are quasi-coherent oscillations in the density and 

magnetic field similar to the ELM precursors, which disappear again without the 

turbulence and particle losses characteristic of the ELM. The first mini-ELM in 

discharge #24745, shown in figure 5.16 and 5.17, is an example of such an aborted 

precursor. These mini-ELMs usually cause a very small increase in D a emission, 

corresponding to the increase that sometimes can be observed during the precursor 

before an ordinary ELM. 

Small ELMs late in the H-mode 

A contour plot of the fluctuations in the density at n=l.IxlO^ m-3 \s shown in 

figure 5.19, for a series of small ELMs in discharge #25942. These ELMs occur late 

in the H-mode, but while the heating power and the plasma stored energy remains 

close to maximum. In fact this series of small ELMs actually prolongs the H-mode 

period by reducing the density increase, as discussed in chapter 4. Here, the precursor 

frequency starts at approximately 95 kHz, decreasing to 85 kHz before the start of 

each ELM. The precursor oscillation is nearly continuous from ELM to ELM. When 

the precursor to one ELM shifts downwards in frequency and broadens into 

turbulence at the ELM, the precursor to the next ELM appears at 90-100 kHz. 

Another example of the density fluctuations during small ELMs is given in figure 

5.21. Here, a contour plot of the density fluctuations at n-1.1x10*9 m~3 j s shown 

during two small ELMs late in the H-mode, after a large ELM has ended the quiescent 

H-mode phase. In this case, the precursors start at a lower frequency of approximately 

50 kHz, and the frequency decreases to 35 kHz before the start of the ELMs. 

Large ELMs ending the H-mode 

In figure 5.18 contour plots of the fluctuations is shown for a typical large ELM, 

in discharge #25773. The plots show both the fluctuations in the poloidal magnetic 

field at the outside midplane, and the density fluctuations at two radii. The ELM 

terminates the quiescent H-mode 100 ms after a 30 % reduction in the heating power. 

Both the density and magnetic field show a quasi-coherent precursor oscillation 

starting around 25 ms prior to the ELM. The precursor frequency starts at 90 kHz and 

then decreases to 70 kHz prior to the start of the ELM. In this case, the precursor is 
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also observed on both the toroidal and poloidal field at the X-point. This suggests that 

the precursor is a MHD instability, rather than an electrostatic fluctuation. At the two 

highest densities corresponding to the innermost radial positions, the precursor is 

strongest from 30-20 ms prior to the ELM. After this it gradually disappears. On the 

channels further out the precursor is stronger from 20 ms before and until the start of 

the ELM. This is interpreted as an outwards shift of the precursor centre prior to the 

ELM. In this case the precursor aiso appears to be composed of several successive 

bursts of oscillations, rather than one oscillation of constant amplitude. The outwards 

shift of the precursor centre could thus mean that each successive burst of oscillations 

is centred at a larger radii. 
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Figure 5.14. Reflectome terfluctuation data at several density layers in the edge 
region during a series of small ELMs after the L-H transition for discharge 
#27278 
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Figmre 5.15. Contour plot of the density fluctuations of n=I. IxlO1? nr3 during a 
series of small ELMs after the L-H transition for discharge U27278 
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Figure 5.16. Reflectometerfluctuation data at several density layers in the edge 
region during a mini ELM and a medium ELM in the beginning of the 
H-modefor discharge if24745 
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Figure 5.17. Contour plot of the density fluctuations at several radial positions 
during a mini ELM and a small ELM in the beginning of the H-modefor 
discharge U24745 
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Figure S. 18. Contour plots of the density fluctuations at two radial positions, and of 
the poloidal magnetic field fluctuations, during a large ELM at the end of 
the H-modefor discharge M25773 
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Filme 5.19. Contour fiol of the density fluctuations at n=l.lxl O19 nr* during a 
series of small ELMs late in the H-modefbr discharge #25942 

Giant ELMs 

There are two types of ELMs or rather plasma conditions, for which no 
indications of quasi-coherent precursor oscillations in the edge density have been 
observed: The giant ELMs generated in ELM-prolonged H-modes, and the large 
ELM-Iike D a events occurring in high-0 discharges. There are several reasons why 
ELM precursors to the giant ELMs may not have been observed. The most likely 
reasons are as follows: 

• The frequency of the precursor is above the cut-off frequency at 100 kHz for the 
reflectometer and 125 kHz for the magnetic field coils. 

• The growth of the precursor oscillation is so rapid that it goes through less than 
the minimum number of oscillation cycles that can be detected. 

• The giant ELM does not have a quasi-coherent precursor. 
In order to determine if the precursors to the giant ELMs exist, the density and 
magnetic fluctuations must be measured with a sampling rate of at least 500 kHz, 
giving a bandwidth of 250 kHz after filtering. This would confirm or eliminate the 
possibility of high frequency precursor oscillations above the current bandwidth. The 
faster sampling rate may also help identify a precursor of very short duration, but it 

Risø-R-700(EN) 105 



would still be a problem to observe an oscillation with a duration of less than one 

cycle. 

It is not clear whether the giant ELMs are manifestations of the same instability 
as the other ELMs. The absence of quasi-coherent precursors sets the giant ELMs 
apart from other ELMs, but this could be instrumental. The evolution of the 
fluctuation spectrum for giant ELMs is generally different from other ELMs. 
However, a few of the large ELMs have fluctuation spectra that look like an 
intermediate stage between the spectra of the giant ELMs and the small ELMs. This 
suggests that the fluctuation spectrum changes gradually with ELM size, and that 
giant ELMs just represent one end of a continuous range of ELMs, all of which are 
driven by the same instability. 

Other Modes in the Precursor Frequency Band 

Prior to a few of the giant ELMs a coherent magnetic mode at around 90 kHz has 
been observed with both the midplane and the X-point poloidal field coils. At the 
giant ELM the mod>, typically stops, though it reappears after the ELM. However, the 
mode has not been observed on any of the reflectometer channels in reflection. The 
total absence of the mode on the reflectometer data indicates that it must be localised 
inside channel 8 at 4x10*9 m-3 or p*0.8. In contrast the quasi-coherent precursors 
observed at 50-152 kHz before all other ELMs are always present on most of the 
reflectometer channels in the edge region at the start of the ELM. The observed mode 
is identified as a TAE (Toroidicity induced Alfven Eigenmode), a propagating wave 
that perturbs the magnetic field [AIi-Arshad,93]. The TAEs are localised at radii 
corresponding to q values between 1 and 2, well inside the edge region. In JET the 
TAE frequency is typically in the range of 80 to 250 kHz. The TAE frequency can 
thus be similar to the precursor frequency, but the structure of the TAE is different. 
The TAE mode is more coherent, with none of the bursting nature and frequency 
changes of the ELM precursor. An example of a TAE is shown in figure 5.20, during 
several snv 11 ELMs and mini ELMs. The TAE occurs at 110 kHz, and a series of the 
typical quasi-coherent ELM precursors occurs between 90 kHz and 100 kHz. It is 
clear that the TAE is not a precursor to the ELMs. The TAEs are not affected by most 
ELMs. The disappearance during the giant ELMs is thought to be a temporary effect 
of the extensive plasma disturbance caused by the giant ELM, similar to the 
characteristic suppression of coherent oscillations at lower frequencies in the edge 
region. 
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Figure 5.20. Contour plot of the poloidalfield fluctuations during a series of small 
ELMs and mini ELMs in discharge #25941. A TAE mode occurs at 120 
kHz, and a series of ELM precursor oscillation occurs at around 100 kHz. 
The more coherent nature of the TAE is obvious. 

Interpretation of the Precursor Oscillation 

As shown in the examples above the duration of the precursor ranges from less 

than 0.5 ms for small ELMs at the L-H transition, to 20-30 ms for large ELMs ending 

the H-mode. In general the duration is longer, the further apart the ELMs occur and 

the larger a D a burst they cause. In most cases the precursor only starts well after the 

end of the previous ELM, but the series of small ELMs observed late in the H-mode 

generally have nearly continuos precursor oscillations. 

The precursor is usually seen on the poloidal field as well when the distance from 

the coil to the plasma allows it. In general the magnetic pick-up coil can only detect 

the ELM precursors when the last closed flux surface is less than 5 cm from the wall 
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at the outer midplane. In the cases where a precursor is observed with the 

reflectometer but not the coil, the plasma is typically further than 5 cm from the wall. 

A weak precursor signal may also be obscured by random fluctuation noise and other 

MHD activity of much larger amplitude. 

This leads to an interpretation of the precursor as a periodic perturbation of the 

magnetic flux surfaces in the edge region, possibly in the form of a chain of magnetic 

islands. The toroidal mode number tin and the poloidal mode nip of the precursor are 

given by mp=npq, where q is the safety factor of the perturbed flux surface. The 

precursors typically have toroidal mode numbers greater than 10 [AIi-Arshad,92]. The 

correlation reflectometer data for the precursor to a small ELM in discharge #26041 

give a toroidal mode number of np=18. The perturbation of the magnetic flux surfaces 

is accompanied by a corresponding perturbation in the minor radii of the reflecting 

density layers. The flux surface perturbations are assumed to rotate poloidally and 

toroidally with the local plasma, rather than propagate through the plasma. Thus the 

observed fluctuations in the magnetic field and in the radii of the reflecting density 

layers are caused by the perturbation rotating past the measurement point. The 

observed fluctuation frequency depends on the rotation velocity, and the mode 

numbers of the perturbation. 

It is thought that the precursor oscillation consists of several perturbations or 

"modes" giving slightly different observed frequencies. These modes may appear, 

peak and fade away again at different times and radii. This picture of the ELM 

precursor is more consistent with the separate precursor bursts seen between L-H 

transition ELMs, and also with the mini-ELMs and the burst-like nature of the 

precursors in general. Prior to some ELMs the precursor can also show a broadening 

of the bandwidth as well as a decrease in frequency. This could thus be interpreted as 

an increase in the frequency difference between the co-existing modes in the 

precursor. 

At present the diagnostic coverage of the edge plasma rotation in JET is limited 

to a spectroscopic diagnostic utilising the Doppler shift of line radiation from 

impurities, and a toroidal correlation reflectometer viewing the density layer at 

n=I.lxl01^ m -3 . Both of these diagnostics were still very much under development at 

the end of the last experimental campaign of JET, so the amount of available data is 

limited. 

The poloidal and toroidal rotation are measured separately with the spectroscopy 

system. Measurements of the poloidal rotation in JET are not yet very conclusive; the 

poloidal rotation velocity is less than of 10 km/s in the edge region during both 

L-mode and H-mode, and no significant change has been observed at the L-H 

transition [Hawkes,92]. There is no indication of a sudden increase in the toroidal 
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rotation velocity at the L-H transition, but it increases gradually during the edge 

pressure profile build-up in the first part of the H-mode. During the H-mode the 

toroidal rotation typically reaches a value of the order of 40 km/s at 10 cm inside the 

last closed flux surface [Hawkes,93]. There is some evidence of a steepening of the 

radial gradient of the toroidal velocity in the outermost 10 cm of the edge region, at 

p>0.9, corresponding to the steep edge pressure gradient. Observations from four 

discharges also show that the toroidal rotation velocity can decrease as much as 50 % 

at the onset of a large D a event. In these discharges the D a event is caused by the 

reciprocating Langmuir probe entering the plasma. This is thought to trigger a 

temporary return to L-mode, possibly in connection with an ELM [Hawkes,93]. 

At present the data are insufficient to analyse the relation between the precursor 

frequency and the plasma edge rotation velocity. A quantitative investigation of this is 

recommended for the next operational period of JET. The observed differences in the 

precursor frequency are consistent with the increase in toroidal rotation during the 

H-mode, but the precursor frequency may also depend on other factors such as the 

radial position and the q surface of the precursor, and the proportion of NBI heating 

(due to the angle of injection NBI tends to accelerate the toroidal rotation of the 

plasma). 

Evolution of the Precursor Oscillation 

The picture of the precursor as a perturbed magnetic flux surface rotating 

toroidally and poloidally gives a straightforward explanation of the decrease in 

precursor frequency; the rotation velocity of the perturbation slows down prior to the 

ELM. 

The temporal resolution of the spectroscopic measurements is around 20 ms, not 

sufficient to resolve any rotation change during the ELM precursors. Hence the 

toroidal correlation reflectometer has been used to investigate the rotation velocity 

during the observed frequency drop of the ELM precursor. In figure 5.21 a contour 

plot of the density fluctuations at n= l . l x l0^ m"3 is shown, and in figure 5.22 the 

cross-phase of the toroidal correlation reflectometer is shown together with the 

density fluctuation spectrum and the coherence spectrum at three times during the 

precursor oscillation. Each of the spectra shows two peaks corresponding to the 

fundamental and the second harmonic of the precursor oscillation. In the bandwidth 

25-90 kHz the two reflectometer signals show a strong correlation, primarily due to 

the precursor oscillation. The plots of the cross phase against frequency all show a 

linear slope from 25-90 kHz. This indicates that the precursor is propagating 

toroidally, as discussed in chapter 2. Calculating the toroidal group velocity of the 

precursor gives 39 km/s for the precursor at 50 kHz in the first time slice. In the next 
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time slice the precursor frequency has dropped 20 % to 40 kHz, and correspondingly 

the group velocity has decreased to 31 km/s, also 20%. In the last time slice the 

precursor frequency is 32 kHz and the velocity 25 km/s, again a 20 % reduction of 

both. As most of the correlated fluctuations that are observed on both channels are 

part of the precursor oscillation, the correlation reflectometer results give the velocity 

of the precursor oscillation only, rather than the rotation velocity of the reflecting 

plasma layer. Thus the correlation reflectometer data confirm that the decrease in 

precursor frequency is caused by a decrease in the propagation velocity of the 

precursor, but it is not possible to determine if all the plasma or just the perturbation 

slows down. 

#26041 n=1.1x10l9m-3 
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Figure 5.21. Contour plot of the density fluctuations at n~ 1.1x10^ nr* during a 
small ELM late in the H-modefor discharge #26041 
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Figure 5.22. Autopower, coherence and cross-phase spectra for the correlation 
reflectometer at n=l.lxl 0^9 m'* at the start of an ELM precursor late in 
the H-mode of discharge #26041. At t=16.1967s the precursor frequency is 
50 kHz. 
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Figure 5.23. Continued from overleaf Autopower, coherence and crossphase spectra 
for the correlation reflectometer at n=1.1x10^ m~* at two more time 
points during an ELM precursor late in the H-mode of discharge #26041. 
At t=16.197 s and /=16.1987 s the precursor frequency has decreased to 40 
kHz and 32 kHz repectively, and the slope of the crossphase has increased 
correspondingly. 
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On the same time scale as the decrease in frequency, the precursor oscillation 

typically expands outwards reaching the last closed flux surface around the start of the 

ELM. In a few discharges the precursor amplitude also decreases significantly on the 

inner reflectometer channels at higher densities, suggesting that in these cases the 

centre of the precursor moves outwards prior to the ELM. Except for high frequency 

L-H transition ELMs, the precursors are typically observed on at least 4 reflectometer 

channels simultaneously, corresponding to a density range of 3x10*9 m~3, or a radial 

region of around Ap=0.10 (7 cm). The extent of the precursor movement is generally 

around n=1.5xl0^ m~3 in the cases it is observed, corresponding to a radial extent of 

around Ap=0.05. 

At any given time, the frequency of the precursor is always identical on all the 

reflectometer channels where it is observed. The frequency decrease is simultaneous 

throughout the region of precursor. The preliminary measurements of the toroidal 

rotation velocity in JET indicate a significant gradient in the edge region, giving an 

increase from around 0 at p=l, to the order of 40 km/s at p=0.9 [Hawkes,93]. In order 

for the precursor frequency to be constant throughout a region with a changing 

velocity, all the radial extent of the precursor flux-surface perturbation must rotate as 

a "stiff body", at the rotation velocity of the perturbation centre. 

Returning to the decrease in rotation of the precursor, it can be explained as 

follows; The perturbation of the magnetic field slows down independently of the 

plasma rotation, the precursor centre shifts outwards to a plasma layer of lower 

rotation velocity, or the plasma rotation velocity in the edge region decreases. 

The first option for the precursor frequency decrease is a phenomena called mode 

locking. In JET, this is observed regularly for large MHD modes. Initially the mode 

will be rotating with the plasma, but it gradually slows down due to interaction with 

the image currents it generates in the plasma wall [Fishpool,93]. However, as 

described above the precursor oscillations have been observed to slow down in many 

discharges where the magnetic signal strength at the wall is too small to be observed 

with the magnetic pick-up coils. When the signal is so weak at the wall, the 

interaction with the wall would also be too small to slow the rotation of the 

perturbation down significantly. In general the precursor frequency, and the associated 

poloidal mode number, are also far too large to generate a significant "pulling" force 

from the wall interaction [Zohm,90], [Fishpool,93], so wall interaction can be ruled 

out for the ELM precursors. Provided the precursor is a perturbation of the magnetic 

flux surfaces rotating with the plasma, it therefore is unlikely that the precursor slows 

down independently of the local plasma rotation. 
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It should also be noted that though the correlation reflectometers are separated in 

the toroidal direction, the measured group velocity depends on both the poloidal and 

toroidal rotation velocity. The spectroscopy measurements of the poloida] and toroidal 

rotation velocity of the plasma gives an estimate of the angle between the direction of 

plasma rotation and the toroidal direction of less than 14 degrees. Assuming that the 

precursor rotates with the plasma, the measured group velocity sould differ less than 

S % from the toroidal component of the rotation velocity. The measured group 

velocity of 40 kxn/s at the start of the ELM precursor is consistent with the 

spectroscopic measurements of the toroidal rotation velocity of the plasma in the edge 

region. This confirms the interpretation of the precursor as a flux surface perturbation 

rotating with the plasma, rather than a wave propagating in relation to the plasma. 

Assuming that the precursor oscillation is a magnetic mode as described, it is 

linked to a flux surface of a specific q-value. It is clear that the temperature profile, 

and hence the q-profile, do not change significantly during the precursor. Across the 

edge region q varies from around 3 to around 5 at the last closed flux surface. In order 

to move radially a given precursor perturbation would thus have to move to a flux 

surface of different q, which is not possible. However, the bursting nature of the 

precursor indicates that it consists of several modes. It is possible that each successive 

mode in the precursor may be centred at a flux surface of larger radius and lower 

rotation velocity. 

The decrease in rotation velocity of the edge plasma is consistent with the 

simultaneous precursor frequency decrease at all the reflecting densities. The L-H 

transition ELMs in discharge #27278 remain strongly localised to channel 3, with no 

indications of any outwards movement during the frequency decrease. This also points 

towards a decrease of the edge plasma rotation velocity. However, the L-H transition 

ELMs in discharge #27278 show a decrease in precursor frequency of 20 %, on a time 

scale of around 0.5 ms. In order to confirm the hypothesis of a decrease in plasma 

rotation during the precursor, a rotation change on this time scale must be consistent 

with the observed minimal perturbations of the edge density and temperature profiles. 

Currently data on the time scale of changes in the plasma rotation are not available, 

but it is recommended as a subject of further studies. 

To summarise, the precursor frequency may decrease either because the rotation 

of the edge plasma slows down, or because the centres of successive precursor bursts 

shift radially outwards to a region of lower rotation velocity. In order to confirm one 

of these interpretations or a combination of them, measurements of the toroidal and 

poloidal edge plasma rotation velocity during the precursor are necessary. Both the 

velocity gradient in the edge region, and the evolution in plasma rotation during the 

ELM precursor must be determined. 
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5.7. Transition from Precursor to ELM 

In general the fluctuation amplitude of the quasi-coherent ELM precursors in JET 

shows no signs of consistent growth immediately before the start of the turbulence. In 

many cases the amplitude of the ELM precursor seems to grow and decrease again 

several times prior to the ELM. It is sometimes difficult to distinguish between one 

long precursor, or possibly several "aborted" precursor oscillations followed by the 

one that leads to the ELM. Tht sudden transition from the fairly stable quasi-coherent 

precursor to the turbulent bread band fluctuations is not likely to be caused solely by a 

growth of the precursor amplitude. 

The precursor oscillation is interpreted as one or possibly several perturbations of 

the magnetic flux surfaces that rotate with the plasma. Prior to the ELM the precursor 

expands or moves outwards radially, and simultaneously the rotation frequency 

decreases. Based on these observations several possibilities for the transition from 

precursor to broad band turbulence emerge: 

• The precursor expands or moves outwards until it reaches the last closed flux 

surface. Once this happens, the increased radial particle transport along the 

perturbed field lines can continue unhindered out past the last closed flux surface. 

This has been proposed as the triggering mechanism for the type III ELMs in 

DIH-D IPeebles,921. 

• The rotation of the plasma edge region slows down. The L-H mode transition is 

not well understood yet, but most present theories associate the characteristic 

improved confinement in the edge region with a reduction in the edge fluctuation 

level, the so-called transport barrier. The fluctuation level in the edge region is 

widely thought to be reduced by a strong radial shear in the poloidal edge rotation 

velocity [Burrell,92]. A decrease in the edge rotation could thus be related to a 

reduction of the H-mode edge confinement. 

• If the precursor consists of several coherent modes, these may spread or move 

radially outwards until they overlap and merge, destroying the magnetic flux 

surface structure and causing the observed turbulence. 

At present the experimental results are not conclusive enough to confirm or eliminate 

any of these possibilities. In particular, measurements of the plasma edge rotation 

rather than the precursor rotation are needed to distinguish between the first and 

second scenario. 
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5.8. Comparison of ELMs and H-L-H Mode Transitions 

The L-H Mode Oscillation 

The investigation of the L-H and H-L transitions has been concentrated on a 

series of discharges where the plasma oscillates between L-H mode at the transition 

point In JET, this oscillation is thought to result from the saturation of a magnetic 

field amplifier. This generates a vertical oscillation in the plasma position at the 50 Hz 

frequency of the mains. Though the movement is only around 5 mm, the relative 

change in distance from the X-point to the target plates is around 5-10 %. It is thought 

that the distance from the X-point to the target influences the threshold heating power 

for the L-H mode transition. When the heating power is kept close to the threshold, 

the oscillation in the X-point position is thus enough to induce an oscillation between 

L-mode and H-mode at 50 Hz. 

An example of the global plasma parameters during the oscillation is shown in 

figure 5.24, for discharge #24748. Simultaneously with the decrease in D a emission, 

both the magnetic fluctuations and the density fluctuations in the edge region show a 

significant decrease. At this point both the electron temperature and density starts to 

increase in the edge regions on both sides of the plasma. At the increase of the D a 

emission the parameter changes are repeated in reverse. Ås these parameter changes 

are typical of the L-H transition [Doyle,91], the oscillation is interpreted as a 

"dithering" H-mode, where the plasma oscillates between L-H mode. 

The oscillation has also been observed at the H-L transition at the end of the 

H-mode, and when the H-mode has been terminated by a pellet injection. The 

frequency of »50 Hz is generally taken as evidence that the oscillation is triggered by 

hardware effects, but the necessary oscillation in vertical position may be even less 

than 5 %. A similar oscillation or "dithering H-mode" has been observed in the DIII-D 

tokamak at 100 Hz [Carlstrom,9i]. In contrast to JET, this oscillation is thought to 

occur spontaneously. 

In the following, this oscillation has been used to study the L-H and H-L 

transition. The main argument for using this induced transition is that the "natural" H-

L mode transition usually occur in connection with an ELM. Hence it is not possible 

to distinguish between the effect of the ELM and of the H-L transition. Another 

argument is that the oscillation helps to distinguish the oscillating parameter changes, 

caused by the L-H and H-L transitions, from parameter changes caused by other 

phenomena such as sawteeth crashes. It should be noted that often the "natural" L-H 

mode transitions are triggered by a sawtooth generated heat pulse arriving in the edge 

region. The resulting edge temperature increase may be the triggering mechanism of 
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the L-H mode transition. This would be different in the induced L-H transition, but 

the time scale and the radial extent of the subsequent edge plasma changes are 

expected to be similar in both types of transition. 

Magnetic Fluctuations 

The fluctuations in the poloidal magnetic field have been measured in 14 

positions around the plasma in the poloidal plane. In figure 5.25 the magnetic 

fluctuations are shown in several poloidal positions for discharge #24748. The 

magnetic fluctuation level is significantly lower during the H-mode phase on all 

channels. This shows that the change in fluctuation level can not be caused ly a radial 

or vertical movement of the entire plasma. The fluctuation level changes over a time 

scale of less than 0.5 ms at the L-H and H-L transition, simultaneously with the 

change in D a emission. 

Density Fluctuations 

In figure 5.26, the raw reflectometer fluctuation data are shown together with the 

D a emission at the X-point target during the L-H oscillation for discharge #24748. On 

channels 2-6, corresponding to a density range from n=0.7xl0^m"3 to 

n= 1.9x10^ m"3, the fluctuation level decreases visibly during the H-mode phase. The 

change in fluctuation level at the L-H and H-L transitions takes place on a time scale 

of less than 0.5 ms. In figure 5.27 the contour plot of the density fluctuations at 

n=1.9x!019m*3 is shown during two cycles of the oscillation. It is clear that the 

fluctuation level is substantially higher during the L-phase throughout the bandwidth 

of 3-100 kHz, and there is no evidence of quasi-coherent precursors to either the L-H 

or the H-L transition. The density spectra during the L-phase and the H-phase are 

shown in figure 5.28. At the L-H transition the observed fluctuation level decreases 

with 6 dB throughout the bandwidth. It should be noted that the autopower of the 

density fluctuations to some extent can be influenced by the instrumental effects, as 

discussed in chapter 3. It is however clear that the fluctuation level is significantly 

reduced during the H-mode phase in the outer edge region, at n<2.5xl0^ m~3 and 

p>0.90. 

Electron Temperature 

The electron temperature in the edge region has been measured during the L-H 

mode oscillation with the ECE heterodyne radiometer. In figure 5.29, the temperature 

is shown at two radial positions together with the D a emission at the X-point target 

plate for discharge #24715. In the time window shown in the figure, the plasma 
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remained in H-mode during one of the periods, where an oscillation back to L-mode 

was expected. The temperature increases during the first 5 ms after the L-H transition, 

thereafter the increase gradually slows down during the rest of the H-phase. At the H-

L transition the temperature decreases again over a similar time scale. Further inside 

the plasma, at R=3.5m or p=0.5, the oscillation is not visible on the electron 

temperature. 

Electron Density Profile 

The reflectometer phase data corresponding to the positions of the reflecting 

layers are shown in figure 5.29. The phase data from the three outermost channels, at 

n<0.4xl0l9 m-3, are corrupted by phase jumps due to the fluctuation level in the 

L-phases and ELMs in the H-phases. Ignoring the occasional phase jumps, channel 5 

at n= 1.9x 10 * ̂  m~3 shows a sharp outwards movement corresponding to an increase in 

density in the first 2 ms after the L-H transition. In the last 6 ms of the H-phase it 

remains stationary corresponding to an unchanged density profile at n= 1.9x10*9 m-3 

and below. Channel 6 and 7, at n>2.5xlOI9m"3, moves gradually outwards 

throughout the H-phase, corresponding to a gradual increase of density at n> 

2.5xl0'9 m'3. Both channel S, 6 and 7 show a gradual inwards movement throughout 

the L-phase corresponding to a gradual decrease of density at n>l.9x10*9 nr^. In 

comparison a significant fluctuation decrease at the L-H transition is observed on 

channel 2-5, in the density range of n=0.7xl0^ m~3 to n=2x!0^ m"3. 

The evolution in density profile immediately after the L-H transition is similar to 

the results in chapter 4, where the profile evolution has been investigated on a longer 

time scale after the L-H transition. The only difference is that in these discharges the 

density before the transition is higher, so the build-up of the gradient starts at a higher 

density. 
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Comparison of ELMs and H-L-H Transitions 

The H-L transition causes an increase of 6 dB in the spectral power of the density 

fluctuations, throughout the observed bandwidth of 5-100 kHz. This fluctuation 

increase is localised to the outer edge region, at densities below 2.5x10*9 m~3 or 

p<0.9. There is no signs of a quasi-coherent precursor to the L-H transition. The 

density decreases gradually in the edge region at n>2x l0^ m*3 (p>0.91) after the 

H-L transition, and increases gradually after the L-H transition, building up to a 

critical constant gradient. The temperature throughout the edge region decreases 

gradually after the H-L transition, and increases after the L-H transition, on a time 

scale of several ms. 

The transition ELMs and the small ELMs have distinct quasi-coherent precursor 

oscillations, unlike the H-L mode transitions. Their fluctuation spectra during the 

turbulent period generally show the same level of spectral power throughout the 

bandwidth, rather than the decrease in amplitude with increasing frequency of the 

L-mode fluctuation autopower spectrum. The profile perturbations during the ELMs 

are localised closer to the last closed flux surface than the changes observed at the 

L-H transition, and the time scale of the initial temperature decrease at the ELM is 

much faster. Furthermore the small ELMs show a characteristic increase in both the 

temperature and density at p=0.96. To conclude, it is clear that the small ELMs are 

not transient L-mode phases. 

The giant ELMs observed in the ELM prolonged H-modes generally have no 

quasi-coherent precursors. The decrease in fluctuations at 5-20 kHz during the ELMs 

is probably due to suppression of coherent oscillations, which are not present before 

the H-L transitions used for comparison. After the initial burst of turbulence the giant 

ELM in discharge #27227 gave rise to a 5 ms period of increased magnetic turbulence 

corresponding to the flat-top of the ELM, as shown in figure 5.10. Comparisons show 

that the increase in the magnetic fluctuation amplitude during this turbulent period is 

very similar to the increase in density fluctuation amplitude during the L-mode phase, 

around 4 dB and 6 dB throughout the bandwidth. 

Most of the giant ELMs cause a larger loss of particles and energy than at the 

observed H-L transitions, and the fluctuation level changes over a larger radial extent. 

However, this could be explained by the longer quiescent H-mode period prior to the 

giant ELM. The fluctuation levels are thought to have decreased further inside the 

edge region, according to observations from the DIII-D tokamak [Doyle,91]. The 

volume averaged density has also increased much more prior to the giant ELM. Thus 

a return to L-mode confinement would result in a more extensive particle and energy 

loss, as seen for the giant ELMs. The recovery of both the edge density and 
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temperature profiles after the giant ELMs follow the same radial pattern as the profile 

build-up after the L-H transition. To conclude, both the fluctuation signature and the 

temperature and density profile perturbations of the giant ELMs in ELM prolonged 

H-modes are consistent with a temporary return to L-mode. 

The large ELMs generally have the same type of fluctuation signature as the 

small ELMs, with a quasi-coherent precursor, and a brief period of turbulence with a 

constant level of power in the fluctuation spectra throughout the observed bandwidth. 

It is thus not likely that these ELMs are transient returns to L-mode. However, some 

of the large ELMs have an extended period of turbulence, with a corresponding flat 

top in the D a burst and a more extensive temperature and density decrease. It is 

possible that these large ELMs may involve a temporary return to L-mode, triggered 

by the ELM. 

5.9. ELMs in other Tokamaks 

In the DIII-D tokamak three types of ELMs have been identified; Type I, or 

"giant" ELMs, type II or "grassy" ELMs, and type III ELMs. Type III ELMs usually 

occur in connection with the L-H transition. Their repetition rate decreases with 

increasing heating power. These ELMs have quasi-coherent precursors at 60-120 kHz, 

centred on the upper part of the steep edge density gradient, which expand towards the 

last closed flux surface prior to the ELM. Giant ELMs occur at edge pressures close to 

the ideal ballooning limit. Their repetition rate increases with the heating power. 

These ELMs do not have quasi-coherent precursors, but an increase in broad band 

fluctuations is often observed prior to the ELMs. Grassy ELMs, with low D a 

amplitudes and high repetition rates, occur at high heating powers in strongly shaped 

plasmas. They are thought to occur at the second stability limit of ideal ballooning 

modes. 

In the ASDEX tokamak only ELMs corresponding to "type III" in DIII-D have 

been observed, at pressures well below the ballooning limit, and with quasi-coherent 

precursors. In ASDEX the ELM precursor oscillations in the magnetic field grow in 

amplitude prior to the ELM [Zohm,92a]. It is however possible that part of the 

apparent increase in the precursor amplitude is caused by the oscillation expanding 

outwards radially, towards the pick-up coils. 

Both the small and the large ELMs in JET are consistent with the "type III" 

ELMs in DIII-D and the ELMs in ASDEX. The only discrepancy is the decrease in 

the precursor frequency prior to the ELM that is observed routinely at JET. However, 

a closer investigation of the data from both DIII-D and ASDEX is necessary in order 
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to draw any conclusions from this; a 3-D plot of the fluctuation autopower against 

time and frequency indicate that the ELM precursors in DIII-D may well decrease in 

frequency prior to the ELMs [Doyle,91a]. 

In DIII-D so-called compound ELMs are also observed. These consist of a type 

III ELM with a quasi-coherent precursor, which triggers a temporary return to 

L-mode. The return to L-mode is identified by extended period of broad band 

turbulence, 1-15 ms, and a correspondingly larger particle loss. This is similar to the 

observations in JET; both some of the large ELMs, and the giant ELMs, show a 

extended period of turbulence consistent with a temporary L-mode. 

It is not clear if the giant ELMs in JET corresponds to type III or giant ELMs in 

DIII-D, mainly because the ELM studies in DIII-D have been concentrated on the 

dependency on heating power and ideal ballooning stability. The corresponding work 

at JET has been concentrated on the density and temperature in the edge region where 

the ELMs originate, as shown in this report. This is discussed in more detail in 

chapter 6. 

5.10. Summary and Conclusions 

The transition ELMs and the small ELMs show an inversion radius in both 

density and temperature perturbations, indicating a localised particle and heat loss 

centred at the inversion radius. The temperature perturbation is localised to the region 

of steep edge gradient, at p>0.9. With respect to density, the ELM affects all of the 

steep edge gradient region and the "knee" in the density profile, but no more. The 

inversion radius is positioned at the point of maximum pressure gradient, in the 

innermost part of the steep density gradient region. As the edge profiles build up 

during the H-mode the inversion radius moves inwards slightly, remaining at the point 

of maximum pressure gradient. 

Giant ELMs may cause a decrease in volume averaged density of as much as 

10 %. This loss of pressure causes an inwards movement of the plasma of 1 cm or so. 

The radial extent of the temperature perturbation is not clear, but it may affect the 

plasma all the way into the centre. Large ELMs cause a temperature decrease in most 

of the edge region. The radial extent of large ELMs ranges from p^0.85 with no 

significant change in volume averaged density, to a volume averaged density decrease 

of 5 % and an extent similar to the giant ELMs. 

During all ELMs a burst of broad band turbulence in the density and magnetic 

field is observed. Comparisons of the time scale of the D a burst and the turbulence 

indicate that the turbulence is linked to the increase in particle transport during the 
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ELM. A smaller increase in D a emission is observed during the quasi-coherent 

precursor oscillations, together with a small flattening of the density gradient in the 

region of the precursor. To conclude, both the turbulence, and to a smaller extent the 

quasi-coherent oscillations, are responsible for the observed increase in particle loss. 

Prior to all small and most large ELMs a quasi-coherent precursor oscillation in 

the density and the magnetic field is observed, in the frequency range 50-100 kHz. 

The precursor is interpreted as a perturbation of a magnetic flux surface in the edge 

region, with toroidal mode number above 10. The bursting nature of the precursor 

indicates that it consists of several modes, possibly centred at different flux surface in 

the edge region. The precursor rotates toroidally and/or poloidally, probably at the 

velocity of the local plasma. Prior to the ELM the precursor frequency decreases due 

to a reduction in the rotation velocity of the precursor. The precursor also expands 

towards the last closed flux surface prior to the ELM. It is not possible to establish if 

the decrease in the precursor rotation is caused by an overall decrease of the edge 

plasma rotation velocity, or by the centres of the precursor bursts shifting radially to a 

region of lower plasma rotation velocity. 

The mechanism that causes the transition from the quasi-coherent precursor to the 

turbulent broad band fluctuations during the ELM has not been determined yet. 

Several possible mechanisms are proposed. It is thought that the expansion of the 

precursor towards the last closed flux surface, and possibly also the decrease in 

precursor frequency, play causal roles in triggering the ELM. Observations of 

precursors, which do not develop into turbulence, show that the transition from 

precursor to turbulence is not inevitable. 

The precursor, the radial localisation and the time scale of the profile 

perturbations of the small and most larger ELMs indicate that they are not temporary 

returns to L-mode. Very large ELMs with an extended period of turbulence and a 

corresponding D a flat top may be compound ELMs, i.e. an ordinary large ELM 

which triggers a brief return to L-mode. 

Giant ELMs in ELM prolonged H-modes do not have observable (>0.5 ms, 10-

125 kHz) quasi-coherent precursors. They typically have an extended period of 

turbulence, 2-10 ms, and cause a significant decrease in the volume averaged density 

of the plasma. The parameter changes during the turbulent period is consistent with a 

temporary return to L-mode. It is not clear whether the giant ELMs are manifestations 

of the same instability as the other ELM types. Hence further investigations of the 

relation between giant ELMs and other ELMs are recommended for the next 

operational period. 
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6. Driving Parameters for ELMs 

6.1. Introduction 

In this chapter, the plasma conditions that may play a role in triggering the ELMs 

are investigated. The motivation is both to identify the instabilities that are consistent 

with the ELMs, and to gain an understanding of how the ELM occurrence may be 

controlled. 

The first part concentrates on the series of repetitive ELMs that are observed at 

the L-H mode transition. The repetition frequency of these ELMs decreases as the 

H-mode evolves; either gradually or in steps as a result of sawtooth generated heat 

pulses. The decrease of the repetition frequency suggests that the evolution of the 

edge plasma parameters after the L-H transition stabilises the plasma against the ELM 

instability. Therefore, the correlation between the ELM repetition frequency and the 

relevant plasma parameters is investigated. 

The second part of this chapter concerns the ELMs at the end of the quiescent 

H-mode, and the evolution of the edge plasma parameters prior to these ELMs. It is 

shown that the evolution of an H-mode gives rise to a characteristic trajectory when 

the evolution in electron density n is plotted against the electron temperature T, and 

the parameters determining the position and shape of this trajectory in n-T space are 

identified. The motivation for this study is to investigate whether the various types of 

ELMs occur in specific parts of the n-T diagram. The trajectory prior to the ELMs 

may also help identify the ELM driving parameters. 

6.2. ELM Repetition Frequency 

After the L-H mode transition, a series of low amplitude ELMs usually occurs. 

The repetition frequency of these ELMs can be as high as 2 kHz immediately after the 

L-H transition. The frequency gradually decreases, until the ELMs stop completely, 

and a quiescent H-mode is reached. The duration of the ELMy period decreases with 

increasing plasma heating power. At low heating powers close to the H-mode 

threshold, the ELMs may continue throughout the H-mode. At high heating powers 

the ELMy period between the L-mode and the quiescent H-mode may be omitted 

altogether. 
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The evolution in the electron temperature during the ELMy period after the L-H 

transition is shown in figure 6.1 together with the D a emission. The temperature in 

the edge region at p>0.8 increases in steps, each time a sawtooth generated heat pulse 

reaches the edge region. The repetition frequency of the ELMs decreases visibly at 

each increase in the edge temperature. Since the heat pulses are generated by sawtooth 

crashes in the plasma centre, independently of the ELMs in the edge region, the ELM 

repetition rate must depend on the edge plasma parameters affected by the sawtooth 

pulses. 

Pulse No: 24708 

13.0 13.1 13.2 13.3 13.4 13.5 
Time (s) 

Figure 6.1. Electron temperature andDa emission showing the change in ELM 
repetition frequency at each sawtooth heat pulse for #24708 

Evolution of Edge Profiles and ELM position 

In chapter 4 the evolution of the edge density and temperature profiles after the 

L-H transition have been investigated. Using these results, the localisation of the 

ELMs on the edge profiles have been established in chapter 5. To summarise, both the 

ELM precursor, and the profile perturbation at the ELM, are centred at the point of 

maximum pressure gradient. When the density profile builds up during the H-mode, 

the edge density gradient remains constant, but the region of steep edge gradient 

expands inwards. This causes the point of maximum pressure gradient, and the centre 

of the ELM, to move inwards as well, from p*0.95 to p*0.93. 
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After the L-H transition the temperature gradient builds up in the edge region at 

p>0.92. Both the temperature throughout the edge region at p>0.8, and the steep edge 

temperature gradient, increase in steps each time a sawtooth generated heat pulse 

arrives in the edge region. The density profile in the edge region is not affected 

significantly by sawtooth pulses. This suggests that the ELM repetition frequency 

depends on either the temperature or die pressure, or their gradients, radier than the 

density or the density gradient. 

Calculation of ELM frequency, Edge Density and Temperature 

In the following the ELM repetition frequency has been calculated by counting 

the ELMs in selected time intervals containing 10 to 30 ELMs. The intervals have 

been chosen so as not to cover any sudden changes in the ELM repetition rate. The 

uncertainty of the repetition frequency is estimated to 1-2 % at 2 kHz increasing to 

10% at 100 Hz. 

The absolute edge temperature is represented by the temperature in the ECE 

measurement point at p%0.92, on the inside of the ELM inversion radius for all the 

transition ELMs. Generally the perturbations caused by the ELMs are smaller at this 

point than at the point omside of the inversion radius. The temperature gradient is 

calculated between the two temperature points on either side of the ELM inversion 

radius. 

The exact positions of the ECE measurement points in relation to the plasma edge 

vary from discharge to discharge due to slight differences in the magnetic fields, with 

Ap*0.02 or 2 cm. This introduces an uncertainty of around 25 % on the absolute 

temperature in a measurement point on the steep edge gradient. The edge temperature 

gradient is approximately constant in the edge region, at p>0.9, so the uncertainty 

caused by the variation in the measurement position is negligible. 

The reflectometer phase detectors do not work continuously in ELMy periods, so 

the evolution in the density profile can not be calculated. However, it is usually 

possible to identify the density at the inversion radius from the reflectometer phase 

data. The uncertainty is around 0.4x10^ m-3 or 30%, corresponding to the density 

difference between two channels. Furthermore the density at the inversion radius 

seems to increase in steps of 0.4x10^ m' ,̂ whenever the inversion radius moves 

from one channel interval to the next. Since this would complicate the interpretation 

of the results and possibly mask any correlation with the ELM repetition frequency, 

the reflectometer data has not been used for this investigation. 

The L1DAR density profiles have too low a repetition rate to study the evolution 

during the ELMy period, so density profiles from the FIR interferometer have been 
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used. In order to achieve a sufficient temporal resolution the FIR profiles were 

recalculated at 200 Hz for the nine discharges in the study. 

Correlation between ELM Repetition Rate and Edge Teaperatnre 

The ELM repetition frequency has been plotted against the edge temperature 

gradient in figure 62 for nine low power H-mode discharges with long ELMy periods 

after the L-H transition. The vacuum magnetic field is either 2.0 T or 2.9 T, and the 

plasma current is ?.l MA for all the discharges. A very strong correlation is observed 

for the individual discharges, with a slightly larger spread between different 

discharges. The correlation is independent of the magnetic field, and hence of the 

safety factor q at the ELM radius. 

The correlation and the proportionality constant have been calculated by linear 

regression both for the total data set and separately for each discharge. The results are 

shown in table 6.1. The correlation data confirms the observations; the correlation 

coefficient for each discharge is >0.94 on a scale where a perfect correlation gives ±1, 

and random data gives 0. The total correlation coefficient is 0.85, lower than for the 

individual discharges but still significant. 

The ELM repetition rate has been plotted against the absolute temperature at the 

measurement point at the inside of the ELM inversion radius in figure 6.3, for the 

same nine discharges as before. This gives a similarly high correlation coefficient for 

the individual discharges, but the overall correlation is only 0.74, as shown in table 

6.1. This could however be due to the variation in measurement positions. 

In figure 6.4 the ELM repetition frequency is plotted against the edge electron 

pressure gradient. Again a strong correlation is observed for the individual discharges. 

Compared with the plots of the temperature and temperature gradient in figure 6.2 and 

figure 6.3, the pressure gradient plot shows much less variation between different 

discharges. The linear regression results for the individual and combined discharges 

are shown in figure 6.1. The correlation coefficient for individual discharges are 

slightly better, >0.95. More significant, the correlation of the combined discharges is 

0.9S as well. 

The results indicate that the ELM repetition frequency FELM is correlated to the 

edge electron pressure gradient rather than the absolute electron temperature or the 

temperature gradient. The relation is found to be: 

FELM«(Vp«r2±0'. (6.1) 

During the ELMy period the density at the ELM inversion radius typically 

increases between 10% and 40%. The corresponding increase in both the edge 

temperature and the edge temperature gradient is typically between 100 % and 200 %. 
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Evidently the increase in the pressure and the pressure gradient are driven mainly by 

the increase in the temperature. The increase in 1^ at the ELM inversion radius gives a 

much smaller contribution to both the pressure and the pressure gradient increase. The 

spatial resolution of the temperature data is insufficient to resolve the edge 

temperature gradient fully. Hence it is not possible to determine whether the ELM 

repetition frequency decrease is caused by the increase in the absolute pressure, or in 

the pressure gradient. To conclude, the results indicate that the ELM repetition 

frequency is driven by the square of the inverse of either the absolute electron 

pressure, or the electron pressure gradient, at the ELM radius. 

Discharge 

24704 

24707 

24708 

24727 

24734 

24735 

24742 

24743 

24745 

All 

Number of 

obs. 

19 
12 
33 
2 
17 
17 
10 
7 
9 

146 

Correlation 

of F E L M " 

dTg/dr 

-0.958 

-0.948 

-0.974 

-0.986 

-0.996 

-0.950 

-0.940 

-0.961 
-0.947 

-0.856 

Correlation 

of FELM -
Te 

-0.955 

-0.892 

-0.974 

-0.967 

-0.994 

-0.962 

-0.701 

-0.962 

-0.954 

-0.762 

Correlation 

°f FELM" 
dpe/dr 

-0.964 

-0.973 

-0.974 

-0.968 

-0.989 

-0.970 

-0.948 

-0.968 
-0.964 

-0.947 

BT(T) 

2.0 
2.0 
2.0 
2.9 
2.9 
2.9 
2.9 
2.9 
2.9 

-

Table 6.1. Linear regression results for log(F£i\^=alog(dTg/dr)^b, giving 
FELM=10b(dTe/dr)a- IplasmtT*1 MA for all the discharges. 
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Figure 6.2. Plot of the ELM repetition frequency against dTg/drfor several 
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63. Particle Loss during L-H Transition ELMs 

In order to discuss the particle losses during the ELMs it is necessary to consider 

the relation between the particle transport and the D a emission. The D a emission rate 

is proportional to the flux of deuterium atoms into the plasma. In JET the recycling 

coefficient is typically 1.00±0.01, so the influx of neutral particles can be assumed to 

equal the plasma particle outflux Tø, giving [Morgan,92]: 

Daocr0 . (6.2) 

The total loss of particles due to an ELM is thus proportional to the integral of the D a 

emission caused by the ELM. 

It is not feasible to calculate the area under the ELMs on the D a trace with a 

reasonable accuracy either automatically or manually, so the area must be found by 

other means. In chapter S it is shown that during the ELMs, the plasma particle loss 

and the influx of neutral particles happen on a faster time scale than the subsequent 

ionisation of the neutrals. The additional D a emission during the ELM can thus be 

expressedas 

ADaexp|-—I. (6.3) ""fe} 
Here ADa is the amplitude of the ELM spike, and t 0 is the ionisation time of the 

neutral particles. t 0 is assumed to be constant This is consistent with the 

experimental data, which shows that the typical half width of the ELMs is roughly 

constant. The total particle loss due to the ELM is found by integration 

N E L M *t 0 AD a (6.4) 

The amplitude of the ELM spike can be detected with an uncertainty of 10 %. The 

additional particle outflux 1~ELM caused by the ELM is given by the total particle loss 

at each ELM, multiplied by the ELM repetition frequency. Normalising with the 

underlying particle loss corresponding to the base level of D a emission gives 

^ ^ „ F ^ ^ s . (6.5) 

Where F£LM is the ELM repetition frequency. The relative particle loss rate due to 

the ELMs is thus proportional to the ELM repetition frequency and the relative D a 

amplitude, Da/ADa, of the ELMs. Taking the logarithm gives a linear expression: 

l o g ^ a . = l o g ^ - - I o g F E L M . (6.6) 
D o T 0 r 0 
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In figure 6.5 the relative ELM amplitude, normalised with tl,-* underlying Do-

level, has been plotted against the ELM repetition frequency. The D a emission in the 

vertical line at R=3.11 has been used, as this is most representative of the total D a 

emission throughout the plasma (see chapter 2 for details). The plot shows a good 

correlation both for individual discharges and the total data set. Linear regression 

shows that the ELM repetition frequency is proportional to the inverse of the particle 

loss per ELM. This results in a constant relative particle loss rate due to the ELMs 

throughout the ELMy period. The relative ELM particle loss rate is also roughly the 

same for all the discharges. The ionisation time x0 is estimated to 0.4 ms, giving an 

average particle loss rate due to the ELMs of 17 % of the underlying particle outflux. 

The linear regression results, and the calculated relative particle loss, are shown in 

table 6.2. 

The constant particle loss rate of L-H transition ELMs may be seen as an 

indication that the ELM repetition frequency is determined by the particle loss at each 

ELM, and the recovery time afterwards. In chapter 5 it was shown that for the 

transition ELMs later in the ELMy period, the plasma profiles recover to the pre-ELM 

values well before the start of the next ELM. At an ELM repetition frequency of 100 

Hz, the duration of both the ELM density and temperature perturbations are typically 

less than a third of the time interval between successive ELMs. This shows that the 

repetition frequency of the ELMs is not determined simply by the time it takes the 

profiles to recover to an unstable value after each ELM. Rather, the constant particle 

loss rate is thought to be a side effect of the decrease in ELM frequency with 

increasing pressure, or gradient. The increase in pressure at the ELM radius, and the 

inwards movement of the ELM, result in an increase of the particle losses caused by 

each ELM, as well as a decrease in ELM frequency. 

Another factor to consider is the duration of the quasi-coherent ELM precursor 

oscillations. These do not affect the edge profiles significantly, and it is likely that the 

time interval between successive ELMs depends on the duration of the precursors. 

Currently the available data are insufficient for a quantitative analysis of this, but 

preliminary results indicate that the precursors typically starts in the innerpart of the 

edge region, as soon as the plasma profiles have recovered from the previous ELM 
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Discharge 

24704 

24707 

24708 

24727 

24734 

24735 

24742 

24743 

24745 

All 

Number of 

obs. 

19 

12 

33 

2 

17 

17 

10 

7 

9 

146 

Corr. of 
FELM 

vs. ADa/Da 

-0.94 

-0.92 

-0.94 

-0.83 

-0.97 

-0.64 

-0.96 

-0.72 

-0.61 

-0.85 

A 

-1.03 

-1.35 

-1.43 

-0.66 

-0.76 

-0.97 

-0.91 

-1.09 

-0.67 

-0.93 

TELM^O 

0.17 

0.16 

0.19 

0.20 

0.16 

0.13 

0.26 

0.21 

0.12 

0.17 

BT 

(T) 

2.0 

2.0 

2.0 

2.9 

2.9 

2.9 

2.9 

2.9 

2.9 

-

Table 6.2. Linear regression results giving the relative Da amplitude, 
log(dJ}a/Da)=Alog(FEL^B orADa/Da=10B(FELM)A and 
rELM^o=xowB- Jplasmais 3] MA for all discharges. 

6.4. H-mode and ELM Trajectories in n-T Space 

Currently, most of the instabilities proposed as candidates for the ELMs are 

driven by the pressure gradient or the current gradient, possibly in connection with the 

local plasma resistivity. In chapter 5 it has been established that the centre of the 

perturbation at small ELMs is localised to the position of maximum electron pressure 

gradient. In the previous section the electron pressure, or electron pressure gradient, is 

shown to determine the ELM repetition frequency. All of this points towards the 

density and electron temperature, and hence the electron pressure, as key parameters 

for the ELMs. Therefore, a density versus electron temperature diagram has been 

chosen as the simplest combination of parameters that can be used for studying the 

evolution of the electron pressure and the plasma resistivity. 

Density and Temperature Data 

The evolution of the edge density and temperature profile, and the position of the 

small ELMs on the profiles, have been established in chapter 4 and 5. To summarise, 

for small ELMs and L-H transition ELMs the centre of the profile perturbation is 
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localised at the point of maximum electron pressure gradient. On the density profile 

the ELMs are centred just below the top of the steep edge density gradient. Since the 

density profile is fairly flat in the rest of the plasma, the density at top of the edge 

gradient can be represented by the volume averaged density. At JET, the volume 

averaged density is calculated routinely from FIR interferometer data, at a sufficient 

temporal resolution. Hence the volume averaged density has been used for the n-T 

diagrams. 

During transition ELMs and small ELMs the centre of the perturbation is always 

localised in the region of steep temperature gradient, between p=0.92 and p=0.95. In 

the following the temperature at p=0.92, just inside the ELM radius, has been used for 

the n-T diagrams. Large ELMs and giant ELMs may affect the plasma at smaller radii, 

but in general the temperature in the edge region at 0.7<p<0.9, inside the steep edge 

gradient, evolves similarly to the temperature at p=0.92. 

The edge electron pressure, at the top of the steep edge density gradient, can be 

estimated by multiplying the edge electron temperature measured at p=0.92 by the 

volume averaged density. This is only a rough approximation, but it is useful for 

indicating lines of constant pressure in the n-T diagrams. 

Trajectory of H-mode Discharges. 

As shown in chapter 4 the volume averaged density typically keeps increasing 

throughout the H-mode. The temperature increases rapidly in the beginning of the 

H-mode, but later in the H-mode it starts to decrease. The decrease in temperature is 

usually caused either by an increase in the radiated power losses due to the density 

increase, or by a reduction of the applied heating power. 

The rate of increase in the density depends mainly on the gas fuelling of the 

plasma. The main source of particle fuelling is gas puffing, and a smaller contribution 

comes from the neutral beam injection heating. The increase in temperature depends 

on the heating power, less the radiated power losses. The radiated power increases 

with density and Zeff, so at the start of the H-mode it is generally small compared to 

the applied plasma heating power. The initial direction of the H-mode trajectory in 

n-T space thus depends primarily on the gas fuelling rate and the heating power. 

The trajectory of the H-mode from the L-H transition to the end of the ELMy 

phase terminating the quiescent H-mode is shown in figure 6.6 for five discharges. 

The heating power is 10 MW for all five discharges, while the gas fuelling rate 

(electrons/s) varies from 0.7x10^1 s"l to 4.2xl()2l s"'. All of the discharges show a 

loop-shaped trajectory in n-T space. In the beginning of the H-mode both the density 

and the temperature are increasing, so the curve is pointing up and towards the right. 

Later in the H-mode the heating power is reduced, leading to a decrease in 
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temperature. Meanwhile the density continues to increase. This causes the trajectory 

to turn round and start moving towards the top left hand corner. The quiescent 

H-mode is usually terminated by a series of ELMs. The ELMs reduce the plasma 

density, and the temperature decrease continues, so now the trajectory moves back 

towards the starting point at the bottom left hand corner. At the end of the discharge 

the loop in n-T space is completed. This type of loop trajectory in n-T space is typical 

of H-mode discharges in JET. The five discharges in figure 6.6 demonstrate clearly 

that the initial angle between the trajectory in n-T space and the T-axis increases with 

the gas fuelling rate. 

Five discharges with a similar gas fuelling rate of lxlO^l elec/s, and heating 

powers ranging from 4.5 MWto 15 MW, are shown in figure 6.7. The density and 

temperature at the start of the H-mode vary for each discharge in both figures, 

depending on the gas fuelling and other parameters prior to the L-H transition. 

However, it is clear that the initial temperature increase is faster at higher heating 

powers, resulting in a more horizontal trajectory in n-T space at the start of the 

H-mode. 

The edge electron pressure that is reached in a discharge depends on the heating 

power, as illustrated in figure 6.6 and 6.7. The five discharges in figure 6.6 at the 

same heating power all reach a similar maximum pressure at the top end of the "loop", 

even though the maxima fall at different temperature and density values depending on 

the trajectory of the discharge. In comparison the discharges in figure 6.7, at different 

heating powers, show a significant increase in edge electron pressure with heating 

power. 

It should be noted that in discharge #25996 at 13 MW and #25869 at 15 MW, 

shown in figure 6.7, the temperature increase is stopped by an "impurity bloom". This 

occurs when localised overheating of the X-point target tiles leads to pollution of the 

plasma with impurity ions, and a subsequent large increase in the radiated power loss 

[Stork,91]. 

The ELMs are generally localised in two areas of the n-T diagram. The small 

ELMs that occur after the L-H transition are limited to the region of low temperature 

and density. In a previous section it has been established that the repetition frequency 

of the L-H transition ELMs decrease and stop as the pressure gradient builds up in the 

beginning of the H-mode. Later in the H-mode the ELMs usually start after the 

temperature has started to decrease. These ELMs generally fall in the region of high 

density and low temperature, though there is no clearly defined stability limit in the 

n-T diagram where the ELMs start. This is illustrated in figure 6.8, where the density 

and temperature values have been plotted for 40 discharges, at the first ELM after 
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each quiescent H-mode period, and the last ELM before each quiescent H-mode 

period. 

The impurity blooms typically occur in the region of high temperature and low 

density. This is illustrated by discharge #25996 and #25869 in figure 6.7. 
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Figure 6.6. The trajectory in n-T space during the H-mode and the ELMy period 
afterwards for five discharges with varying gas fuelling rate and similar 
heating power. 
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Trace Pulse Pheat 
MW 

1 24712 5.5 
2 24745 7.5 
3 24755 4.5 
4 25732 10 
5 25869 13 

. 6 25996 15 
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Figure 6.7. The trajectory in n-T space during the H-mode for five discharges with 
varying heating power and similar gas fuelling rate. 
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Figure 6.8. The position of the plasma in n-T space prior to 50 ELMs. The last ELMs 
before a quiescent H-mode and the first ELMs after a quiescent H-mode 
phase have been selected in order to represent the ELM stability limit. 

The n-T Trajectory during ELM Prolonged H modes 

The n-T trajectory for discharge #25942 is shown in figure 6.9, and the global 

parameters for discharge #25942 are shown in figure 4.15 on page 70. During the last 

part of the H-mode, from t=8.1 s to t=9.2 s, a series of small ELMs stops the density 

increase and keeps the plasma in a quasi-steady state. The trajectory during the series 

of ELMs goes through several triangular loops at approximately the same position in 

the n-T diagram. During the first leg of the triangle, before the start of the ELMs, the 

density is increasing and the temperature is decreasing. The second leg of the triangle 

lies after the start of the first series of ELMs, when these cause a decrease in density, 

and the temperature continues to decrease. After around 300 ms a heat pulse from a 

sawtooth crash arrives in the edge region. This causes a sudden increase in 

temperature, which forms the horizontal third leg of the triangle. As the temperature 

increases, the ELMs stop, so the density starts to increase again and the temperature 

starts to decrease, forming the first leg of the next triangle. Before the end of the 

H-mode in discharge #25942 the plasma goes through three of these cycles of 

quiescent H-mode - ELMy H-mode - sawtooth heat pulse. 

During the giant ELMs in ELM prolonged H-modes the n-T trajectory also goes 

through a series of triangular loops. The n-T trajectory during a H-mode period with 
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four giant ELMs is shown in figure 6.10, for discharge #27227. The global parameters 

for discharge #27227 are also shown in figure 4.13 on page 69. Prior to each of the 

ELMs, during the first leg of the triangle, the density is increasing and the temperature 

is decreasing. The giant ELM causes a sudden decrease of 5-10 % in both temperature 

and density, which forms the second leg of the triangle. Afterwards the temperature 

recovers rapidly in less than 80 ms, forming the third leg of the triangle. The time 

scale of the increase in volume averaged density is much slower so it does not change 

significantly during the temperature recovery. The density increase continues after the 

end of the temperature recovery. The temperature increases a little at first, then starts 

to fall again due to the increasing density, forming the first leg of the triangle caused 

by the next giant ELM. The area of the triangle traced by the n-T trajectory during the 

giant ELMs depends on the severity of the perturbation caused by the ELM; in general 

the area of the cycles decrease later in the ELMy H-mode, when the ELMs tend to 

become less severe but more frequent. 

In some discharges the temperature recovers to the pre-ELM value within 80 ms 

after a giant ELM, and decreases during the next 300 ms prior to the next ELM. Prior 

to other giant ELMs the temperature may remain constant or even increase slightly if 

the previous ELMs have reduced the density and the radiation losses enough. In 

discharge #27227 for example, the temperature decreases prior to the first giant ELMs 

and increases slightly prior to the giant ELMs later in the same discharge. 

The n-T trajectories implies that the small ELMs late in the H-mode are triggered 

by a temperature decrease, while the pressure gradient remains comparatively constant 

due to the increasing density. The disappearance of the ELMs after a temperature 

increase, while the density remains constant, indicates that the ELMs are not driven 

solely by the density increase. The picture is not quite as clear for the giant ELMs. In 

some cases the temperature is clearly decreasing prior to the ELM, while the pressure 

remains fairly constant due to the density increase. Prior to other giant ELMs, when 

the temperature is constant or even increases slightly, the pressure increases 

significantly due to the density increase. 

The link between the ELMs and a decrease in temperature combined with an 

increase in density is also consistent with the production of ELM-prolonged H-modes 

in JET [Thomas,92J. The most promising methods of generating the ELMs were 

found to be strong gas fuelling, and modulation of the plasma heating power. The gas 

puffing cools the edge plasma and at the same time increases the density. The 

reduction in heating power also leads to a cooling of the plasma, while the H-mode 

density increase continues, as shown in chapter 4. 
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Figure 6.9. The trajectory in n-T space during several series of small ELMs late in 
the H-mode,for discharge #25942. 

144 Risø-R-700(EN) 



#27227 
• 1 1 1 1 1 1 H i 1 1 1-

Te, p=0.92 (eV) 

Figure 6.10. The trajectory in n-T space during several giant ELMs in the ELM-
prolongedH-mode, for discharge #27227. 
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6.5. The ELM Instability 

Results From Other Tokamaks 

The ELMs in ASDEX are all identified as one type, with quasi-coherent 

precursors. The ELM repetition frequency in the beginning of the H-mode decreases 

with increasing temperature, as in JET. Furthermore the ELMs later in the H-mode in 

ASDEX typically occur after a decrease in plasma temperature [Zohm,92a]. 

In the DIII-D tokamak three distinct types of ELMs are observed. The type III 

ELMs are similar to the ELMs in ASDEX and the L-H transition ELMs in JET; they 

have quasi-coherent precursors, and the repetition frequency decreases as the heating 

power and the temperature is increased after the L-H transition. 

The type I, or "giant", ELMs in DIII-D do not have quasi-coherent precursors. 

The repetition frequency of these ELMs has been shown to increase with increasing 

heating power. The corresponding evolution in temperature during the ELMs, and the 

effect of a decrease in heating power during the giant ELMs, have not yet been 

published. Recent results from DIII-D show the evolution in the repetition rate of the 

giant ELMs during an H-mode at high steady power [Zohm,92]. A temperature 

decrease in combination with a density increase leads to an approximately constant 

pressure gradient during the ELMs. However, the ELM repetition frequency increases. 

This corresponds to the results regarding all the ELMs including giant ELMs at JET, 

and the ELMs at ASDEX. The JET results are thus consistent with the experimental 

results from both ASDEX and DIII-D. 

Theoretical Models and Comparison to ELMs in JET 

The ELMs are generally associated with the edge region of steep temperature, 

density and pressure gradients, and they typically have MHD-like precursor 

oscillations. Hence most of the theoretical work has been concentrated on pressure 

gradient driven MHD instabilities. In DIII-D, the giant ELMs typically occur at 

pressure gradients close to the ideal ballooning stability limit, and the grassy ELMs 

occur close to the second ballooning stability limit. Ideal ballooning modes have 

therefore been suggested as the instability causing these ELMs [Ozeki,90]. As the 

electron pressure, and the pressure gradient, clearly decrease prior to some of the giant 

ELMs in JET, these are not consistent with the ideal ballooning modes. 

Both the type III ELMs in DIII-D, all the ELMs in ASDEX, and the L-H 

transition ELMs in JET, generally occur at electron pressure gradients well below the 

ideal ballooning limit (it should be noted that the edge pressure gradient at JET may 

be underestimated by a factor 2 or more due to the limited spatial resolution of the 
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edge profiles). Hence these ELMs are not thought to be ideal ballooning modes 
lHuysmans.92], [Zohm,92], [Doyle,91]. The inverse dependency of the ELM 
repetition frequency with pressure gradient that is observed for the L-H transition 
ELMs is also contradictory to the ideal ballooning model. 

In ASDEX, the experimental results have been compared with models of various 
instabilities. The most likely model describes the ELM precursor as a linear pressure 
driven resistive magnetohydrodynamic (MHD) mode [Zohm,92a]. This mode is 
connected to the maximum pressure gradient in the edge region, rather than a specific 
q-surface. In the model, the sudden transition from the precursor into turbulence is 
explained by a coupling between the dominant pressure gradient effect and a 
secondary current density gradient effect. This coupling can occur if either the 
pressure gradient, the current density gradient or the resistivity increase. 

In JET, recent theoretical modelling has led to the proposal of two separate 
instabilities for the ELM [Huysmans,92]. A long lived resistive ballooning mode, 
driven by the pressure gradient, has been suggested as the ELM precursor, as in the 
ASDEX model. According to the JET model, the precursor then causes a change in 
the edge profiles, which triggers a faster current density gradient driven resistive 
instability resulting in the turbulence. 

The resistivity T] of the plasma depends on the absolute electron temperature 
[Wesson,87]: 

n = Z e f f 2.8xlO- 'Qm ^ in keV> l n A = „ } 

V 
Introducing resistivity in the model of the pressure gradient driven instability 
generally results in a lower stability limit for the pressure gradient [Blank,92]. 

The decrease in ELM repetition frequency is interpreted as indicating that the 
plasma is stabilised against ELMs by the increase in pressure or pressure gradient. At 
a first glance, this is not consistent with the localisation of the ELMs at the point o f 
maximum pressure gradient. However, the increase in pressure in the beginning of the 
H-mode is driven primarily by the temperature increase. Since the resistivity 
decreases as Te"3^, the decrease in resistivity during the ELMy period would be 
faster than the increase in pressure. Thus the L-H transition ELMs are qualitatively 
consistent with the resistive, pressure gradient driven MHD instability proposed for 
the precursor in both models. 

The theoretical models of the precursor instability are also qualitatively consistent 
with the n-T trajectories of both the small ELMs late in the H-mode, and the giant 
ELMs. The decrease in temperature prior to the ELMs results in an increase in the 
local plasma resistivity. This can change the stability limit, so the comparatively 

Risø-R-700(EN) 147 



constant pressure gradient becomes unstable [BIank,92]. The giant ELMs that occur 

after a slight increase in temperature can also be explained. Though the temperature 

increases prior to these ELMs, the pressure gradient increases faster due to the larger 

density increase. Thus it is speculated that the pressure gradient reaches the instability 

limit in spite of the increase in this limit caused by the reduction in resistivity. 

The proposed resistive ballooning mode is also consistent with the observed ELM 

precursors, with toroidal mode numbers of more than 10 and lasting from 0.5 ms to 

25 ms. However, the expciLnental data do not show any evidence of changes in the 

temperature profile. This is not consistent with the currrent density driven second 

instability proposed in the JET model. Furthermore, the experimental results indicate 

that the turbulent part of the ELM is triggered by a radial expansion of the precursor, 

possibly in connection with a decrease in the edge plasma rotation vek ~ity. Neither 

the JET model, nor the ASDEX model can pt o vide an explanat:on of these 

observations. Another problem is that the giant ELMs appear not to have observable 

precursors, and it is not clear how they would fit into the models. 

6.6. Summary and Conclusions 

In the beginning of the H-mode a series of repetitive L-H transition ELMs 

typically occurs. The repetition frequency of these ELMs decreases with increasing 

pressure gradient. The ELM frequency has been shown to be inversely proportional to 

the square of the pressure gradient, or possibly the absolute pressure. The increase in 

pressure and pressure gradient during the ELM series is caused primarily by the 

increase in edge electron temperature and temperature gradient, and secondarily by the 

increase in density at the ELM radius. 

During the series of L-H transition ELMs, the particle loss rate due to the ELMs 

is approximately constant. The relative particle loss rate is also similar for different 

discharges, on average 17% of the underlying particle loss rate. However, the 

repetition frequency of the ELMs is not determined solely by the particle loss and the 

subsequent recovery time. 

The trajectories in n-T space of both the giant ELMs and the small ELMs late in 

the H-mode have been studied. These tiajectories do not imply an easily identifiable 

stability limit in the n-T diagram, but the ELMs are generally localised to the high 

density, low temperature region. The trajectory during series of small ELMs late in 

the H-mode indicate that these are driven by a temperature decrease, at a 

comparatively constant pressure. Some of the giant ELMs also occur at a decreasing 
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temperature and a comparatively constant pressure gradient, but others occur after a 

slight increase in temperature, and a larger increase in pressure gradient. 

The observations of both the L-H transition ELMs and the small ELMs are 

consistent with the ELMs in ASDEX and the type HI ELMs in DIII-D. Within the 

limitations of the available information, the giant ELMs in JET are also consistent 

with the latest results regarding giant ELMs in DIII-D. 

The evolution of the temperature and pressure prior to the ELMs in JET are 

qualitatively consistent with theoretical models of a resistive pressure gradient driven 

MHD instability. The observed toroidal mode numbers of the quasi-coherent ELM 

precursors are also in agreement with the models. However, the experimental 

observations of the evolution of the precursor, and the transition to the turbulent 

phase, can not be explained by the models. Furthermore, quasi-coherent precursors are 

not observed prior to the giant ELMs. The mechanism behind the transition from 

precursor to turbulence, and the relation between the giant ELMs and the other ELMs, 

in particular the existence of precursors to giant ELMs, are therefore recommended as 

subjects for further studies. 
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7. Conclusions 

7.1. Summary and Conclusions 

In this report, an experimental investigation of ELMs in the JET tokamak is 

presented. The data has been collected during the 1991-1992 operational period at 

JET. ELMs occurring in a wide range of H-mode conditions are considered. 

The involved diagnostic systems are primarily a multichannel reflectometer 

measuring electron density, an ECE heterodyne radiometer measuring electron 

temperature, a set of fast pick-up coils measuring magnetic field fluctuations, and a 

set of optical telescopes measuring the D a emission. 

In chapter 3, the potential and limitations of the multichannel reflectometer have 

been evaluated with respect to ELM measurements. In order to produce density profile 

measurements during ELMs, two new data processing methods for the reflectometer 

phase data have been developed and implemented. The spectral response of the 

reflectometer fluctuation detectors have been investigated using numerical 

simulations. Comparisons to experimental data have revealed that while the 

reflectometer characteristics do affect the data, the results can easily be identified and 

separated from physical phenomena. 

In chapter 4, the evolution of the edge electron temperature and density have been 

established, as a preliminary to investigating the radial localisation of the ELMs and 

the driving parameters for the ELM repetition frequency. The results show that the 

edge temperature and density profiles build up in a different manner during the 

H-mode. After the L-H transition a steep edge temperature gradient gradually builds 

up in a narrow radial region, from the last closed flux surface to p=0.9. The 

temperature gradient further inside remains approximately constant during the 

H-mode temperature increase. The H-mode density profile has a characteristic steep 

gradient in the edge region, and is fairly flat in the rest of the plasma. After the L-H 

transition the flat top density increases. However, the steep density gradient in the 

edge region remains constant. Only the density gradient in the flat top region, at the 

border to the edge region, increases towards the constant edge region value, causing 

the edge region to expand inwards. The density profile continues to build up in this 

manner until the H-mode is terminated. The density increase causes an increase in 

radiated power loss, so when the radiated power loss becomes comparable to the 

plasma heating power, the temperature stops increasing and eventually starts 

decreasing again. 
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In chapter 5 the characteristics of the individual ELM events have been 

established. The ELMs have been classified as L-H transition ELMs, small ELMs, 

large ELMs and giant ELMs, according to the radial extent of the temperature 

perturbation and the H-mode phase when they occur. The aim of the classification is 

primarily to establish the terminology. Both the transition ELMs, the small ELMs and 

the large ELMs are all thought to be caused by the same instability. 

The results show that the ELM event typically consists of two distinct phases. 

First a MHD-like precursor oscillation in both the density and the magnetic field is 

observed, in the frequency range of 50-125 kHz. The duration of the precursor varies 

from 0.2 ms for highly repetitive ELMs, to 30 ms for large singular ELMs. The 

precursor is interpreted as a perturbation of the magnetic flux surfaces, rotating with 

the local edge plasma. The bursting nature of the precursor indicates that the precursor 

may consist of several successive or simultaneous perturbations. During the second 

phase of the ELM an increased level of turbulent broad band fluctuations in both the 

density and magnetic field is observed. This turbulence then causes the increase in 

particle outflux, and the corresponding D a burst, that is characteristic of the ELM. 

The duration of the turbulent phase of the ELM is around 0.2 ms for most transition 

and small ELMs, but can be as long as 10 ms for giant ELMs. The transition from the 

precursor to the turbulent phase happens on a time scale of less than 20 us. The 

triggering mechanism can not be identified unambiguously at present, but the results 

indicate that it is connected to the radial expansion of the precursor towards the 

plasma edge and a decrease in the precursor rotation frequency, rather than a 

conventional growth of the precursor amplitude. The transition from precursor to 

turbulent phase is not inevitable, as precursor-like oscillations that disappear again 

without developing into the turbulent phase are observed regularly. Furthermore, the 

giant ELMs do not have observable precursors. 

Investigations of the profile perturbations during the ELMs have shown a 

characteristic inversion radius on both the temperature and the density profiles. In the 

outer part of the edge region an increase is observed during the ELM, in the inner part 

a corresponding decrease is seen. The radial evolution of the density perturbation 

during each ELM suggests that the perturbation originates just inside the inversion 

radius and propagates outwards towards the plasma edge. During the profile build-up 

following the L-H transition, the ELMs remain localised to the regions of steep edge 

density and temperature gradients, but when the region of steep edge density gradient 

expands inwards, the ELM inversion radius moves inwards as well. This indicates that 

the localisation of the ELM is linked to the point of maximum pressure gradient, 

rather than the density or temperature gradients. 
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The corresponding changes in edge profiles and fluctuation spectra at the L-H and 

H-L mode transitions have also been investigated. Comparisons show that the typical 

turbulent phase of the smaller ELMs differs significantly from a brief L-mode phase. 

However, the extended periods of turbulence of several ms duration observed for large 

and giant ELMs could be a temporary return to L-mode, triggered by the ELM. 

After the L-H transition a series of small ELMs is observed. The repetition 

frequency of the ELMs decreases with increasing pressure or pressure gradient. The 

increase in pressure is primarily caused by a temperature increase. 

In chapter 6 the driving parameters for the ELMs are considered. The repetition 

frequency of the L-H transition ELMs have been shown to be inversely proportional 

to the square of the pressure gradient, or possibly the absolute pressure. This indicates 

that the edge plasma is stabilised against ELMs as the edge pressure gradient 

increases. Furthermore it has been established that the increase in pressure and 

pressure gradient during the ELM series are caused primarily by the increase in edge 

temperature or temperature gradient, and only secondarily by the increase in density at 

the ELM radius. 

During the series of L-H transition ELMs, the particle loss rate due to the ELMs 

is approximately constant. The relative particle loss rate is also similar for different 

discharges, on average 17% of the underlying particle loss rate. However, the 

repetition frequency of the ELMs is not determined solely by the particle loss and the 

subsequent recovery time, as the intervals between successive ELMs can be 

substantially longer than the duration of the ELM. It is likely that the ELM repetition 

frequency is determined by the duration of the precursor oscillation, and that this in 

turn depends on the edge profiles, but at present, sufficient data are not available to 

investigate this in more detail. 

The trajectory in n-T space of the H-mode has been studied, revealing a typical 

loop-shaped trajectory corresponding to the H-mode evolution discussed in chapter 4. 

These trajectories do not imply an easily identifiable stability limit for the ELMs in 

the n-T diagram, but the ELMs are generally localised to the high density, low 

temperature region. When the H-mode is prolonged by either giant ELMs or series of 

small ELMs, characteristic cyclic trajectories have been observed. Both the observed 

trajectories and the ELM repetition frequency results are consistent with theoretical 

models describing the ELM as a resistive MHD instability driven by the pressure 

gradient. However, the experimental observations of the evolution of the precursor, 

and the transition to the turbulent phase, can not yet be explained by the theoretical 

models. Furthermore, the models identify the characteristic quasi-coherent precursor 

as the MHD instability that drives the ELM. As no precursors have been observed 

prior to the giant ELMs, these can not currently be explained by the model. 
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7.2. Suggestions for Future Work 

The work described in this report represents the first detailed experimental 

investigation of the ELMs in JET. ELMs have previously been studied experimentally 

in both ASDEX and the DIII-D, and the results from these tokamaks are generally 

consistent with the JET results. The comprehensive diagnostic systems at JET, and the 

longer time scale of the JET H-modes, have allowed some aspects of the ELMs to be 

studied in far more detail than at the other tokamaks. To give a few examples, the 

observation of the decrease in precursor frequency, and the corresponding decrease in 

the precursor rotation velocity, have only been observed in JET. The fixed frequency 

phase data of the multichannel refiectometer has given new results on the radial 

evolution of the profile perturbation, and the quantitative measurements of the 

correlation between the ELM repetition frequency and the edge temperature and 

pressure are also unique to JET. 

However, it should be noted that this investigation is by no means finished. Many 

significant results have been obtained, but as usual these results in turn lead to a whole 

new set of points which must be investigated. In particular, the work has led to the 

identification of several areas, where further experimental measurements are needed 

in order to progress with the analysis of the ELMs. 

Firstly, a more detailed knowledge of the ELM precursor is necessary in order to 

validate the various theoretical models that have been proposed for the ELM 

instability. A quantitative investigation of the parameters that determine the 

frequency, duration and radial expansion rate of the precursor should be performed, 

covering a large number of precursors from several series of discharges with suitable 

parameter variations. The triggering mechanism for the transition from precursor to 

turbulent phase should be investigated in more detail. A new correlation 

refiectometer, covering both the toroidal and the poloidal direction simultaneously, 

will be available at JET during the next operational period in 1994. This should 

provide measurements of the propagation velocity and direction of the precursor, 

allowing the wave number to be calculated. So far it has been assumed that the 

precursor is a flux surface perturbation which rotates with the local plasma, instead of 

propagating in relation to the plasma. This may be proved by comparing correlation 

refiectometer measurements of the precursor rotation with fast spectroscopy 

measurements of the plasma rotation. 

Spectroscopic measurements of the plasma edge rotation at a temporal resolution 

of 0.2 ms are required in order to establish if the rotation of the edge plasma slows 

down during the precursor, or if the precursor frequency decrease is caused by the 

radial movement of the precursor. This is particularly important, since a slow down in 
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plasma rotation at the ELM points towards a connection with the L-H mode transition, 

whereas a radial expansion suggests that the ELM is triggered by the precursor 

touching the separatrix or another magnetic perturbation. 

Furthermore, the poloidal and toroidal structure and propagation of both the 

precursor and the start of the turbulence should be studied with the new arrays of fast 

magnetic pick-up coils that are being installed for the 1994 operational period. In 

particular, measurements of the localisation of the precursor may help to determine if 

it is a ballooning type instability, in which case it would be localised at the outer 

midplane. 

It should also be established whether the giant ELMs are manifestations of the 

same phenomena as the other ELMs. This would include looking for precursors at 

higher frequencies than the current instrumental cut-off at 100 kHz for the 

reflectometer, and 125 kHz for the magnetic pick-up coils. Furthermore the ELM-like 

events called p-crashes, occurring in high (3 discharges, should be included in the 

ELM studies. In the work presented here they have largely been ignored due to lack of 

experimental data, but their fluctuation signature is reminiscent of the giant ELMs, 

with no quasi-coherent precursors. 

Finally, the diagrams of the H-mode trajectories in parameter space should be 

developed further. In order to operate with ELM prolonged H-modes in JET it is vital 

to understand how to generate a specified particle loss rate due to ELMs. The 

preliminary results show that the n-T diagrams are promising, but more work is 

needed for a large number of discharges in order to map the ELM-prone areas. 

Related forms of parameter space should also be considered. As a resistive, pressure 

gradient driven instability has been suggested for the ELM, it would be logical to try 

parameters incorporating the pressure gradient, the resistivity, and possibly Zeff (the 

effective ion charge). It would also be extremely useful from an operational point of 

view, if the parameters that determine the size and frequency of the ELMs late in the 

H-mode could be determined; giant ELMs are more efficient for flushing out 

impurities, whereas small ELMs give a lower peak power load on the X-point target 

plates. 
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A. Linear Regression 

Given a set of N data points (xj,yj), i=l,N, a least mean squares fit is used to 
estimate the best possible straight line through the data points. The fitted line is given 
by 

y = Ax + B, (A.1) 

where A,B are the fitting parameters. 

( X j - x X y i - y ) 

and the mean values of x and y are given by 

1 N 1 N 

i=l "' i=l 

The fit is only meaningful, if the data points are grouped along a line. The correlation 
of the data points is expressed as 

. ( X i - x X y j - y ) 
r= . ,=1 (A.3) 

The correlation coefficient goes from »0 for randomly scattered data, to ±1 for data 
points forming a perfectly straight line. 
The standard deviation on the calculated slope of the line, A, is given by 

f-T-K>«,+B^ 
_1,H £>-*>j 

I V - « N 7 

l^-i-i- . (A.4) 
=\2 
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B. Derivation of Reflectometer Signal 
The reflectometer fluctuation signal can be expressed as 

S(t) = A(t)cos(4>0 -84>sincot), 
A(t) = l + asin(cot+9) 

Here A is the amplitude of the reflectometer signal, $ 0 is the underlying phase during 

the oscillation, a and 8$ are the amplitudes of the oscillations in signal amplitude and 

phase, and 0 is the phase difference between the oscillation in phase and amplitude. 

The sine and cosine of a sum are 

sin(x±y) = sinxcosy±cosxsiny 

cos(x±y) = cosxcosy Qsinxsiny 

Inserting these relations gives 

S(t) = A(t)(cos4>0cos(&(>sin©t) + sin$0sin(&4>sin<Dt)) 
(B.3) 

A(t) = 1 + acos8sincot+asin9cosa>t 

The cosines and sines of sines can be expressed as sums of Bessel functions 

[Abramowitz,65]: 

cos(xsinØ) = Jo +2/ ] j2k cos2k9 
k=1 (B.4) 

sin(xsinG) = 2 V J2k+, sin(2k +1)9 

k=0 

where Jj=Jj(x) is the value of the i'th Bessel function in the point x. 

Inserting the Bessel expansions gives 

S(t) = (1 + acos9sincot + asin9cosa)t)(cos((i0J0 

+ 2cos<j>0^J2kcos2k(Bt + 2sin^oy]j2k+i sm(2k + Oo>t) ( B 5 ) 
k=l k=0 

= COS(J>QJ0 + Joaoo sintot + Joaoi coscat 

+ 2cos<|>0 V J2k cos2k(ot+2sin<(>0 V J2jc+| sin(2k + l)cot 
k=l k=0 

-h2a00/^J2|Csina)tcos2kcot + 2 a l o 7 J2|t.t.1sincotsin(2k + l)(Dt (B") 
k=l k=0 

+ 2a0J 7^ J2k coswtcos2k©t + 2a, j 7^J2k+J coswtsin(2k + l)cot 
k=l k=0 

The products of sines and cosines are: 
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sinx siny = 4( c o s ( x ~ y) - sas(x + y)) 

cosxcosy = |(cos(x-y)+cos(x + y)) (B.7) 

sinx cosy = |(sin(x - y) + sin(x + y)) 

Inserting this gives 

S(t) = cos^0J0 + Joaoo sin cot + J0a0i coscot 

+2cos^oy]j2iccos2kcot + 2sin^0Vj2it+2S»n(2k + I)<Bt 
k»l k-0 

+ a « , ^ J2k (sin(2k + l)<at - sin(2k - l)<ot) 
k»I 

+ a,0^J2k+l(cos2kcot -cos(2k + 2)<ot 
k=0 

+ a0 |^J2k(cos(2k-l)(f l t+cos(2k + l)<ot) 
k=l 

+a,, ^ J 2k+, (sin2kcot+sin(2k + 2)<at) 
t=o 

(B.8) 

Now the starting points of the summations are changed, so all 2kcot terms start at k=l, 

and all (2k+l)tot terms start at k=0: 

S(t) = J0 cos^o + 2cos+0 V J2lc cos2kcot + 2 s i n ^ 0 ^ J 2 k + , sin(2k + l)ot 
k=l k-0 

+ aoo y\hk sin(2k + l)æt-aoo^J2k+2 sin(2k + l)cot 
k=0 k=0 

+ a i o ^\hk*i cos2k©t + Jja10 -a i 0 7^J 2 k _| cos2k<ot 
k«l k«l 

+aot ^ J2k+2 cos(2k + l)cot+a0, V J2k cos(2k + l)cot 
k-0 k-0 

+ a n ^ J 2 k + i sin2kcot +a, f V J2k-i sin2Jccot 
k»l k*l 

(B.9) 

Collecting the terms containing sin2kot, cos2kcot etc. gives: 
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S(t)*JoCos40+J,a,0 

+ £{(2sui*0
 + *«>(J2k -J2k+2))sin(2k + I)»t 

k»0 

+a01(J2k+2+J2k)COS(2k + l)©t} (BIO) 

+ £ { ( 2 c o s * o + «io(J2k-i - J2k+i))cos2k«t 
k-l 

+»ii(J2k+i + J2k-i)»n2k»t} 

Replacing a ^ etc. gives the expression (320) for the leflectometer signal that is used 
for the simulations in chapter 3. 
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