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Introductie en samenvatting

Het hoofddoel van thermonuclear plasma-onderzoek is energieproduktie door middel

van kernfusie van lichte kernen zoals waterstof-isotopen. De energieproduktie is het gevolg van

de conversie van massa naar energie. Tokamaks worden wijdverspreid gebruikt in

thermonucleair plasma-onderzoek, omdat ze een veelbelovende kandidaat zijn voor de

toekomstige fusiereactor. Een tokamak is een toroïdaal systeem voor het magnetisch opsluiten

van een plasma. Een plasma is een bijna volledig geïoniseerd gas. Magnetische opsluiting van

het plasma kan worden verkregen vanwege de Lorentz-krachten die op de ionen en tie

elektronen worden uitgeoefend.

In nucleaire fusiereacties worden hoge temperaturen vereist. Voor de deuterium-tritium

reactie is een temperatuur van de orde van 10 K of meer gewenst. Daarom is verhitting van het

plasma een belangrijke zaak. Het plasma kan ohms worden verhit door er een stroom in te

induceren. De mogelijkheden van ohmse verhitting zijn echter beperkt, omdat de weerstand van

het plasma afneemt als de temperatuur stijgt. De TORTUR tokamak werd gebouwd om te

onderzoeken hoe door middel van zwakke stroomgedreven turbulentie de ohmse weerstand

verhoogd kon worden, opdat het ohmse verhittingsvermogen verbetert [IJ. In de lijd dal

turbulente verhitting werd bestudeerd was het onderzoek naar het elektronen-

dichtheidsfluctuatiespectrum een belangrijk onderwerp. Dit verbond het TORTUR programma

op een natuurlijke manier met één van de centrale thema's van onderzoek van tokamak-

plasma's: het anomaal hoge radiële warmtetransport van de elektronen. Dit radicle

warmtetransport in tokamaks blijkt groter te zijn dan de waarden die voorspeld worden door de

theoretische modellen, gebaseerd op botsingen in een toroïdale geometrie. Daarom worden de

verliezen gekwalificeerd als 'anomaal'. Beter begrip van de energie- en deeltjesver]ies-

mechanismen zou de weg om de opsluiting van het plasma te verbeteren kunnen onthullen. In

het algemeen wordt het anomale transport toegeschreven aan microturbulentie. Dit is turbulentie

met karakteristieke lengtes die veel kleiner zijn dan de plasmastraal.

Turbulentie is een erg algemeen concept. Het basiscriterium voor een grootheid om

turbulent te zijn is dat de meting van zijn instantane waarde niet reproduceerbaar is.

Onreproduceerbaarheid ontstaat wanneer systemen vele graden van vrijheid hebben, ongeacht

hun identieke macroscopische parameters. Op een korte tijdschaal vaneen de verdeling van de

beschikbare energie over alle modes die geëxciteerd zijn sterk en wel op een manier die niet

reproduceerbaar is. Echter, een quasi-stationair spectrum wordt verkregen op een tijdschaal die

lang is, vergeleken met de laagste beschouwde reciproke frequentie.

Omdat anomaal transport wordt toegeschreven aan microturbulentie, is het onderzoek

naar fluctuerende grootheden, zoals de plasmadichtheid en -temperatuur, het magnetische veld.



de stroomdichtheid etc., samen met hun correlaties noodzakelijk. Dit is een uitgestrekt gebied

van huidig onderzoek in tokamaks.

Dit proefschrift handelt over de meting van elektronendichtheidsfluctuaties in de

TORTUR tokamak. Metingen van elektronendichtheidsfluctuaties kunnen worden uitgevoerd

met behulp van verstrooiing van elektromagnetische bundels, door middel van reflectometrie of

met probes. Een voordeel van de verstrooiingsmethoden is, dat het de enige diagnostiek is die in

de plasmakern de waarneming van de dichtheidsfluctuaties mogelijk maakt. Metingen niet

reflectometrie kunnen alleen in het dichtheidsgradiè'nt-gebied worden uitgevoerd. Met probes

kunnen alleen de dichtheidsfluctuaties aan de buitenkant van het plasma worden gemeten.

Verstrooiing van elektromagnetische bundels is als diagnostistiek voor de meting van collectieve

elektron^ndichtheidsfluctuaties in TORTUR gekozen. Het is de coherente verstrooiing van een

elektromagnetische bundel door de collectieve beweging van elektronen en zal daarom

'collectieve' verstrooiing worden genoemd. In een vereenvoudigd beeld kan het

verstrooiingsprincipe als volgt worden uitgelegd. E:en harmonische variatie van de

elektronendichtheid veroorzaakt een zelfde variatie van de brekingsindex, die nu al> ;*en

diffractierooster opgevat kan worden. Constructieve en destructieve interferentie bepalen het

stralingspatroon van de variërende elektronendichtheidsperturbatie. Collectieve verstrooiing kan

met Braggse verstrooiing aan kristaloppervlakken worden vergeleken. De meting van de

verstrooide straling geeft informatie over de grootte, de frequenties en de karakteristieke lengtes

van de dichtheidsfluctuaties in het verstrooiingsvolume. Wanneer de Salpeter-parameter groter

dan 1 is, kunnen collectieve effecten worden waargenomen. De Salpeter-parameter is de

reciproke van het produkt van het golfgetal van de bundel en de Debye-lengte. De fysische

betekenis van een Salpeter-parameter die groter is dan 1, is dat de golflengte van de elektronen-

dichtheidsperturbatie groter is dan de Debye-lengte. De Debye-lengte bedraagt ongeveer 30 pm

in het TORTUR plasma.

De keuze van de golflengte van de testbundel die in collectieve verstrooiings-

experimenten wordt gebruikt, heeft belangrijke gevolgen. In principe kan de golflengte van de

testbundel in het gebied van 10 \im tot 4 mm worden gekozen. In mm-golfverstrooiings-

experimenten zijn verstrooiingshoeken tot 90° mogelijk, zodat elektronendichtheids-

fluctuatiemetingen met een goede ruimtelijke- en golfgetal-resolutie verkregen worden. De

mogelijkheden van mm-golven in verstrooiingsexperimenten zijn echter beperkt, omdat bij deze

lange brongolflengtes de bundelafbuiging ten gevolge van refractie groot is. Daarentegen is

bundelafbuiging in de 10 (im-golf (CO2) verstrooiingsexperimenten verwaarloosbaar. Helaas

zijn in dit geval de toepasbare verstrooiingshoeken erg klein: in de orde van milli-radialen. Als

gevolg daarvan is het verstrooiingsvolume gedeformeerd tot een gebied dat op een koorde

gelijkt en is de ruimtelijke resolutie in één richting gering. In dit proefschrift zal worden

geargumenteerd dat de beste keuze voor een brongolflengte in het golflengtegebied van 0.1 tot

1 mm ligt. Bronnen in dit gebied waren niet tot onze beschikking toen de diagnostische



uitrusting, die op TORTUR is gebruikt, werd gebouwd. Als compromis is daarom 2 mm

collectieve verstrooiing gebruikt als diagnostiek voor de elektronendichtheidsfluctuaties in de

TORTUR tokamak. Het onderzoek naar de dichtheidsfluctuaties is geconcentreerd rond de

volgende onderwerpen:

De verstrooiingstheorie is enigszins uitgebreid om het aan te passen aan de specifieke

TORTUR situatie. Dit wordt besproken in Hoofdstuk II. Grote verstrooiingshoeken zijn

toegelaten in verstrooiingsexperimenten met 2 mm testbundels. Dit heeft consequenties voor de

ruimtelijke responsiefuncties. Speciale aandacht is ook geschonken aan de golfgetal-resolutie.

Vanwege het huidige en de toekomstige experimenten zijn uitdrukkingen voor het minimale

bronvermogen voor twee detectietechnieken bepaald.

Het ontwerp en de implementatie van het verstrooiingsapparaat wordt besproken in

Hoofdstuk III. De toegankelijke lokaties voor het verstrooiingsvolume en de mogelijke waarden

van de verstrooiingshoek zijn bepaald. Het effect van bundelafbuiging ten gevolge van re fractie

is uitgewerkt. Het elektronische systeem wordt besproken.

De observaties van dichtheidsfluctuaties in de TORTUR tokamak in een zo groot

mogelijk frequentiebereik, voor diverse waarden van het golfgetal en in verschillende gebieden

van het plasma vormen het experimentele resultaat dat in Hoofdstuk IV wordt gepresenteerd. De

metingen zijn uitgevoerd in het frequentiegebied van 1 kHz tot 1(X) MHz. De frequenties zijn

gekozen met het oog op magnetische turbulentie in het MHz gebied en de mogelijke

betrokkenheid daarvan bij anomale transportprocessen. Het golfgetalgebied, 400 - 4000 m~',

omvat die waarden waarvoor voor diverse bestudeerde instabiliteiten de sterkste fluctuaties

worden verwacht. De grootste golfgetallen, k = 4000 m"\ worden verwezenlijkt in de 90°-

verstrooiingsexperimenten. De met deze experimenten verkregen resultaten hebben zelfs in het

plasmacentrum zowel goede ruimtelijke- als goede golfgetal-resolutie. In het algemeen is voor

waarnemingen nabij het plasmacentrum de ruimtelijke oplossing gering, omdat

verstrooiingsvolumes een groot radiaal gebied omvatten. Het merendeel van de metingen is

uitgevoerd in plasmas met zogenoemde standaard ontladingscondities die in Hoofdstuk I zijn

beschreven.

Waarnemingen zijn uitgevoerd met als doel het vinden van een mogelijke correlatie

tussen dichtheids- en magnetische fluctuaties. In een aantal gevallen is die correlatie gevonden.

Gedurende de stroomafname bij de beëindiging van verscheidene plasma-ontladingen

kwamen mini-disrupties voor. De fluctuaties gedurende deze mini-disrupties zijn gemeten. Het

fluctuatiespectrum verschilt van degene die zijn waargenomen in standaard plasmas.

Metingen zijn uitgevoerd in waterstof en deuterium plasmas met vergelijkbare condities.

Een mogelijke relatie tussen het golfgetaJ en de ionengyratiestraal is onderzocht.



De isotropie van de fluctuaties in het poloidale vlak werd onderzocht.

Een theoretische discussie over de meetresultaten wordt in Hoofdstuk V gegeven. Veel

aandacht is reeds geschonken aan het anomale transport. Het turbulentie-niveau kan door middel

van het zogenaamde 'mixing-Iength' argument worden geschat. Het argument stelt dai de

fluctuaties verzadigen wanneer hun amplitude lokaal de oorspronkelijke dichtheidsgradiënt

compenseert, die een bron is van vrije energie om de fluctuaties aan te drijven. Het 'mixing-

Iength' argument voorspelt het waargenomen fluctuatieniveau in TORTUR erg goed, behalve in

het plasmacentrum waar een ander mechanisme aanwezig kan zijn.

1) Kluiver H. de, (1988) Plasma Phys. and Cont. Fusion 30, 699.



Introduction and summary

Energy production by means of nuclear fusion of light nuclei like hydrogen isotopes is

the main object of thermonuclear plasma research. The energy production is the result of

conversion of mass into energy. Tokamaks are widely used in thermo.iuclear plasma research

because they are a promising candidate for the future fusion reactor. A tokamak is a toroidal

system to magnetically confine a plasma. A plasma is a gas which is almost completely ionized.

Magnetic confinement of the plasma can be obtained because of the Lorentz forces exerted on

the ions and the electrons.

High temperatures are required for nuclear fusion reactions. For the deuterium-tritium

reaction a temperature of the order of 10 K or more is desired. Therefore, plasma heating is an

important subject. Ohmic heating of the plasma can be obtained by inducing a current in the

plasma. However, the potential of ohmic heating is limited because the resistivity of the plasma

decreases as the temperature rises. The TORTUR tokamak was built to find out how the ohmic

resistivity can be increased by provoking weak current driven turbulence to improve the ohmic

heating power [1]. One of the subjects during turbulent heating studies was the investigation of

the fluctuation spectrum. This connected the TORTUR programme in a natural way to one of

the important research topics of tokamak plasmas: the anomalously high transverse electron heat

transport. The radial heat transport in tokamaks is found to be larger than the values predicted

by models which rely on collisions in a toroidal geometry. Hence, the losses are qualified as

'anomalous'. Understanding of the energy, momentum and particle loss mechanisms may

reveal the way to improve the confinement of the plasma. Generally the anomalous transport is

attributed to microturbulence, i.e. turbulence with spatial scale lengths much smaller than the

plasma radius.

Turbulence is a very general concept. The basic criterion for a quantity to be turbulent is

that measurement of its instantaneous value is non-reproducible. Irreproducibility arises when

systems have many degrees of freedom irrespective of the macroscopic parameters which arc

identical. Then, on a short timescale the division of the available energy over all modes that are

excited varies strongly and in a way that is non-reproducible. However, on a timescale long

compared to the lowest reciprocal frequency considered a quasi-stationary spectrum is obtained.

Because anomalous transport is attributed to microturbulence, the research on fluctuating

quantities such as the plasma density and temperature, the magnetic field, the current density,

etc., together with their correlations is necessary. It is a vast domain of present-day tokamak

research.

This thesis deals with the measurement of electron density fluctuations in the TORTUR

tokamak. Measurements of electron density fluctuations can be performed with electromagnetic

beam scattering, with reflectometry or with probes. An advantage of scattering is, that it is the



only diagnostic which allows for the observation of the density fluctuations in the plasma core.

Observations with reflectometry can only be performed in the density gradient region. With

probes the density fluctuations can be measured at the plasma edge only. Electromagnetic beam

scattering was chosen as the diagnostic tool for the observation of collective electron density

fluctuations in TORTUR. It is the coherent scattering of an electromagnetic beam by the

collective electron motion and will be denoted therefore by 'collective' scattering. In a simplified

picture the scattering principle can be understood as follows. A harmonic variation of the

electron density causes a similar variation of the refractive index, which now can be seen as a

diffraction grid. Constructive and destructive interference determine the radiation pattern of the

varying electron density perturbation. Collective scattering can be compared with Brags:

scattering from crystal surfaces. The observation of scattered radiation gives information about

the magnitude, the frequencies and the spatial dimensions of the density fluctuations in the

scattering volume. Collective effects can be observed when the Salpeter parameter is larger than

1. The Salpeter parameter is the reciprocal of the product of the wave number of the beam and

the Debye length. The physical meaning of the Salpeter parameter being larger than 1 is that the

wavelength of the electron density perturbation is larger the Debye length. The Debye length is

about 30 urn in the TORTUR plasma.

The choice of the wavelength of the probing beam used in collective scattering

experiments has important consequences. In principle the wavelength of the probing beam can

be chosen in the range from 10 Jim to 4 mm. In mm-wave scattering experiments, scattering

angles up to 90° are possible, thus yielding electron density fluctuation measurements with a

good spatial and wave-number resolution. However, the use of mm-waves in scattering

experiments is limited because beam deflection due to refractive effects is large at these long

source wavelengths. On the contrary in the 10 (im-wave (CO2) scattering experiments beam

deflection is negible. Unfortunately in this case the available scattering angles are very small: in

the order of milli-radians. As a consequence the scattering volume is deformed into a chord-like

region and the spatial resolution along one direction is poor. In this thesis it will be argued that

the best choice for a source wavelength lies in the wavelength region 0.1-1 mm. Sources in this

region were not at our disposal when the diagnostic equipment used on TORTUR was built.

Therefore, a 2 mm collective scattering apparatus has been used to diagnose the electron density

fluctuations in the TORTUR tokamak as a fair compromise. The investigations on the density

fluctuations was concentrated around the following subjects:

The scattering theory was extended somewhat to adapt it to the specific TORTUR

situation. This has been discussed in Chapter II. Large scattering angles are admitted in

scattering experiments with 2 mm probing beams. This had consequences for the spatial

response functions. Special attention has been paid to the wave number resolution. Because of



the present and future experiments, expressions for the minimum source power have been

determined for two detection techniques.

The design and implementation of the scattering apparatus has been described in Chapter

III. The available locations of the scattering volume and values of the scattering angle have been

determined. The effect of beam deflection due to refraction effects has been evaluated. The

electronic system is introduced.

The observation of density fluctuations in the TORTUR tokamak in the widest possible

frequency range and for various values of the wave number in different regions of the plasma

constitutes the experimental results as presented in Chapter IV. Measurements were performed

in the frequency range from 1 kHz to 100 MHz. The frequencies were chosen with an eye on

magnetic turbulence in the MHz region and its possible involvement with anomalous transport

processes. The wave number region, 400-4000 m , covers the values for which for various

studied instabilities the strongest fluctuations were expected. The largest wave numbers k =

4000 m"1 are realised during the 90° scattering experiments. Moreover, the results of these

experiments have been obtained with good spatial as well as good wave number resolution,

even in the plasma centre. Generally, the spatial resolution for observations near the plasma

centre is small, because scattering volumes cover large radial domains. The body of the

observations were performed in the plasmas under so-called standard discharge conditions

described in Chapter I.

Observations were performed to determine a possible correlation between density and

magnetic fluctuations. Correlation is found in a number of cases.

During the current decay at the termination of several plasma discharges minor

disruptions occurred. The fluctuations during these minor disruptions have been monitored. The

fluctuation spectrum differs from those observed in standard plasmas.

Measurements have been performed in hydrogen and deuterium plasmas under

comparable conditions. A possible dependence of the wave number on the ion gyroradius has

been investigated.

The isotropy of the fluctuations in the poloidal plane was investigated.

A theoretical discussion of the measuring results is given in Chapter V. The anomalous

transport is widely explored. The turbulence level can be estimated by means of the so-called

mixing-length argument. It states that fluctuations will saturate when their amplitude locally

compensates the initial density gradient which is a source of free energy to drive the

fluctuations. Except for the plasma centre, the mixing-length argument predicts the observed

fluctuation level in TORTUR very well.



1) Kluiver H. de, (1988) Plasma Phys. and Cont. Fusion 30, 699.



THE TORTUR EXPERIMENT

1. Introduction

TORTUR is a small tokamak. A tokamak is a magnetic plasma confinement system. The

plasma is formed within the toroidally shaped vacuum vessel of the tokamak. The vacuum

vessel is needed because the plasma is formed from a low pressure, pure hydrogen or deuterium

gas. Confinement of the ionized particles within the vessel is attained by the magnetic field of

which the stationary toroidal field is the main component. A current is induced in the plasma

column by operating it as the secondary coil of a transformer. The current heats the plasma by

ohmic dissipation. The poloidal magnetic field generated by the plasma current adds to the

toroidal field, to yield a helical field-line configuration. Additional vertical and horizontal fields

compensate the Lorentz forces on the plasma column. In this way a stable positioning of the

plasma column is obtained. The main object of the investigations in the TORTUR tokamak was

the study of plasma turbulence. In the following section the TORTUR machine will be

described. Relevant features of the discharges, studied by means of collective scattering, will be

discussed in the last section.
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2 . The TORTUR machine

A view of the TORTUR machine is shown in Fig. I. The vacuum vessel (liner) is

enclosed by a copper shell of 2 mm thickness. This ensures a suppression of fast fluctuations of

the plasma column (t < 2 ms) by means of local induction currents in the copper. Insulating

gaps in the copper shell avoid short-circuiting of the induced currents. Openings in the copper

shell and the liner serve as diagnostic ports.

last capacitor h;ink

1

transformer yoke

24 toroidal field coil

I
vert, field coils

{
diagnostic port>

copper shell
liner /

insulation plasma

Fig. 1. A view of the TORTUR machine.

A set of 24 toroidal field coils is placed around the copper shell to form the stationary

toroidal magnetic field. The primary coil of the transformer is wound around the central leg of

the yoke. The inductive coupling ends when the transformer yoke reaches saturation. Vertical

and horizontal field coils stabilize the plasma position on a longer timescale.

The hydrogen or deuterium gas is pre-ionized by means of a 2(X) watt r.f. signal. The discharge

is started by a capacitor bank (5 kV, 1 mF). The fast capacitor bank gives rise to a large increase

of the plasma current (dl/dt ~ 107A/s) at high loop voltage. During this stage the electrons are

efficiently heated by current driven turbulent processes of the ion-acoustic type 111. After

relaxation of the turbulent heating at t = 5 ms, a second capacitor bank (450 V, 0.4 F) takes over

the generation of the plasma current and maintains the weakly turbulent plasma state until the

yoke reaches saturation. The plasma current is 30 - 40 kA in the stationary phase of the

discharge, i.e. from 10 - 30 ms.
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Examples of the loop voltage and horizontal displacement of the plasma column which

are typical for discharges with standard conditions are shown in Figs 2b-c. The horizontal

plasma position is kept in the geometrical centre.

The geometrical dimensions of the TORTUR tokamak are given in Table 1.

Machine parameters

major radius R

copper shield radius r.

limiter radius a

magnetic field BT

plasma volume Vol

= 0.46

= 0.105

= 0.08

= 2.9

= 0.06

m

m
m
T

m3

Table 1. The main machine parameters of TORTUR.
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3 . The basic discharges

The plasma is diagnosed with electron cyclotron emission (ece) temperature-profile

measurements and single-point electron temperature and density measurements with Thomson-

scattering. Other diagnostics will not be discussed. Discharges under the standard conditions

have been described with the following density and temperature profiles fitted to the Thomson-

scattering and ece data:

ne(r) = {ne(O)-nc(a)}(l - (r/a)2)<>-9 + nc(a)

Tc(r) = {Tc(O)-Tc(a)J(l - (r/a)2)2 + Tc(a).

(1)

(2)

The central density range is given by 3xlO19 < nc(0) < 5xlO19 nr3 . For theoretical calculations

to follow in this thesis, the most frequently obtained values will be used for the central density

and for the central electron temperature. For the discharges with standard conditions they are

given by nc(0) = 4.5xlO19 n r 3 (± 5%) and Te(0) = 750 eV (± 2%), respectively. The edge

temperature is Tc(a) = 100 eV and the edge density is taken nc(a) = 0.6xl019 nr3 . The standard

density and temperature profile are plotted in Fig. 3.

800

> 600

400 -

2OO -

1
— ^

1 
1 

1 
1

1

1

\

1

1

\

\

1

1

(a )

i

0.0 0 .2 0 .4 0 .6 0 .8 1.0 0 .0 0.2 0 .4 O.6 0 .8 1.0

Fig. 3. The temperature and density profile.

The ratio of the ion to the electron temperature is taken 0.7 as observed in earlier experiments

with neutral particle detection and Thomson scattering, Brocken [2]. Basic discharge

parameters are given in Table 2.
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plasma current

loop voltage

electron temperature

ion temperature

electron density

impurity number

magnetic pressure

total (5

lP
V)

Te

Ti

"e

ZcfT

PB

P

35 kA

5 - 6 V

0.75 keV

0.22 keV

0.53 keV

4.5x1019 m-3

2.5xl0l9 m-3

1.5-2

3.3xlO6Jm-3

0.3%

at r = 0 cm

at r = 6 cm

at r = 0 cm

at r = 0 cm

at r = 6 cm

at r = 0 cm

Table 2. Basic plasma parameters of standard discharges.

The density scale length, Ln, is an important parameter for collective scattering. It is

defined: Ln = nc/(dnc/dr). A plot of the density scale length versus the radius is shown in Fig.4.

1

J

.Ss-

Fig. 4. The density scale length versus the radius.

The TORTUR plasma is kept in a weakly turbulent state even during the stationary

phase. This can be seen from the loop voltages which are two to four times higher than the

values found using local Spitzer conductivity values and Zeff < 2. The value of Zcff has been

measured with soft X-rays, Lopes Cardozo [3]. Hence, the resistivity of the TORTUR plasma
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is kept anomalously large, De Kluiver et al. |1]. The ratio of the anomalous to the Spitzer

conductivity is given by Tlan(r)Alsp(r) = 4. Consequently, the effective local electron-ion

collisionality, vcrr, can be calculated from:

with

Vcff = nan(r)Al.sp(r){Zcff n lnA}/(3.4xlOnTc
3/2)

lnA = 15.2 - l/21n(nc/1020) + ln(10'3Tc) ,

(2)

(3)

and nc in rrr^ and Te in eV. The Coulomb logarithm, inA, is about 15. In Fig. 5. vef( is depicted

by the dotted line.

In general three collisional regimes may be distinguished: 1). The Pfirsch-Schliiter

regime, 2) the plateau regime and 3) the banana regime. In the Pfirsch-Sehluter regime.

transport is dominated by electron-ion collisions. This means that the mean free path of

electrons is shorter than the connection length of field lines in the torus, defined as >K. = R,,(.j.

<r

o
IE

£

e f f
V th / R

D 9 -

1 . 5
Vth/Rn<l "

trapped electron regime \N

0.0 0.2 0.4 0.6 0.8 1 .O 1.2

Fig. 5. The collisional regimes as a function of radius for the TORTUR situation.

This condition is satisfied when verr > vT/(Roq). Here vx denotes the thermal velocity. Effects

associated with particles trapped in the local mirrors must be considered at smaller collision

frequency when vcrr < e3^2 vr/Roq. Here e denotes the local inverse aspect ratio r/R. Because

the orbits of the trapped particles are banana-like, the trapped particle regime is called the banana

regime. Both, collisional processes and trapped particles are important in the intermediate

regime, e3 '2 Y-r/(Roq) < vcff < v-r/(Roq) which is called the plateau regime. The values of



15

vT/(Roq), vcff and e3^2 vx/(Roq) are shown as a function of radius in Fig. 5. It can be concluded

that for r/a < 0.8, the TORTUR plasma is in the plateau regime and that for r/a > 0.8 the plasma

becomes collisional.

An expression for the safety factor, q(r), is found from q(r) = rBT(r)/RBp(r), with ihe

poloidal field strength following from Ampere's law: Bp(r) = iio/r \ r'dr'jT(r') and jT(r) =

E/n, (r'). The q-profile is approximately given by:
an

q(r) = q(a) (r/a)2 (i-d-fr/a)2)4)'1 , (4)

with q(a) = 2 n a2BT / (i0 Ro Ip. For the TORTUR discharge presented here q(a) = 6 and

q(0) - 2.

The ratio of the kinetic to the magnetic pressure, (5[0U)i , has been calculated from the

following expression:

Ptotal (r) = n(r) k (Tc(r) + Tj(r) )/(BT
2(r)/2 \i0). (51

For the present experiments the variation of the toroidal magnetic field in the equatorial plane is

given by BT(r) = 2.9 Ro/(R0+r) |Tj.

Magnetic fluctuations have been observed with pick-up coils mounted inside the copper

stabilization shield but outside the inconel liner. In a certain poloidal cross-section of the torus.

coils were placed at 90°, 45°, 0°, -30°, -60° and -90° with respect to the horizontal plane.

Positive angles are above the horizontal plane. The coils are on the low-field side. In the toroidal

plane, five other coils were placed at 145°, 152°, 163°, 175° and 195° with respect to the above

poloidal plane. The coils were 3 mm thick, had a cross-sectional area of 24xl()"f> trr, 26

windings and an inductance of 3.1 ^.H. The coils have been terminated with 50 D. The

observed signals were amplified 12.5 times and recorded with sampling frequencies varying

from 0.2 to 8 MHz. An example of the detection of a m=2 MHD mode is shown in Fig. 6.
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1) Kluiver H. de, (1988) Plasma Phys. and Cont. Fusion 30, 699.

2) Brocken H.J.B.M., (1981) "Passive and active neutral panicle diagnostic for the
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4)

•o

11.20

Fig. 6. The signals from the pick-up coils in the poloidal plane. The angular distance between
the coils is plotted along the vertical axis. The smallest possible positive m-value that
can be attributed to the signals is m-2.
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II FUNDAMENTALS OF COLLECTIVE SCATTERING

(Published as Rijnhuizen Report 89-185)

1. Introduction

Energy losses in tokamaks are often measured to be much larger than predicted by neo-

classical transport theories based on collisions. Therefore, these losses are called 'anomalous1.

Generally, anomalous transport is attributed to microturbulence. Experimentally a positive

indication has been found for the correlation between the decrease of microturbulence and the

improvement of energy confinement in tokamak plasmas [1,2].

Infrared collective scattering is applied frequently for the study of microturbulence in

magnetically confined plasmas because it provides a non-perturbative space-time analysis of

collective electron-density fluctuations [3,4], Scattering experiments with 4 mm and 2 mm

waves have been successfully performed on TORTUR since 1982 [5,6]. TORTUR is a

tokamak with R = 0.46 m, a = 0.085 m, BT = 2.9 T, Ip < 55 kA, Tc < 1 keV and n < l()2 ( )nr\

Scattered radiation can be analysed by means of homodyne or heterodyne detection or by

balanced mixing techniques. A theoretical treatment of heterodyne detection of collectively

scattered radiation is given in Refs (7] and [8]. In Ref. [8], an elegant definition is given for the

fluctuation level at a density wave number, and a relation between this fluctuation level and the

detector current is denved. However, this relation is not valid for microwave scattering, as has

been performed in TORTUR.

The aim of this report is to derive an expression for the fluctuation level at a certain

density wave number in terms of measurable quantities valid for microwave scattering. The

fluctuation level as a function of the density wave number is integrated to yield the total

fluctuation level. This is presented in section 4.

Expressions are derived for the minimum source power needed in various set-ups in

sections 5-7. This is done for both balanced mixing and heterodyne detection systems. The

results for these detection methods will be compared. In section 5 a one-channel system without

transmission losses is considered. A multi-channel system with transmission losses is treated in

section 6. The effect of plasma radiation on the minimum source power is calculated in

section 7. In section 8, the homodyne balanced mixing system used on TORTUR is treated.

Appendix D consists of a list of symbols.
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2 . Principles of collective scattering

The geometry of a typical scattering experiment is shown in Fig. 1. A probing beam

(kj,a>i) is scattered by an electron-density fluctuation n(k,co) of the plasma. The scattered wave

(Jis>o>s) is detected.

beam probe
.-.,/k,

scattered beam

Fig. I. Geometry of a scattering experiment. The dotted lines represent the gaussian beam
contours.

Energy and momentum conservation require

C0s = CO + COj . (1)

ks = k + k j .

Using Eq. (2) with I ksl =1 kjl, a scattering condition can be derived |9 |

(2)

k = 2kj sin(e/2), (3)

where 9 denotes the scattering angle. Equation (3) shows that the detection system can be tuned

to a certain value of k by variation of 0.
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3 . Principles of detection methods

Three methods for the observation of the scattered radiation can be distinguished:

homodyne and heterodyne detection, and balanced mixing. The principles of heterodyne

detection, well known from literature, will be summarized in section 3.1. The balanced mixing

technique will be treated in section 3.2. Homodyne detection can be seen as a limiting case of

both heterodyne detection and balanced mixing. This will be dealt with in the last subsection.

3.1. Heterodyne detection

In a heterodyne detection system a large signal E/cosa>/t, called the local oscillator is

added to a weak signal Escoscost with a slightly different frequency. Let Er denote the resulting
2

field amplitude, which is the sum of both, then Er is given by

2 2 2 2 2
Ef = Escos cost + E^cos co/t + E/Escos(a>s+co/)t + E/Escos(cos-co/)t. (4)

0)s and CO/ are frequencies which are too high for the detector to follow. The fourth term on the

right-hand side of Eq. (4) is the only one which yields an a.c. current in the detector.

A possible relation between the detector current and the incident optical power, P(t). is

given by

eti
id(0 = — P(0, (5)

H

where T\ is the quantum efficiency and co0 the angular frequency of the incident radiation. For

further definition of the symbols used see Appendix D. Formally Eq. (5) is applicable for

visible light and infra-red (CO2) systems. However, it can be applied on microwave systems if

the constant of proportionality, er|/Hco0, is replaced by a more general one [101. Using Eq. (5)

and an expression for the optical power,

P(t) = I - AE,ES cos(cos-co/)t, (6)

it is found

f£ oy/2/er) ^
id(t) = (jfoJ I g— IAE; Es cos (cos-CO/)t. (7)
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Here, A denotes the detector area. The detected power, Pd, is defined by

with Rd the detector resistance. Inserting Eq. (7) into Eq. (8) yields

Using

and the definition

L =

Eq. (9) can be written

Pd = 2LPsP/. (12)

Disregarding formally the explicit dependence of Pd on P/, it can be written

(13)

with L] = 2LP/.

The noise in the detector is due to the shot noise of the local oscillator, PSN, and to other

sources PN. The value of PSN is given by

PSN = 2ei/BRd, (14)

where i/ is the detector current due to the local oscillator only and B is the bandwidth of the

detection system. The combination of Eqs (5), (11) and (14) yields

PSN = 2eL1/2Rd
1/2B P, . (15)

The signal-to-noise ratio S/N is found from Eqs (12) and (15) where P has been added
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(I)- (16)

From Eq. (16) it can be seen that the best values of S/N is obtained when P/ is chosen

large enough to ignore PN_ This gives

A further increase of P/ does not improve the signal-to-noise ratio.

3.2. Balanced mixing

Formally any mixing system with a shifted local oscillator is called heterodyne. However,

to distinguish between expressions for the detected power, in this thesis heterodyne or

homodyne systems with a balanced mixer will be called balanced mixing systems.

The principle of balanced mixing can be understood considering Fig. 2, where a cross-

section of the double-balanced mixer is shown. The area within the fat lines represents a hollow

space within the mixer block. The local oscillator waveguide (C) and the signal waveguide (D)

are connected with this space. These waveguides are at right angles to obtain a good local

oscillator to signal isolation.

A thin wire (A) is used as an antenna to receive the local oscillator power. The resulting

a.c. signal, V/, is fed to two diodes which are grounded to the mixer house. When V/ is

positive (and large enough) diode 1 opens and diode 2 sperrs. When V/ is negative this is

reverse. In fact it can be said that V/ is used to switch the diodes on and off with the local

oscillator frequency.

The measuring signal, called Radio Frequency signal VRF> is incident on both diodes.

When diode 1 is opened IRF flows clockwise, this is to the right in wire B. When diode 2

opens, IRF again flows clockwise, but now this time to the left in wire B. This means that VRF

is multiplied with a block wave (+1 and -1) with a period T; of the local oscillator.

A low pass filter (typically 36dB/oct from 100 MHz) allows the down-converted signal to

flow towards the output.

The detected power, Pd, is proportional to the power of the signal to be measured: Ps

(18)
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vhere L>2(P/) denotes the conversion efficiency. If the local oscillator power, P;, is sufficiently

large to switch the diodes for a proper down conversion of the frequency of the detected beam,

the detected power, Pd, does not depend on P/. When this occurs for values P[ larger than a

critical power, P/ c , the conversion efficiency is constant L2 (P/) = L2. Decreasing P/ below

P/jC, results in a rapidly decreasing conversion efficiency.

V,:
v R F : 1

output
—o

Fig. 2. Basic outline and principle of the balanced mixer (cross-bar mixer).

The spectral noise power of the mixer is mainly determined by the diodes and it depends

on the beat frequency co/-cos. It increases with decreasing Ico/ -cosl. The spectral noise power

increases if P/ is decreased below P;c, due to bad switching of the diodes.

3.3. Heterodyne detection versus balanced mixing

Balanced mixing differs from heterodyne detection in that the local oscillator power is

received separately from the scattered beam and that the mixing is realized electronically. For

both heterodyne detection and balanced mixing, a single expression can now formally be written

for the detected power in terms of the scattered power.

Pd = L a Ps , (19)

with a = 1,2 for heterodyne detection and balanced mixing, respectively, and the expressions

Li = 2LP; ,
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3.4. Homodvne detection

The mixing techniques treated in the previous sections, can only be employed if a beat

frequency Aco = cos - CO/ is generated. A detection system is usually referred to as homodyne if

the beat frequency is due to the frequency of the density wave only (see Eq. (1)). This means

that it is the Jimiting case of heterodyne detection or balanced mixing systems with Aco equal to

the density wave frequency, ca.

For heterodyne detection or balanced mixing systems an additional frequency shift is

introduced to determine the direction of propagation of the density waves. This can be achieved

also with a homodyne detection system using a modified set-up with two detectors 1111.

In Fig. 3 the basic set-up of the homodyne one-channel system, used on TORTL'K. is

shown. The scattered beam is detected by mixing it with a local oscillator beam which is directly

branched off the source. The main part of the source power is injected into the plasma.

mixer

klystron

local oscillator

t!

Fig. 3. The one-channel detection system used on TORTUR.
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4. Determination of the fluctuation levels from observable quantities

The definitions of the fluctuations levels will be presented in section 4.1. An expression

will be derived for the mean square electron density fluctuation at k in terms of measurable

quantities for both heterodyne detection and balanced mixing in section 4.2. This relation

contains the k-resolution and the observed volume. In section 4.3. expressions will be derived

for the k-resolutions and the observed volume in terms of gaussian beam parameters. In the

final subsection the integration of the mean square electron density fluctuation at k will be

approximated by a summation to yield the total fluctuation.

4.1. Definition of the fluctuation levels

With collective scattering a mean square electron-density fluctuation <iT-> is measured.

The brackets represent a weighed averaging process over the space-time domain. Space and

time response (weighing) functions must be defined, because the extend in which the

fluctuations contribute to the signal depends on space and time itself.

Fluctuation measurements are performed in the k, co-domain. (Without an index, k refers

to a density wave.) The detection system is tuned to a certain value of k, with a k-resolution

Ak3. Therefore, the fluctuation at this value of k within Ak^, denoted by <n->k, is measured.

After dividing <iT2>k by the k-resolution, the result is integrated over the k-domain to yield the

total fluctuation.

The total fluctuation, being the mean square density fluctuation weighed by the space

response function U(r) is defined by

T v

<rf2>LT = ̂  Jd t J d r n2(r,t) U2(r), (20)

where

,t) s n(r,t) - lim | d t n ( r , t ) , (21)

and where the observed volume V is

= J dr U2(r).

••%•»

(22)
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T denotes the time interval. The space response function, U(r), is the product of the E-field

profiles of the probing and the scattered beam. U2(r), the product of the intensity profiles of the

probing and scattered beam, is a weighing function in coordinate space, which will be evaluated

later.

By ParsevaJ's theorem, Eq. (20) is equivalent to a wave-vector frequency integral

where

(23,

(n((0)U)k s J dr n(r,co) U(r) e^r • (24)

In the time domain, Eq. (24) can be written

(n(t)u)k = J dr n(r,t) U(r) e&r- . (25)

Usually, a spectral density is defined [9]

S(k,co)S Urn % « £ . (26)
l V 1

where the index 1 is used to indicate that volume Vj can be different from that used in Eq. (22).

Regarding the space response function U(r) and Eq. (23), the following definition of the

spectral density has to be preferred

^ ( 2 , (27)

where T and the smallest spatial dimension of V are large compared to Tw and Aw of the density

wave, respectively. Inserting Eq. (27) into Eq. (23) gives

(28)
(2?t)4

Furthermore

^ 0 ( k , ) , (29)
2K
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yielding

< n >VT ~ J (2,1)3 u

Formally, <n2>k is the fluctuation level at a certain value of k, within a 3-dimensional k-

resolution window Ak3. <n2>|c is proportional to the (o-integrated spectral density and to the k-

resolution. Dividing <n2>ic by the k-resolution and integrating the result over the k-space gives

us the total fluctuation. In fact, this can be used to define <n2>ic. The total fluctuation is given

by

Comparing Eqs (30) and (31) yields an expression for the fluctuation at k.

<?P>k = | f
4.2. Determination of the fluctuation at a single value of k

Expressions will be derived for <n2>j{ in terms of measurable quantities, for both

heterodyne detection and balanced mixing. From Eq. (19) it can be seen that the expressions to

be derived will be closely related. If an expression is known for one case it can be applied for

the other case by merely replacing L2 for Li, or vice versa. Heterodyne detection will be treated

in detail.

In this case the detector current i|<(t) at k in terms of n(r,t) is derived in Ref. [8]. It reads

is the Thomson-scattering cross-section and E; and Ev are the field amplitudes of the

probing and the virtual local oscillator beam, respectively. Aco ( = a>s - a>i) is the beat

frequency. For further definition of the symbols used in Eq. (33), one is referred to appendix D.

Formally Eq. (33) is applicable for visible light and infra-red systems. However, once an

expression for the scattered power is retained from it, the result can be applied in microwave

systems.

The virtual local oscillator beam is not identical to the original local oscillator beam

because it includes the effects of a spatially dependent detector efficiency. If the detector
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efficiency, T|, is constant over the detector area, the amplitudes of the virtual local oscillator and

local oscillator field are related by Ev = T|E/ [8]. Equation (33) is basically similar to Eq. (7).

Furthermore Eq. (33) shows that the instantaneous value of the detector current is proportional

to the instantaneous value of the k-transform of n(r,t)U(r). This knowledge is of importance in

correlation experiments. It is lost if only P(j is considered because of the averaging process to

obtain Pj. This is also true for a balanced mixing system.

It is now possible to derive a relation between <n2>(c and <ik(t)>. Firstly, Eq. (33) is

rewritten in the form

ik(t) = feJliTo -STj X°R° {iEiE/ ^ l ( n ( o u ) k } . (34,

where Eq. (25) and Ev = r)E/ have been used. Defining

J
Equation (34) can be rewritten to

ik(O = \ (cce+iAwi (n(t)U)k - a*eri^w (n(t)U)*) . (36)

Applying Parseval's theorem on Eq. (36) yields

oo

<>k(t)> =% f f ( |(n(co-Aco)U)k|
2 + |(n(-co-Aw)U)k|2} . (37)

— OO

Inserting Eqs (27) and (29) into Eq. (37) leads to

CX2V
S(k)£ — Su(k). (38)

The fluctuation <n2>k at k is found from Eqs (32) and (38)

)
<n2>k = A . , Ak3. (39)

4n 3 a 2 V
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The expression relating <n2>ic to measurable quantities is obtained by substituting Eq. (35) for

a and using Eq. (A.3). The result is

(40)

where w0 is the beam radius at the waist of the gaussian beam (see Appendix A) and P] and P/

are the powers of the incident and the local oscillator beams, respectively.

Equation (40) can be generalized to be valid for both heterodyne detection and balanced

mixing. For that purpose the definitions of the conversion factor L, the conversion efficiency I-i

and the detected power are used in Eq. (40). The result is

~2 Pd w ^ A k 3

<n2>k = —- ' (41)
(^\2 Pi L V

KlJ o a

with a = 1. Comparison of Eq. (41) with Eq. (19) gives a formal relation between <n :>j i. and

the scattered power independent of the detection method used. Therefore Eq. (41) is an

expression for the fluctuation level in terms of measurable quantities for both heterodyne

detection and balanced mixing, a = 1,2, respectively.

4.3. Determination of the k-resolution at the observed volume in terms ot beam parameters

Expressions will be derived for Ak^ and V from U(r) in terms of beam parameters.

Accepting gaussian beam profiles for the incident and the scattered beam, the beam profiles
ui,s(i)» expressed in the coordinate system of Fig. 4 are [7]

—2 { z 2 + ( x ± y tan | ) ) 2 c o s 2 | j • (42)

The plus sign is valid for uj(r) and the minus sign for us(r). w is the beam radius. By using

these equations it is assumed that refraction effects are negligible. If, due to refraction, the

beams are only a little bent away, without their gaussian intensity profiles being distorted, then

the following theory will remain a good approximation. However, a correction of the scattering

angle will be necessary.
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gaussian
beam profiles

Fig. 4. The scattering geometry.

Within the observed volume w may be taken constant and equal to the beam radius at the

waist w0. Because U(r) = UJ(T) us(r), it is found

U(r) = exp i — i - { z2 + (x2 + y2 tan2 - } cos2 r) I
I w o J

Equation (43) can be integrated to give the scattering volume V

I

(43)

4 si
(44)

U2(r) is a weighing function in real space. The spatial resolution may be defined as the

distance between the maximum of U2(r) and its 1/e value. A k-space weighing function, W(k),

can be found by k-Fourier transforming U(r):

W(k) s JdrU(r)e*-£. (45)

According to Parseval's theorem we may now write

f U2(r) dr = -^— f IW(k)Pdi..
J (2jt)3 J (46)
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IW(k)|2 is a weighing function in k-space and the one-dimensional k-resolutions are defined as

the distances in k-space between the maximum of IW(kJI2 and its 1/e values along the

coordinates. Using Eq. (43) the integration in Eq. (45) can be carried out

W(k) = l[fj'2 W] (sin-'e) exp [- ^ { k2
+(k2

 + k2
y tan"2 fjcos"2 | } ] (47)

Squaring Eq. (47) yields

|W(k)|2 = ̂ 3 wj (sin-2e) exp [- ^ { k2
+(k2

 + k2 tan"2 f )cos"2 \ } ' ( 4 8 i

From Eq. (48) it is seen that the one-dimensional k-resolutions are given by

Akx = — cos(e/2),
wo

and

Aky = — sin(e/2) ,
wo

2_
w0 •

In Appendix B a geometrical model will be used to derive Eqs (49-51).

The three-dimensional k-resoJution, Ak^, is defined as the volume in k-spuce where

IW(k)l2 is larger than or equal to 1/e of the value of the centre of the k-volume. From Hq. (481 it

is seen that this is the volume bounded by the surface

(32)

The size of this volume is given by

(53)
w

We now return to the expression for <n2>k. Insertion of Ak3 and V expresses the fluctuations

in the beam dimensions, w0, and the scattering angle, 6, for both heterodyne detection and

balanced mixing
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<n*>k= , 9
2 P , d S i - • <54>

3JC / 2 W ^ (doT /dQ)P. L

4.4 . Determination of the total fluctuation

The total fluctuation follows from Eq. (31). Let us first consider the integration in Eq.

(31). When the dependency of <iT2>)c on the orientation of k is not measured and the angular

dependency of <n2>k is unknown, an approximation of <h"2>L-r can be obtained by assumptions

on the possible angular symmetry. Accepting for example spherical symmetry gives

— <h"2>ic, (55)

where k = kr. However, in a tokamak, spherical isotropy of the fluctuations is unlikely to occur.

A better assumption is isotropy for the fluctuations in the poloidal plane 112]. Using cylindrical

coordinates (r,0,z), see Fig. 5, this yields after integration over azimuthal angle

2TCkrdkrdkz

- < n 2 > k f . (56)

Fig. 5. Poloidal plane of a tokamak.

The integration over the k.-space is approximated by a summation because the

measurement yields only the magnitudes of <n2>|c at discrete values of kj for the scattered

wave. The way the summation is done depends on the set of kj at which the measurements are

performed.
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The case of spherical isotropy can be further evaluated in the following way. The

coordinates (x,y,z), see Fig. 4, have been defined in such a way, that the x-axis is oriented

along k. Substituting Eqs (50) and (51) into Eq. (55) yields

k
x 4sin(0/2)

We may now approximate Eq. (57) by a summation

(57)

I k (58)
j Akx 4sin(6j/2) J

A k-step, dk, is chosen: dkj = aiAkx, where ai is a constant. The choice of the numerical

value of ai depends on whether <H2>k is a smooth function of k or not. With dkj = aiAkx it is

found

i 9 sin2©;
<iT2>lII. = a - . , - - * 1 kf — Pdj. (59)

2K /\o(dcTT/d^)PiLa J J sin(0j/2)

Equation (59) is an expression relating the total fluctuation wiih observable quantities for the

case of spherical isotropy. It is valid for balanced mixing and for heterodyne detection.

When isotropy in the poloidal plane is assumed, one may proceed as follows. The

orientation of the measuring set-up is chosen such that dkr lies along Akx and dkz lies along

Akz. Substitution of Eq. (50) into Eq. (56) yields

f die dk7 3krw_
<n2>m = — — — L " 5 - <n2>kr. (60)

J Akx Akz 4sin(e/2) r

Collective scattering experiments are frequently performed in the poloidal plane only. This

means that no information about the fluctuations along the z-direction is obtained from these

measurements. If therefore no reasonable guess is available then Eq. (60) cannot be fully

evaluated and it is better to define a poloidal fluctuation <n2>po]
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<n2>UT = p ^ < H 2 > p o ) f (61)
J Akz

from which it is found, using Eq. (60)

fdkr 3krw0

<n2>pol = <" >kr • (62)
JAkx 4sin(e/2) r

The integration can be approximated by a summation

dk: 3k_wo

<n2>Pol = £ — - 1 - 2 - <n2>k j . (63)
j Akx 4sin(6j/2) J

A k-step dkj = a2Akx is chosen and Eq. (54) is substituted into Eq. (63). The result is

<n2>pol = a2 — - - j± Ikj - ^ L Pdj. (64)
2 / 2?4(d/dO)PL sin/2eJ2% s i n

When the substantial part of the fluctuation is concentrated around kz = 0 with Ik/I < Akz,

the measurement of the fluctuation in the poloidal plane yields approximately the total

fluctuation. This means that

Akz

f dk
<n2>uT= — - <n2>poi = 2<n2>Poi (65)

-Akz
J A k -

and using Eq. (64)

<H2>UT « a2 — ; Ikj S1" j Pd j . (66)
3 / 2 ^ s i n / 2 es i n

Else, when there exist substantial fluctuations at lkzl >Akz, then the measurement of <n2>poi is

not sufficient to obtain <n2>UT.

In case the fluctuations along the z-axis can be measured, a k-step, dkz = a^Ak,, can also

be chosen, and it is deduced from Eqs (61) and (64)
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= a2a3 - V - ^ Xkjk " f f i i Pdjk . (67)
2 / 2 ^ ( d / d Q ) P L k s i n e

Equations (66) and (67) are expressions relating the total fluctuation with observable quantities

for the case of isotropy in the poloidal plane.

An expression has been derived relating the fluctuation at a certain k to the detected power

and beam parameters. The total fluctuation level is found from integration of <n2>k over the

entire k-domain. This integration is approximated by a summation, assuming spherical or

cylindrical isotropy. In this way the total fluctuation level is found from observations of the

detected power at various values of k.



35

5. Minimum source power in a one-channel detection system without
transmission losses

In a scattering experiment, the power used for all local oscillators and for the beam probe

in the plasma is called the source power: Pso. The minimum source power is the smallest

sufficient value of P ^ which is necessary to measure a chosen value of the fluctuation level. An

expression will be derived for the minimum required source power in a one-channel detection

system without transmission losses for balanced mixing and for heterodyne detection. First, the

general structure of such a derivation will be shown on the basis of a one-channel system.

Explicit equations will be derived for the minimum source power. The derived expressions will

be simplified and numerical examples will be given. The derivations in the following sections

will also be based on this general structure.

In a one-channel system without transmission losses, P s 0 is equal to the power used for

the local oscillator, P/, and the power used for the beam probe incident on the plasma, Pj.

Pso = P/ + P i . (68)

The minimum source power, PSom> is the minimum value of this sum. At balanced mixing the

output signal is not significantly effected by increasing the local oscillator power, P/, above a

minimum value, P/m, which is given with the specifications of the mixer. When Pjm denotes the

minimum power required for the beam probe, the minimum source power can be written as:

Psom = P/m + Pirn • (69)

In a heterodyne detection system, Pj depends on P/. Therefore

Psom={P/ + P>(P/))min- (70)

Differentiating this equation with respect to P; yields values for Pj and P/ for which Ps0 is

minimized. Provided that the value of P/ found in this way is acceptable for the detector, it can

be inserted into Eq. (70) to yield PSOm-

To obtain an explicit form for Eqs (69) and (70), an expression will be derived for Pj. A

condition for Pj can be found by requiring that at the minimum value of<n2>k one wants to

measure, the detected power is at least equal to the noise power, PN, of the detection system.

Let <n2>m denote this minimum value of <n2>jc, then with use of Eq. (54) it is found
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Pi> , / f 2 9 - - - • C7D
3K /2w^(d/dQ)L 2

Where the index a to PN has been added to distinguish between heterodyne detection and

balanced mixing, a = 1,2, respectively. Inserting (dGj/dQ) = 8xlO-3Om2 into Eq. (71) gives a

more convenient form

P i 21.5xlfl28_™*t. J ^ L (72)
wpQa <n2>m

For balanced mixing none of the variables at the right hand side of Eq. (72) depend on P/, so

that P/ and Pi can be minimized separately. Therefore the minimum source power at balanced

mixing is given by

+1-5x1028 S

For heterodyne detection, the value of PSOm is found by minimizing the sum of P/ and P,.

Using a = 1 and L] = 2LP/ in Eq. (73) it is obtained

o o

The noise power at heterodyne detection, is due to the shot noise of the local oscillator

and to other sources (see section 3).

PN1 = (2eL1/2R^/2P; + NEP*)-B . (75)

Equation (74) can be formally written as

P — p , J _ _i_ K ilf,\
SO"~Mxp. T U ' \iv)

with

« X L<n >m



and

woAo

Psom is found by minimizing Eq. (76) yielding P/ = aI/2. When this value of P/ is acceptable for

the detector, P s o m is given by

Psom = 2a'/2 + b . (79)

By further evaluation of Eq. (72), Eqs (73) and (79) can be written in the form of a

criterion for PSom as a function of Xo only. The explicit dependence of P, on A(> is only

apparently Xo because w0, L a and 6 are implicitly dependent on Xu under optimum conditions.

This will be dealt with in the following.

1) An optimum value of w0 exists, which depends on Xo. This is explained as follows. The

gaussian beam probe suffers truncation losses at the entrance port. Truncation losses can be

minimized by decreasing the beam radius at the entrance port w(/), where / is the distance

from the plasma centre to the limiting aperture of the entrance port. w(/) depends on w0. A,,

and /. Minimizing w(/) with respect to wo yields an optimum value for wo 113|.

(XO)
71 /

Equation (80) is realistic but not necessarily satisfied in practise.

2) The conversion efficiency is dependent on the wavelength. The dependency is not known

well and will be omitted. For heterodyne detection L a depends on P/. This dependency has

to be shown explicitly in the calculation because the optimum value of P/ depends on XQ.

3) From Eq. (72) it is seen that Pj increases as 9 increases (6 < 90°), therefore the largest value

of 9 at which measurements will be performed determines Pim. From the scattering

condition, Eq. (3), it is seen that the maximum value of 6 is determined by Xo and the

maximum of k at which the measurements are performed. (It is assumed that the size of the

diagnostic ports is not the limiting factor.) Let km denote the maximum value of k at which

the fluctuation level is measured and let 6m denote the corresponding maximum value of e.

By using Eq. (3) and the definition of k0

Xo -^
Q- = sin (9m/2). (81)

Equation (81) shows the dependence of 6m on Xo.
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Using a basic goniometric formula Eq. (81) can be rewritten

sin em =
2 it

cos (em/2). (82)

This equation will be used later in this report. In practise, when designing a scattering

apparatus, the third argument is used inversely. One of the arguments that determines k0 will be

the value of km and the maximum (and minimum) value of 8 that the set-up allows. This.

however, gives a range of possible ko values. Within this range, the third argument can be

used.

Using Eqs (82) and (80) in Eq. (72) yields

1.2 x m (83)

where c o s ^ O ^ ) = 1 has been used. Similarly to the way Eqs (73) and (79) have been derived,

an expression for Psom c a t l be found by using Eq. (83). This will be done, but first some

practical numerical values, shown in Table 1, are inserted into Eq. (83).

(<n2>kr)min

n

/

km

= 10-10 n2

= 2 x 10]9

= 0.2

= 4000

[nr6! (see Appendix C)

[m-3j

[m|

lm-1]

Table I

In Table 1 the electron density averaged over the scattering volume is denoted by n. With this

can be written

P i>2 .4x 106 (84)

Equation (84) is a simplified version of Eq. (72). The minimum source power in an one-channel

balanced-mixing system is found from Eqs (69) and (84)

Psom = P/m + 2.4 x 1&

Let NEP2 denote the noise equivalent power for balanced mixing, then PN2 is given by

(85)



PN 2 = NEP2-B . (86)

NEP2-B

Using this in Eq. (85) yields

Psom = P/m + 2.4 x 10*

For balanced mixing the following numerical values are summarized in Table 2.

(87)

NEP2

L2

P/m
B

= lOxlO-20

= 0.1

= 2.5

= 2

[W/Hzj

1-1
|mW|

|MHz|

Table 2

Apart from B, these values can be found in the specifications of balanced mixers. Inserting the

numerical values of Table 2 into Eq. (87) yields

4.8PsomlmW] = 2.5 +

A graph of Eq. (88) is shown in Fig. 6.

(88)

4O
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Fig. 6. The minimum source power versus wavelength in a one-channel system without
transmission losses for balanced mixing (A) and heterodyne detection (B).
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Next, the Psom (TLQ) dependence will be treated for a heterodyne detection system. Pson, is given

by

Psom={P/ + 1-2 x 106 ISU (89)

which is found from Eqs (68) and (84). An expression for Pm is given by Eq. (75). This

equation can be written

PN, = 2 x 1 0 - n P / + 1 0 1 3 ,

where the following practical values have been used.

(90)

NEP*

L

Rd
B

= 5 x

= 20

= 50

= 2

10-20 |W/Hz|

[W' l

IW]

[MHz]

Table 3

NEP* is assumed to be equal to 1/2 NEP2 and L is taken from Ref. 1141. Using Eq. (90) and

the values of Table 3 in Eq. (89) yields

Psom[mW]= P/[mW]" [ •
1

1.2 +
6.0

(91)

Minimizing this equation with respect to P/ yields

~ . , -1/2
(92)

The value for P/, found from Eq. (92) has to be acceptable for the detector. A typical range of

acceptable values is

0.5 ImW] < P; < 10 [mW|. (93)

Within the wavelength domain of interest, for example 0.1 < X < 2.2 mm, Eq. (92) yields

values of P/ that do not violate Eq. (93). Inserting Eq. (92) into Eq. (91) yields
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Psom(mW| = 4.9 Ao'^mm-W? .1 XQ [mm"']. (94)

In Fig. 6, a graph of Eq. C" I, is shown.

The values of P ljm given at Xo are of comparable magnitude for balanced mixing and

heterodyne detection. In both cases PSOm increases with decreasing wavelength. For balanced

mixing at for example 0.5 < Xo < 2.2 mm, the minimum power needed for P, and P/ are

comparable. At XQ < 0.5 mm, P; becomes considerably larger than P;. For heterodyne detection

the optimalization of P/ causes the contributions of Pj and P/ to P s o m to be comparable. A

typical value of P s o m is 10 mW.
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6 . Minimum source power in a multi-channel system with transmission losses

Expressions will be derived for the minimum source power needed in a multi-channel

detection system with transmission losses. Examples of calculation will be given for an eighi-

channel system. All will be done for both heterodyne detection and balanced mixing.

An estimation of the minimum source power in a multi-channel system with transmission

losses can only be global because the transmission losses in the far infra-red wavelength domain

are very dependent on the wavelength, and several possibilities exist for the set-up of the

measuring apparatus, each with different transmission losses. The set-up shown in Fig. 7

serves as an example. It is a system with one source from which the power for all local

oscillators, P/x> is branched off directly. To feed each separate local oscillator, P/x is branched

like a binary tree as shown in Fig. 8. Let n denote the number of branchings of P; j , then n = 1

yields a two-channel system and n = 2 yields a four-channel system, etc. Other numbers of

channels than 2n with n = 0,1,2.... will not be considered.

A P sp B Pi.T C ^

!P ; .T
D;

H i plasma
/ \ 2 P. ;

/ Vo.8 '" E

A p; ^ -F

y

Fig. 7. Set-up of a four-channel detection system.

The calculation of PSOm in a multi-channel system with transmission losses is similar to the

calculations given in the previous section, provided that P^ is given by an extended form of Hq.

(68). Referring to Fig. 7, P s o denotes the available source power at the entrance A. Pso is

transported to B, where it is split up into PJX and P//r. The latter is the total power that is

available at the beginning of the plasma branch of the measuring apparatus B. Let T) denote the

transmission coefficient that covers both the losses of transporting P s 0 from A to B and the

losses of branching. It can be written

,-1 CD ._ , D \ (95)
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n=1 n = 2 n=3

Fig. H. The binary tree for n- 1,2 and 3.

PiX is transported to the plasma, where it feeds the beam probe. The transmission losses due lo

the transport of the microwave power from B to D are given by To . It can be written

Referring to Eqs (72) and (84) expressions for Pj have been given on the bases of zero

transmission losses of Ps. However, due to the transport of Ps from E to G, Ps suffers

transmission losses of, for example, T2 . Therefore Pj must be T, larger than predicted by

Eqs (72) or (84). The definition of Pj can be maintained if the factor T]1 is included in Hq.

(96). This yields

The value of P; has been found using the requirement that the detected power Pj should at least

exceed the noise power. In order to obtain a better resolution we require that Pj should be a few

times, say N, larger than the noise power. This factor is also included in Eq. (97) to yield

pi.T = f f t ) p i - <9X>

In a 2n-channel detection system, the local oscillator power is split up n times. The

transmission coefficient that covers both the losses due to the branching plus the transport

losses at each division can be taken equal to Tj. This results in

Combining Eqs (95), (98) and (99) it is found for the extended expression for the source power
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Using Eq. (100) as a starting point and following the general structure of the calculation

of P s o m as given in section 5, it is found for a multi-channel balanced mixing system with

transmission losses

T R T | I
1028 . JL

T
PN2

T2 vfrl <n»mL2
(101)

and for a heterodyne detection system

Psom —"
T, T2

(102)

where a and b are given by Eqs (77) and (78) and where it is assumed that the value of P/ that

minimizes P^m is acceptable for the detector. Equations (101) and (102) will be simplified by

first inserting the estimated numerical values from Table 4 into Eq. (100) to yield

P s o = 1.25 ( (2 .5) n P / + 20 Pj ) .

Furthermore this equation is combined with Eq. (84), which results in

(103)

Psom = 1.25 1(2.5)" P/ + 4.8 x 107 (104)

For a = 2 the values of Table 2 and Eq. (86) are inserted into Eq. (104) to yield a simplified

expression for the minimum source power required in a multi-channel balanced-mixing system

with transmission losses

Psom [mW] = 1.25 (2.5)
n+1 95

(105)

Table 4
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A graph of the minimum source power versus \ , in the case of an eight-channel (n=3) balanced

mixing system is shown in Fig. 9.

For a heterodyne detection system, a = 1, the values of Table 3 and Eqs (84) and (90) can

be used in Eq. (103) to yield an expression for the source power

Pso [mW] = 1.25 {(2.5)" P, [mW] + - * - J24 + ~ ^ } 1 • (106)

Minimizing Eq. (106) with respect to P/ yields

{(2.5?%,)

Assuming that this value of P/ is acceptable for the detector, an expression for the minimum

source power in a 2n-channel heterodyne detection system with transmission losses is found

f 2 5 n V/2 SO
Psom fmW] = 2 7 - ^ — + — ^ — • (108)

^ [ ] J A0[mm]

For an eight-channel system (n=3) Eq.(107) reads

P/ [mW] = 2.8Xo
1/2 fmm-1/2]. (109)

Within the range 0.1 < A,o < 2.2 [mm], Eq.(109) does not violate Eq. (93), so from Eq. (108)

with n=3 an expression for the minimum source power needed in an eight-channel heterodyne

detection system with transmission losses is found

Psom [mWJ = 1.1 x l o V ' / 2 [mm"2] + 3 0 ^ ' [mm"1] . (110)

A plot of P s o m versus XQ for this case is shown in Fig. 9.

Full and simplified expressions have been derived for the minimum required source

power in a multi-channel detection system with transmission losses. This has been done for

both balanced mixing (Eq. (105)) and heterodyne detection (Eq. (108)). Considering these

equations it can be seen that:
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1) Psom increases with decreasing wavelength.

2) For n < 4 and at a certain value of Xo within 0.1 < Xo < 2.2 mm the values of P s o m for

heterodyne detection and balanced mixing are comparable.

3) None of the terms that contribute to Psom> the power needed for the local oscillator(s) and

the power required to feed the beam probe, can be neglected a priori without further

knowledge about n and XQ.
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- \ \
\ \\

B

1

1 I ] 1 I

1 1 1 1 1

1 1

-

-

1 1

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.OO 2.25

Cmm)

Fig. 9. The minimum source power versus wavelength in the case of an eight-channel system
with transmission losses. Curve A: balanced mixing, curve B: heterodyne detection.

Numerical examples have been given for an eight-channel system. The result is shown in

Fig. 9. Curve A was obtained for balanced mixing, where the values found from Tables 1, 2

and 4 have been used and Curve B was found for heterodyne detection using the values from

Tables 1, 3 and 4. A typical value for PSOm is 200 mW at 0.4 < 7^ < 2.2 [mm].
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7. The effect of plasma radiation on the minimum source power needed

In the two previous sections, expressions have been derived for the minimum source

power for four different cases and for their simplified versions (Eqs (73), (79), (101), (102)

and Eqs (88), (94), (105) and (108), respectively). The expressions will now be extended to

include the presence of plasma radiation, with the exception of Eqs (73) and (79). Numerical

examples will be given for several cases.

To take account of the plasma radiation, the power it produces in the detector is added to

the NEP. The electron cyclotron emission power, PCcc> reaching the mixer is equals to

Pece = 1 A Qd B . ( I l l )

I denotes the spectral intensity of the ece radiation. A typical ece spectrum in TORTUR is

shown in Fig. 10.
>• harmonic number

1

0.75

Fig. 10. The ece spectrum in TORTUR (Te(o) = 660 eV, ne(o) = 6xl0I9m3 and B(o) = JT;
Ref. 115]).

The detector area, A, and the solid angle,

respectively:

d, can be written in terms of beam parameters,

A = 7tW„

and
rcwo
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Inserting this in Eq. ( I l l ) yields

(112)

The plasma radiation is attenuated by a factor T'J1 due to its transport to the mixer. The resulting

power multiplied by the conversion efficiency of the mixer, La , yields the detected power

c = T 2
1 / 2 L a ^IB. (113)

This detected power has to be added to the noise power of the mixer. For balanced mixing,

a = 2, Eq. (72) can be extended, using Eq.(l 13) to yield

Pi > 1.5 x 1028 f 2e fNgg + Ti,2l3L2l B ( n 4

From this equation it is seen that the plasma radiation may be ignored in a balanced mixing

system when

NEP2 _ IP'18

2 1 / 2 " 2 l / 2 "V2

Otherwise it effects the value of Pj. The substitution of Eq. (114) into Eq. (100) yields an

expression for the minimum source power required in a multi-channel balanced-mixing system

with transmission losses and ece power present

Application of the simplifications presented in the previous sections on Eq. (115) and using

T2 = 0.07 yields

{ n 9 5 x 10'5 r 17 oil

(2.5) P / + - 1 + 2.6 x 10 \XZ\\ • (116)

Here the numerical values presented in Tables 1, 2 and 4 have been inserted.

The minimum source power in a one-channel balanced-mixing system without

transmission losses can be obtained from Eq. (115) using N = Tj = T2 = 1 and n = 0 giving

(117)
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For a heterodyne detection system, a = 1, the dependence of L a on P/ must be given explicitly.

In that case, it is found from Eq. (113)

( P d J e a ^ T ^ L P / I ^ B . (118)

Equation(118) adds to the noise given by Eq. (75). The Eqs (72), (75) and (118) can be

combined to give

P ^ 7 S v 1 f l 2 7 M " ° ?PI /zt> 72 , OT 2 n l 4- ' l i i L - R niQ)
P , > 7 . 5 X ] O ^ ' ^ ^ ^2eL Kd + 2 I 2 IA.0+ L P / J-B . ( l i y )

The term within brackets, on the right hand side of Eq. (119), is proportional to the noise

power. From this term it is seen that the effect of the ece power is not reduced by an increase of

P/ as is the case for NEP*. The effect of PCCc can only be reduced by an increase of Pi.

Equation (119) is inserted into Eq. (100) and the result is minimized with respect to P/. An

expression for the minimum source power in a 2n-channel heterodyne detection system with ece

present is obtained

Psom=-f f^ f f f f
Ti {T2) \T\ )

^ { 1 . 5 x 1 0 2 8 - ^ 4 ^ - I T f ^ B + bl . (120,
TiT2|. w;r<n2>m J

With the numerical values given and following the simplifications from the previous

sections it is found

Psom = 27 f D +~^— + 3.2xl0 13a o [mm], (121)

The ece intensity, I, is expressed in W/(m2. sr.Hz). For an 8-channel system Eq. (121) reads

o . (122)
x

o
/2

An expression for the minimum required source power in a one-channel heterodyne detection

system without transmission losses is:

PsomfmWJ = 4.9X."l/2[mm"1'2] + 1.2^' (mm'M + 4.8 x 1012Ro[mml. (123)

To illustrate the effect of the plasma emission in the ece-region some calculations are

given. The ece intensity, I, depends strongly on Xo as can be seen in Fig. 10. For the

calculations, the following values have been taken:
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IcceS

Iece£

2x10-"

0.4x10-

W.m

11 W.

-2.sr

m-2.

- ' .Hz-'

srl.Hz

at Xc

l at

= 2 mm,

Xo ~ 1 mm.

(second harmonic ece,

B = 2.5 T, Tc =

(third harmonic

B = 4.1 T, Tc =

= 700 eV)

; ece,

= 7(X) eV)

Table 5

The calculations have been performed for a one-channel system without transmission losses

(Eqs (117) and (123)) and for an eight-channel system with transmission losses (Eqs (116) and

(122)). The results are compared with those taking Iccc = 0. The numerical values obtained ;uc

shown in Table 6.

- —

'ECE

heterodyne detection

balanced mixing

~ ~ — — • - _

*o [mm] _̂

one-channel

eight-channel
transmission losses

one-channel

eight-channel
transmission losses

0.4 x10"11

25

2.7x102

27

2.9x102

0

6.1

1.4x10*

7.3

1.7x102

2.14

2x1CT11 0

i

2.1X102 3.9

1.5x103 89

2.1x102 4.7

1.4x103 1.0x102

Table 6. The minimum source power Psom in mW for several cases. The values contained in
the diagram above have been obtained using the numerical values given by Tables
1-5. Because many estimated values for parameters were used to obtain Ps,,m- lnc

data can only be. used to estimate the order of magnitude.

The presence of ece was included in the calculation of the minimum source power. This

has been done for a multi-channel system with transmission losses and for a one-channel

system without transmission losses for both heterodyne detection and balanced mixing.

Numerical examples have been given from which it was found that at wavelengths around the

second harmonic of the ece (^o = 2mm) the minimum source power was increased by more than

one order of magnitude. At wavelengths around the third harmonic of the ece (XQ ~ 1mm), Psom

was increased less than a factor five. The values for PSOm in a balanced-mixing and a

heterodyne detection system are about the same.
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Because the presence of the ece increases the value of PSom>lne smallest PSom >s found

when I = 0, e.g. at A.o < 0.8 mm (see Fig. 10). Furthermore from Figs (6) and (8) it is seen that

Psom increases as X<j decreases, so the smallest values of P^m will be found in the wavelength

range between 0.5 and 0.8 mm. Therefore molecular lasers are recommended for the source of a

scattering experiment.
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8 . Homodyne detection on TORTUR

Density fluctuations in TORTUR have been observed with a one-channel homodyne

balanced mixing-system. The source power of the available 2.14 mm klystron is fixed,

therefore the signal-to-noise ratio, N, obtained for fluctuations n/n at the mixing length level

(see Appendix C), will be calculated. Inversely, the minimum observable fluctuation level at a

signal-to-noise ratio of 1, will be calculated.

An expression for N is obtained by rewriting the expression for the source power, Ps<). I
;or

a one-channel homodyne balanced-mixing system the source power is found from Hq. (101)

using n = 0

N 1.5 x 1028 sin29 . ,„ „ ,

The values of Table 1 with exception of L2, which has been observed to be 1 0 ' and P/

for which without additional attenuation 13 mW was available, are inserted into fiq. (I24i.

Furthermore wo = 10"2 m, T2 = 0.071 and PSo = 65 mW are used to yield an expression for \

N = 8.5 x 10"44 <n2>k (PN2sin2e)"' . (12.5)

From this equation it is seen that N depends on the scattering angle as is to be expected.

Accepting poloidal isotropy of the density fluctuations, the maximum value of <n:>k.

denoted by <iT2>km, can be expressed in terms of the total fluctuation level: <n2> ( , (see Hq.

(C.4)). Using this relating and substituting <n2>km for <n2>k it is found

N = 1.7 x 10"46 <n2>L-,- (PN2sin2e)-' . (126)

If <ff2>l,T is replaced by n2, an expression for N in terms of n/n i.-; ob'ained

( 2 ) ' ( 1 2 7 )

On TORTUR the mixing-length level is given by n/n = 0.02 (at r/a = 0.4) and a possible density

is n = 4 x 1019 m"3. Using these values in Eq. (127) yields

N= 1.1 x l(r1 0 (PNsin2e)-' . (128)
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The noise is due to the plasma radiation, the mixer and the amplification system. The

noise has been observed by taking away the mirror which reflects the beam probe into the

plasma. It was found that the frequency dependent noise power, PN(O. can be described by

PN(f) = 1.62 x 10"14 f-°-72 [W/HzJ. (129)

Let f/ and fu denote the lower and upper limit, respectively, of a relevant frequency interval,

then the noise power is given by

fu

^N2= J PN(Odf . (130)

U

Using Eq. (130) the integration over the frequency domain can be carried out. This yields

P N 2 = 5.8 X 10-14|fO-28_f0.28| . ( 1 3 ] )

Combining this with Eq. (128) gives an expression for N

. (132)

An expression for the minimum observable fluctuation level <"2>u(2 /n at N = 1 is found from

Eq. (126) using n = 4 x 10I9m"3

H 2 > -
0 J P / 2 sim i n

= 1.9 x 10J PN
/2 sine . (133)

In Table 7 the calculated values of N and the minimum observable fluctuation level are

given for two frequency regions and two scattering angles.

With the 65 mW klystron used on TORTUR, minimum fluctuation levels, <K2>JJ?/n, of

10'3 can be observed with a signal-to-noise ratio of 1. Inversely, the fluctuation level of n/n =

0.02, the mixing-length level at r/a = 0.4, will give a signal-to-noise ratio of 5 x 102.
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fu [Hz]

106

106

108

108

f, [Hz]

104

104

106

10s

6 [degr.]

10

40

10

40

N[-J

2x 103

1x 102

5x 102

4x 101

~ 2 V2
< " >UT

n

5x 10

2x 10

9x 10

3x 10

mm

- 4

- 3

- 4

- 3

Table 7
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Summary

Aspects of collective scattering of mm and sub-mm radiation on density fluctuations in

laboratory plasmas have been described. In this Chapter the fluctuation level at a value of the

density wave vector k has been expressed in terms of observable quantities, the k-resolution and

the scattering volume. Accepting gaussian beams for the source and the scattered radiation, the

k-resolution and the scattering volume have been expressed in terms of beam parameters. This

yielded an expression for the fluctuations at k in terms of observable quantities and beam

parameters valid for microwave scattering. The total fluctuation level has been found from a

summation of the fluctuation levels at different k. This has been done for the cases of spherical

isotropy and of isotropy in the poloidal plane.

Expressions have been derived for the minimum source power needed in scattering

experiments. This has been done for a one-channel detection system without transmission

losses and for a multi-channel system with transmission losses. The derivations have been

extended, to include the effect of the presence of plasma radiation. The derived expressions

have been simplified.

Several numerical examples have been given. All derivations and calculations have been

performed for heterodyne detection and for balanced-mixing systems. It was found thai ihe

values of the minimum required source power are comparable for both methods of detection.

Furthermore, the minimum source power increases with decreasing wavelength. Plasma

radiation can considerably effect the minimum source power needed. For tokamaks with B = 3T

the source wavelength must be smaller than 1 mm because of the electron cyclotron emission.

Therefore molecular lasers are recommended for a source.

A homodyne one-channel balanced-mixing system used on TORTUR has been treated, li

was found that with the available 65 mW klystron a fluctuation level of K)'3 can be observed.

This value is considerably smaller than the fluctuations expected from the mixing-length

argument in turbulent transport theories.



5 6

References

i 11 T.F.R. Group and True A., (1984) Plasma Phys. and Cont. Fusion, 26, 1045.

|2J Evans D.E., (1985) Rev. Sci. Instrum., 56, 902.

|3] Brower D.L. et al., (1987) The Spectrum, Spatial Distribution and Scaling of

Microturbulence in the TEXT Tokamak, PPG-1050.

|4 | Nagatsu M., et al., (1987) Nucl. Fusion 27, 753.

151 Huussen F., et al., (1985 ) Plasma Phys. and Cont. Fusion, 2L 447.

16] TORTUR-team: de Kluiver H. et al., (1985) Proc. 12th Eur. Conf. on Contr. Fusion and

Plasma Phys., Budapest Vol. II, p. 272.

[7| HolzhauerE., (1978) Plasma Phys. 20, 867.

[8| Gresillon D., (1982) Phvs. Scr. T2/2. 459.

|9] Liewer P.C., (1985) Nucl. Fusion 25, 543.

[I0| Blaney T.G. , (1980) Detection techniques of short millimeter and suhmillimeier

wavelengths: An overview, ed. Button K.J., Infrared & Millimeter Waves i 1.

I l l ] Tsukishima T. et al., (1978) Jpn J. Appl. Phys.iL 2059.

112) Slusher R.E. et al., (1980) Phys. Fluids 23, 472.

[131 Veron.D., (1979) Submillimeter interferometry of high density plasmas, ed. Button K.J..

Infrared & Millimeter Waves 2, 88.

[14] Barth C.J. , Private Communication.

|15| Sillen R.M.J., (1985) Proc. 5th. Int. Workshop on Electron Cycloton Emission and

Electron Cyclotron Resonance Heating, San Diego p. 113.

|16] Kogelnik H. et al., (1966) Proc. IEEE 54 NOID 1312.



57

Appendix A: The gaussian beam

The gaussian beam is a plane wave-like solution of the wave equation. The main

differences between the gaussian beam and a plane wave are:

1) the non-uniformity of the E-field and the power flux distributions,

2) the expansion of the beam with distance of propagation, and

3) the curvature of the phase front.

phase 'front

Fig. 11. Contour of a gaussian beam.

The E-field and power flux (I) distributions are concentrated near the axis of propagation

(z-axis, see Fig. 11) and can be described by

,I ~exp{-r2/wP
2.(Z)} , (A.I

where r is the radial distance from the z-axis and w the beam radius at distance z.

The expansion of the gaussian beam with distance can be described by the divergence

angle, %

(A.2)

where w0 is the beam radius at z = 0 (the waist). The transported power of the gaussian beam P

is found by integrating Eq. (A.I)

eocE2[W]. (A.3)

A more detailed discussion of the gaussian beam is given in e.g. Ref. 116).
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Appendix B: k-resolution

In this Appendix, the k-resolution will be treated by use of a geometrical model. Consider

Fig. 12. The length and the orientation of k; and ks remain fixed and £1^ denotes the divergence

solid angle of the scattered gaussian beam. If a detection system is tuned to k_s, then all scattered

wave vectors k,s + dkj that lie within i i j around j ^ s , are observed. This can be used to define the

k-resolution, because the variations of k. and k.s are coupled. The k-resolutions Akx, Aky and

Akz are defined as the maximum possible variations of k along the x-, y- and z-axis

respectively, so that the scattered wave they yield is still observed, i.e. lies within Qtl around k.s.

In the following, expressions for Akx, Aky and Akz will be derived.

Akx

Fig. 12. The Ak-geometry. Akx, Aky and Akz are the maximum possible variations of k thai
yield a scattered wave vector within Qti around kj.

The vector k is parallel to the x-axis, therefore Akx is the maximum possible variation of

the length of k, so that ks is still observed. The length of k is given by the scattering condition

k = 2kjsin0/2. Differentiating this yields

dk = k; cos (6/2) de . (B.I)

The scattered wave vector, ks + Ak_s, lies within £>s if do < 8d, therefore Akx is given by

Akx = kj cos (0/2) (B.2)
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Using kj = 2;tAo a n d 8d = o ln Eq. (B.2) yields

Ak x =-^cos (9 /2 ) .wo

This result is similar to Eq. (49).

(B.3)

Fig. 13. The Aky-geometry.

An expression for Aky can be found in the following way. Aky corresponds to a rotation

of k in the x-y plane without changing Ikl. The scattered wave vector is still observed if it is

rotated in the x-y plane by no more than Gj. A rotation of kg by 6<] in the x-y plane corresponds

to a rotation of k by da = ~ 6d (see Fig. 13). In a well-designed system, 9j, and therefore du.

will be small, so Aky is given by

Aky = ~

The scattering condition, Eq. (3), and the definition of 9d are used in Eq. (B.4) to obtain

Aky = ±- sin (6/2).
w0

(B.4)

(B.5)

This result is similar to Eq. (50).

In Fig. 14 Akz is considered. Akz corresponds to a rotation of k in the x-z plane. The

k_s + Aks that results from k + Aky and kj still lies within Qj if Aks = kse<j. From geometrical

considerations CD is equal to AB, therefore Akz is also given by

Akz = (B.6)
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- x

Fig. 14. The Akz-geometry.

Because lksl = Hql, Eq. (B.6) can be written

Akz = kjGd.

Inserting the definitions of ko and 8(j in Eq. (B.7) yields

(B.7)

Akz = 2/w0. (B.8)

This result is similar toEq. (51).

The similarities found were to be expected, because the geomenical model used is not

physically different from the model used in section 4. The geometrical model serves only for

giving additional insight.
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Appendix C: Estimation of the minimum density fluctuation level

From drift wave theory it is learned that the turbulence saturates at the mixing-length

level, n/n~l/<kj_>Ln, where <kj_> is the averaged value of the perpendicular wavenumber and

Lfi = Id/nn/dxl is the density scale length. At the mixing-length level, the perturbation in the

density profile, kjjT, flattens locally the initial density gradient which is the free-energy source

for drift waves. In Fig. 9 of Chapter 5, n/n is given as a function of <kx>Ln . Using

<k> « 103 m"1 (observed on TORTUR) and Ln = 0.1 m, at r/a = 0.4 it can be read iT/n = 0.02.

Generally, however, 10"3 < n/n < 1. For our purpose the smallest value of n/n is taken.

Replacing n by <n2>^2 it is found for the minimum total fluctuation level to be observed

(C.I)

<n2>uT is obtained by integration of <H2>jc over the entire k-space and can be approximated

within an order of magnitude by

m , (C.2)
Q d Akx

where Q is the solid angle in which fluctuations are present, Qd the divergence solid angle of the

scattered gaussian beam and <n2>km IS t n e maximum value of <n2>k. The following values are

inserted into Eq. (C.2): £2j = 1.1 x 10"2, <k> = 103 n r 1 and Akx = 2 x 1 0 2 m'1 . For

fluctuations which are spherically isotrope (Cl = 4JC) and which lie in the poloidal plane only

(Q = 4n sin6d) it is obtained

, (C.3)

and

<n2>km = 2 x 10-3 <n2 > u r , (C.4)

respectively. Combining Eqs (C.3) and (C.I) yields

^ ^ = 1 0 - 1 0 . (C.5)

Equation (C.5) gives the order of magnitude for a good choice of the minimum fluctuation level.

When the minimum source power is calculated from a fluctuation level <n2>m/n2 which has

been chosen too large, then even the turbulence at the mixing-length level will not be observed
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and the experiment will miss its goal. However, the minimum fluctuation level at which the

measurements are to be performed can be chosen smaller than Eq. (C.5) suggests. This may

provide some additional safety.
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Appendix D: list of symbols

n

<n2>k

<n2>m

<n2>pol

detector area

minor radius, shorthand notation, see Eq. (77)

constants

bandwidth

toroidal magnetic field

shorthand notation, see Eq. (78)

speed of light

electrical field amplitude (see list of indices)

see Eq. (4)

frequency

lower and upper frequency limit, resp.

Planck's constant divided by 2n

detector current

detector current due to the local oscillator

power flux of electromagnetic wave, intensity of the electron cyclotron

emission

plasma cu.rent

wavenumber of the density wave

wavenumber (see list oi indices)

perpendicular wave number

one dimensional k-resolution

k-resolution

conversion factor, see Eq. (11)

conversion efficiency for heterodyne detection and balanced-mixing, resp.

density scale length

distance of the limiting aperture of the entrance pon to the plasma centre

ratio of the detected power and the noise power

noise power in the combination S/N only

not negative rational number

electron-density averaged over the scattering volume, local electron

density

electron density fluctuation

fluctuation at k, see Eq. (32)

minimum fluctuation

poloidal fluctuation

total fluctuation, see Eq. (20)



64

NEP

NEP*

P

Pd

Pirn

P,T

P/.C

PIT

P N
PSN

R

S(k,co)

Su(k,co)

S/N

T

Tc.i

Tw

Tl,2
t

U(r)

ui,s(r)
V.Vi

v«=
W(k)

w

w0

x

y
z

noise equivalent power, see list of indices

see Table 3

optical power, see list of indices

detected power

minimum injected power

minimum power for the plasma branch, see p. 42

minimum local oscillator power for a balanced mixer

minimum power for all local oscillators

noise power for heterodyne detection, a = 1, and balanced mixing a = 2

noise power, not due to the local oscillator

noise power due to shot noise

major radius

detector resistance

coordinate

scaled ion Larmor radius, see p 61

spectral density ,see Eq. (26)

spectral density, see Eq. (27)

signal-to-noise ratio

period

electron and ion temperature, resp.

period of the density wave

transmission factors

time

product of the electrical field profiles of incident and scattered beam

electrical field profiles of incident and scattered beam resp.

volume

radio frequency voltage

Fourier transform of U(r)

beam radius of the gaussian beam

beam radius at the waist

coordinate

coordinate

coordinate
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Greek symbols

a
a,da

0

e m

Ho

Pi
doV

n

CO

CO

G) o

Aco

constant, see Eq. (35)

angle, see Fig. 13

vacuum permittivity

detector efficiency

scattering angle

divergence angle of the gaussian beam

maximum scattering angle

source wavelength

wavelength of the density wave

vacuum permeability

ion Larmor radius

Thomson-scattering cross-section

solid angle

divergence solid angle of the gaussian beam

angular frequency of the density wave

angular frequency, see list of indices

angular frequency

beat frequency

Indices

a
i

j
/
m
r
§

som
V

X

y
z

a = 1, a = 2 for heterodyne detection and balanced-mixing, resp
injected

rational number

local oscillator

maximum

coordinate

scattered

minimum source

virtual local oscillator

coordinate

coordinate

coordinate
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III DESIGN OF A 2 MM COLLECTIVE SCATTERING APPARATUS

1. Introduction

Transport studies are important for obtaining a better understanding of plasma

confinement. The observed transverse energy and particle transport is often larger than

predicted by the collisional transport models for toroidal geometry [ 11. The qualification

anomalous is hence used. The anomalously large losses are generally attributed to small-scale

fluctuations of various plasma parameters, e.g. the electron density. Electron density fluctuation

measurements were performed on the TORTUR tokamak, which is of the following

dimensions: R = 0.45^ m, a = 8.0 cm and B j = 2.9 T. Plasma currents are typically 35 kA

during about 30 ms. Densities ne were between 3xl() l 9and l()xl() l 9cm--'. Electron

temperatures reach up to 1 keV. Ion temperatures are usually 0.7 times the electron temperature.

Density fluctuations can be studied by means of collective scattering |2, 3, 4), probes and

reflectometry. The 2 mm collective scattering apparatus used on TORTUR will be described in

this Chapter. This apparatus is an improvement on the previous equipment used on TORTUR

| 5 | because it allows for both the variation of k, the wave number of the observed density

wave, and the position of the scattering volume. The use of a relatively long source wavelength

allows the performance of 90° scattering experiments. Thus good spatial- and wave number

resolution in three dimensions is obtained for k = 40 cm"1.

A description of the apparatus will be given in section 2. Several aspects of the

transmission of 2 mm waves through the TORTUR tokamak will be treated in sections 3-6.

The scattering apparatus was operated homodyne. For the detection of the scattered

radiation a double-balanced mixer was modified to make it applicable in a homodyne detection

system. This modification and the performance of the mixer will be presented in section 7. The

signal processing system will be described in section 8.

2. Outline of the collective scattering device

Four subsystems of the 2.14 mm collective scattering apparatus can be distinguished:

microwave, optical, detecting and signal-processing subsystems. The outline of the microwave

system will be treated in detail. The other subsystems will be dealt with later.

A schematic drawing of the scattering apparatus is given in Fig. 1. A reflex klystron, type

VARIAN VRT 2121A, has been used as a source for 2 mm waves. To minimize wave back

reflection to the klystron from any part of the system, an isolator (I) is employed near the
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klystron output. Microwave power measurements have been performed with a bolometer and a

power meter, types Anritsu MP 83B and ML 83A, respectively. The power near the output of

the isolator was observed to be 65 mW.

plasma

Fig. 1. A schematic drawing of the collective scattering apparatus.

The microwave power is transported by oversized waveguides to avoid the relatively high

transmission losses associated with fundamental-mode waveguides. A part of the microwave

power is branched off by an oversized beam splitter (B) and fed to the local oscillator input of

the detector, which is a double-balanced mixer (M). The magnitude of the power branched off

can be adjusted in gross steps by using foils of different thickness in the beam splitter. The

microwave power branched off was further attenuated to provide a local oscillator power of

typically 3 mW. The main part of the microwave power is transported to the plasma and shaped

into a gaussian beam by means of an oversized waveguide horn (C). Two lenses (L) and a

gold-coated mirror (Ml) focus the gaussian beam onto the plasma centre. One of the lenses

corrects the gaussian beam for astigmatism. The antenna pattern and the determination of the

focal distances of the lenses have been treated in Ref. [6J.

The receiving arms are identical to the transmitting arm. Branch D is used for

90°-scattering experiments. The waveguide at F is either connected with arm E or arm D. The

radiation received is transported to the mixer, where it is down-converted in frequency by the

local oscillator. The mixer output is fed to a signal processing and recording system (SPS).

The scattering device as a whole was mounted on a rail. This was convenient for varying

the position of the scattering volume. This could also be achieved by horizontally shifting the

two mirrors. To align the device to various scattering angles, the mirrors could be rotated

individually.

An important parameter of the apparatus is its total transmission factor. When the

transmitted beam is directly guided back into the receiving branch, the total transmission is

defined as the ratio of the power near the signal input of the mixer and the klystron power. Its

value is determined to be -9.0 + 0.4 dB.
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3 . The optical system

The probing and scattered beam are gaussian. It is chosen that both beams intercept each

other at their focal points. Consequently, the scattering volume is located near the focal points.

The scattered and probing beam, being focused on the plasma, pass the diagnostic ports

of TORTUR. These ports can cause beam distortion due to a truncation of the beam. To avoid

this, the radii of the passing beams at the limiting aperture of the diagnostic ports are not

allowed to exceed a certain value. This on its turn limits 1) the maximum possible distance from

the focal point to the aperture and 2) the allowed values of the beam waist. For TORTUR this

means that probing and scattered beam must be focused on the geometrical plasma centre and

that only one value of the beam waist is allowed. This will be explained in section 3.1. A small

summary of the results of gaussian beam theory is included at the beginning of that section.

To locate the scattering volume slightly above the equatorial plane, the probing beam must

be intercepted by the scattered beam at some distance from its focal poini. The possibility of

these experiments will be discussed in section 3.2. It is important to perform these kind of

observations, to determine the poloidal behaviour of the density fluctuations.

3.1. The position of the focal point of the probing and scattered beam

A gaussian beam can be described by the decay of the electrical field, E, wiih distance

from the central axis, r, and by the widening of the beam with distance from the focal point

E ~ e-r2/w2(z) (1)

where X is the source wavelength and w0 and w(z) are the beam radius at the waist and at a

distance z from the focal point, respectively. The beam radius is the distance along r from the

maximum to the 1/e value of the electrical field, see Fig. 2. The beam radius as a function of z c •:•

defines the beam contours.

A gaussian beam is called distorted if its structure deviates from Eqs (1) and (2). Consider

a gaussian beam which passes an aperture. Due to truncation at the aperture, it will become

distorted. Let w(0 denote the beam radius j.t the aperture and D the diameter of the aperture.

If D » 2w(l) then expressions (1) and (2) will remain approximately valid. However, if

D < 2w(/), the position of the beam contours will be affected. If D « 2w(l), the wave structure
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behind the aperture is no longer well described by a gaussian beam. It is reasonable to assume

that beam distortion is acceptable when D > 2 w(l).

Fig. 2. The gaussian beam geometry

The entrance ports of TORTUR are slits of 30 mm width. Using w(z) = 15 mm in Kq. (2)

a plot of z versus w0 can be obtained as is shown in Fig. 3. It is found that a maximum for the

distance from the focal point to the limiting aperture, z, exists: z m a x = 165 mm at

w0 = 10.6 mm. For TORTUR zmax is equal to the distance from the geometrical plasma centre

to the diagnostic port for an oblique incidence angle of 14°. Therefore it is concluded that 1) the

probing and scattered beam must be focused onto the plasma centre and 2) the waist must be

10.6 mm.

The theoretical value is close to the observed value: wo = 10.5 mm |6|. As a consequence

the scattering volume can be located at the equatorial plane only, when the probing and scattered

beam intercept each other at their focal points.

Fig. 3. The maximum focusing distance from an aperture of 30 mm width versus the beam
waist.



7 1

3.2. A scattering volume above the equatorial plane

Because the probing and scattered beam expand only weakly with distance near the beam

waist, it may be expected that it is possible to locate the scattering volume slightly above or

below the plasma centre, e.g., a few cm. In such cases the shape of the scattering volume

deviates slightly from the optimum shape, because the probing beam is intercepted by the

scattered beam at a small distance from the focal point.

To check this possibility, a calculation was performed for the case where the scattering

volume is located at 30 mm distance from the focal point of the probing beam. Using

wo = 10.5 mm in Eq. (2) it is found for the beam radius at 30 mm distance from the focal point:

w(30) = 10.7 mm. The beam waist of the scattered beam will be 10.7 mm also. If the scattering

volume is located above the equatorial plane,then the focal point of the scattered beam is at

about 160 -30 mm distance from upper diagnostic port. Using these values in Eq. (2) it is found

that 2w(130)/D = 0.9. Similarly 2w(190)/D = 1.1 is obtained for a scattering volume located

30 mm below the equatorial plane. This implies that it is safer to locate the scattering volume

slightly above than below the equatorial plane. In Fig. 4 the locations in the TORTUR plasma

accessible for collective scattering measurements are shown.

plasma

4°-40°; 80°-100°

8° 3 0°

e = 50°s

Fig. 4. Possible positions of the scattering volume in the TORTUR plasma.
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4 . The transmission through a diagnostic port

The transmission through a diagnostic port is defined as the ratio of the beam power just

before and immediately after the diagnostic port. Unfortunately the transmission could not be

observed for a single port. Therefore, the ratio of the beam power just before and immediately

after the torus section has been determined. The ratio is equal to the power received with the

microwave beam passing through the evacuated TORTUR apparatus divided by the power

measured when the scattering apparatus is retracted from the tokamak. Measurements have been

performed for a limited range of incident angles from 3° to 10°, see Fig. 5. Assuming the upper

and lower diagnostic port to be identical, the transmission of a single port is found by taking the

square root of the measured transmission. The result is shown in Fig. 6 (curve a).

incident
angle

Fig. 5. The set-up for the transmission measurements.

The transmission of a sample window, identical to those used in the tokamak, has been

measured in a similar fashion provided that the spare window was rotated from 0°-25°. The

result is shown in Fig. 6, curve b. The difference between curves a and b can be explained b\

truncation losses of the diagnostic port without its window.
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Fig. 6. The transmission of a diagnostic port (a) and a spare window (b).

Scaling of curve b to curve a yields the transmission of a single diagnostic port for

incident angles of 10°-25°, see Fig. 7.

0 . 7

0 . 4
5 10 15

—*• angle of incidence (deg.)

2 5

Fig.7. The transmission through a diagnostic port ofTORTUR as a function of the angle of
incidence.

%£
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5 . Refraction

A beam, which passes through a plasma of sufficiently high density, is bent away due to

refraction. The scattering angle and the position of the scattering volume have to be corrected

for this effect.

The path of the central axis of the gaussian beam is calculated. It is treated as a ray

passing through a medium with known refractive index profiles. The path is found numerically

by the repetitive application of Snell's law. This is allowed because the beam probe is injected

E//BT> k -L B.T a nd the central density is much smaller than the cut-off density. The refractive
9 1/7

index profile for the propagation of this O-i.iode is given by \i = {l-(a>p(r)/co) (

Especially for the TORTUR parameters a computer programme was written, calculating

refraction corrected values for the scattering angle and the position of the scattering volume

from the position and orientation of the mirrors, the plasma position and the central electron

density. This is demonstrated in Fig. 8. This calculation has been compared with a ray-tracing

programme, TORAY which includes the effects of the poloidal magnetic field, the toroidal

geometry of the plasma and the fact that generally for anisotropic plasma Snell's law is not

obeyed. For the electron densities used in TORTUR, nc < 8 x l ( ) 1 9 i r r \ no significant

differences were found between the results of the two programmes.

Fig. 8. The paths of the central axis of the probing and scattered beam for ne = 4.5xlO19 w?-
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6 . The range of scattering angles

The range of scattering angles, 6, at which measurements can be performed is mainly

determined by the geometrical dimensions of TORTdR and a constraint for the minimum value

of G. Refraction effects and reflection of the probing and scattered beam at the windows aiso

play a role in the determination of the range of possible 0.

From a physical point of view it is desirable to exclude the detection for far-forward

scattered signal, yielding 9 > 39^ 17]- However, this criterion will be ignored unless the

observations at 9 < 39d indicate that far-forward scattered signal contributes significantly to the

observed signal.

From an experimentalist's point of view, the minimum value of 9 is given by the criterion

that the mixer may not be damaged by a probing beam which partly enters the detection system.

Let 9d (= 4°) denote the divergence angle of the gaussian beam, then the mixer will noi be

damaged if 9 > 9(j during a short time (duration of a discharge), and if 0 > 2G<J during a long

time (continuously). In Fig. 9, these criteria are illustrated. Because the equipment was active in

between shots, the minimum adjusted value of 9 was taken to be 29<j. However, due to

refraction effects, the actual scattering angle could become as small as 0<j.

2 8 d

incoming
beam

scattered
beam

incoming
beam

Fig. 9. The beam geometry (rigth) for e= 84 and (left) for 6 = 2e<j.

For each position of the scattering volume, plasma position, and electron density, the

range of possible scattering angles is different. Typically it is given by 4°-40° and 80°-100°.

However, within the upper range, 80°-100°, a small gap exists around 90° because the probing

beam would be incident perpendicularly on the entrance window. Perpendicular incidence gives

rise to unwanted interference effects caused by reflections at the front and rear side of the
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entrance window. Ignoring refraction, the small domain to be excluded is given by

87.5° - 92.5°. Because the limits of this domain are not fixed (refraction) and because of its

smallness, this domain is not mentioned when the upper range is referred to.

For observations a few centimeters above or below the plasma centre, the range of

scattering angles is restricted to 8°-30°. In Table 1 the possible range of scattering angles are

given for various cases.

[ 10 l 9 m" 3 ]

2

4.5

r/a

[-1

0.1

0.4

0.8

0.4 *

0.1

0.4

0.8

0 . 4 '

forward branch

[degree]

7-40

4- 20

13-4C

8-30

6-40

4-25

20-45

8-30

90°- branch

[degree]

95-110

80-101

70- 83

95-110

77- 99

68- 80

Table 1. The possible ranges of scattering angles. Scattering volumes are located in the
equatorial plane at the low-field side. The asterisk refers to a horizontal distance
above the plasma centre.
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7 . The mixer

The principle of balanced mixing can be understood considering Fig. 10 where a cross-

section of the double-balanced mixer is shown. The area within the fat lines represents a hollow

space within the mixer block. The local oscillator waveguide (C) and the signal waveguide (D)

are connected with this space. These waveguides are at right angles.

A thin wire (A) is used as an antenna to receive the local oscillator power. The resulting

a.c. signal, V/, is fed to two diodes, which for high frequencies are grounded to the mixer

house. When V/ is positive and large enough, diode 1 opens and diode 2 sperrs. When V/ is

negative the reverse happens. In fact, V/ is used to switch the diodes on and off with the local

oscillaur frequency.

The measuring signal, called Radio Frequency signal VRF, is incident on both diodes.

When diode 1 is opened, IRF flows clockwise, this is to the right in wire B. When diode 2

opens, IRF 'igain flows clockwise, but this time to the left in wire B. This means that VRF is

multiplied with a block wave (+1 and -1) with a period T[ of the local oscillator. The block-

wave can be written as a Fourier series. Multiplying this series with VRF coscost yields the

desired component, which is proportional to cosAcot. A band-pass filter allows this component

to flow to the output. The filter stops high-frequency components obtained by multiplication of

the block wave with VRF coscost.

vR7)

1/

output

Fig. 10. Schematic drawing of a double-balanced mixer.
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7.1. The modification of the mixer

Double-balanced mixers are designed for applications with a frequency-shifted local

oscillator and a typical output frequency domain is given by 10- 1(X) MHz. For applications with

a non-shifted local oscillator frequency, e.g. homodyne detection, the mixer has to be modified.

This means that the lower frequency limit, 10 MHz, is shifted downwards. A considerably

smaller value, for example 1 kHz, is needed because for transport studies it is desirable to

observe the density fluctuations from that value. The lower frequency limit is determined by the

output capacitor, the 50 Q terminating resistor and the mixer diode resistance. In fact these three

components form a high-pass RC filter as shown in Fig. 11. The modification can be achieved

by replacing the output capacitor or by removing it. However, the latter possibility has n> be

excluded for our mixer, because then the DC bias current will no longer be stopped by the

output capacitor and will also pass through the terminating resistor. Consequently one of the

mixer diodes will not be properly biased. In the worst case this results in a single-balanced

mixer.

100 MHz

II
output

capacitor | ~ | termjnating

diode resistor I I resistor

Fig. 11. Equivalent circuit of the mixer.

The modification has been achieved by replacing the old capacitor of the manufacturer.

making the pass band start from 1 kHz. Because electrostatic voltages as small as 0..S V can

damage the mixer diodes, exchanging the output capacities has been performed with imnosi

care.

Two additional functions of the output capacitor are the exclusion of strong noise at low

frequencies and to protecti the mixer diodes from electrostatic voltages. The new capacitor also

is well-suited for these tasks.
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7.2. The performance of the mixer

The most important factors describing the mixer performance are the conversion loss and

the noise spectrum. The latter cannot be observed without electronic amplification and hence

will be discussed in section 8.

rotational
attenuator 100x

Fig. 12. Set-up for the measurement of the conversion loss.

The set-up to measure the mixer conversion loss is shown in Fig. 12. Two 2.14 mm

klystrons have been used. The power of one klystron was attenuated and fed to the RF input ot"

the mixer. The other klystron is connected with a calibrated attenuator (rotational attenuator) and

then feeds the local oscillator input of the mixer. The power of the klystrons was observed with

a bolometer and a power meter. The beat frequency of the klystrons was fixed at 50 MHz.

The mixer output was amplified 100 times and fed to an oscilloscope. In this way the detected

power was found at a certain value of the RF power (0.1 mW) and at various values of the local

oscillator power. The results of the measurements are shown in Fig. 13. The observed

conversion loss of 29.7 + 0.6 dB is much larger than suggested by the mixer specifications.

The manufacturer claims the conversion loss to be 6.6 dB at a beat frequency of 50 MHz.

A possible explanation for the conversion loss to be larger than specified is, that the resistance

of the mixer diodes is much larger than it should be. Another explanation is that the replacement

of the output capacitor has created an impedance mismatch.

Furthermore, in Fig. 13 it can be seen that 2.5 mW local oscillator power is indeed high

enough for proper operation of the mixer.
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8. The signal-processing system

A major factor in the design of a signal-processing system is the large differences in

spectral power of the low- and high-frequency components. The shape of the frequency spectra

to be observed could be guessed from previous measurements [5| and a preliminary design of

the signal-processing system was proposed. The optimum design for detecting the scattering

spectra on TORTUR has been determined from results of preliminary observations. This matter

is treated in more detail in section 8.1.

Another important factor in the design of the signal-processing system is that the finite-

memory of the recording analog-to-digital converters, ades, does not allow for real-time

observations for the complete duration of a plasma discharge. This obstacle can be overcome by

the device which is treated in section 8.2.

Technical issues that affected the design of the signal-processing system are explained in

section 8.3.

Because various frequency spectra were to be recorded, the signal-processing system w;i.s

designed as a flexible instrument. Its basic outline is given in section 8.4, and some of the

modified forms are mentioned in section 8.5. The noise of the mixer and the signal-processing

system will be discussed in the last subsection.

8.1. The simultaneous detection of strong low-frequency and weak high-frequency comnonerts

In fact two matters are faced: 1) the simultaneous detection of strong and weak signals

and 2) the simultaneous detection of high and low frequencies. Both obstacles can be removed

simultaneously by a separation of the mixer output into several frequency domains. The number

of intervals and the required frequency limits can be found considering both the observed

spectral power and the available memory and sampling frequencies. Because the observed

spectral power is involved, it is somewhat misleading to say that the mixer output is separated

into frequency domains. These domains could rather have been called spectral power domains.

By trying out, the observed spectral power in various frequency regions was found. The

power ratio of the strongest and the weakest components reached up to 109 as is shown in Fig. *"

14. Three power domains are required to observe the complete spectrum, because for one adc

the ratio of the strongest and weakest observable power is about 103. In this number a safety

margin is included. Similarly, from the ratio of the highest and lowest frequency to be

observed, 105, and from the available 8 kbyte memory of the ades, it is found that two domains

are sufficient to observe the complete frequency spectrum. Combining both requirements it is

concluded that three domains are necessary.
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,-12

Fig. 14. An example of the observed frequency spectra.

The three domains are chosen as 1-500 kHz, 0.25-4 MHz and 0.7-100 MHz and will be

referred to as the low (LF), the intermediate (IF) and the high-frequency (HF) domain,

respectively. The overlapping of these domains facilitates the reconstruction of the complete

frequency spectrum. The frequency limits are indicated in Fig. 14.
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8.2. Recordings for the complete duration of a discharge

With the available memory of the recording adcs, time slices of typically 8, 1 and 0.3 ms

can be covered in the LF, IF and HF domain, respectively. However, it is desirable to perform

observations for the complete duration of a discharge for the following reasons: 1) to identify

interesting features occurring during a discharge, 2) to obtain an overview of the discharge to

see whether it was successful, 3) to observe low-frequency modulations of the power present in

certain frequency bands, 4) to directly obtain some means of classification of the discharge

according to the observed density fluctuations.

Observations for the complete duration of a discharge can be obtained by recording the

envelope of the signal present in a certain frequency band. The envelope of a signal varies much

more slowly than the signal itself. Therefore, a much lower sampling frequency is needed to

record it, yielding a longer time slice, such that recordings for the complete duration of a

discharge are possible.

For such measurements the envelope of the signal present in some frequency bands is

obtained by feeding the mixer output to a band filter and rectifying the result. The rectified

signal passes a low-pass filter and is recorded with a KORAM adc. This is done for the

frequency bands 20-700 kHz, 0.7-3 MHz and 5-50 MhV, approximately corresponding to the

above mentioned frequency domains. Occasionally a band-pass filter has been interchanged

yielding the observation of an envelope of a different frequency band.

8.3. Technical issues

Two of the many technical obstacles faced during the construction of the signal

processing system, will be discussed.

The observed signal was transported over about 20 meter to a screened room. For the

transport of signals at frequencies from 10 to 100 MHz, the termination of the transmission

lines becomes important. The transmission lines have been terminated with a pure resistor,

50 £i, to prevent the response function to become distorted due to reflection and interference

effects. ->-

For signals in the frequency region of 10-100 MHz, which are amplified by a factor of **

103 or more, the output signal can partially leak back to the input stage and be amplified again.

If the feedback is strong enough and has the appropriate phase, the system starts oscillating.

An oscillating system is easily recognized by its Fourier spectrum, which is a narrow spike.
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8.4. Outline of the signal-processing system

A scheme of the standard signal processing-system is given in Fig. 15. The mixer

output, typically 0.01-1 mV, is pre-amplified 100 times. This is done close to the mixer to

avoid deterioration of the signal-to-noise ratio due to transmission losses or by pick-up of stray

fields. The complete signal-processing system is mounted in shielded cases.

The pre-amplified signal is fed to a 100 MHz bandwidth driver amplifier. All drives are

marked by a D. It is then branched off and fed to a 2 MHz bandwidth driver amplifier. Both

resulting signals (B and C, see Fig. 15) are transported 20 meters to the observation cage where

the remaining signal processing is performed. The pre-amplified signal could not be first

transported and then branched, because the high input capacity of the available driver amplifiers

would result in a serious impedance mismatch for the long transmission lines. The 'ow-

frequency signal (branch C) is amplified 5 times and fed to two driver amplifiers. The output of

driver P is directly connected with an 8 kbyte, maximum 32 MHz sampling frequency transient

recorder (Type TR8837 F). For this branch sampling frequencies of 1 and 2 MHz have been

used. Aliasing can be excluded because of the strong decay of the spectral intensity above

500 kHz. This can always be checked in the 0.25-4 MHz branch. Additionally the finite

bandwidth of the drivers and amplifiers in the low-frequency branch provides a 1 Mi 1/ low-

pass filter. With the output of driver Q the envelope of signal present in the range 20-7(X) kHz is

created.

The signal on the other long transmission line, B, is variably attenuated to obtain a

suitable input power for amplifier G2.

The attenuated signal, E, passes a 250 kHz high-pass filter to reject strong low-frequency

components. The result is then amplified another 100 times.

The output of amplifier G2 is separated into four branches. In branch J the signal passes a

700 kHz high-pass filter to form the HF signal recorded by a 200 MHz, 64 kbyte memory

transient recorder (Type TR8828 C). The finite bandwidth of the drivers and amplifiers.

100 MHz, makes a 100 MHz low-pass filter superfluous in this branch.

In branch K the signal passes a 5 MHz low-pass filter and is fed to one or two 32 MHz,

8 kbyte ades. The typical sampling frequency used here is 8 MHz. At this branch the strongest

power variations occurred from discharge to discharge and a variable resistor of 0-20 dB was

needed to match the signal to the full scale of the recording adc. In branches M and L the

envelopes of the signals present in the frequency bands 0.7-3 MHz and 5-50 MHz,

respectively, are formed and recorded.
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O

Fig. 15. The signal-procc-ing system.

8.5. Modifications of the signal-processing system

The signal-processing system has been used in many modified forms: 1) to adapt it to a

variety of shapes of input frequency spectra and 2) to perform different kinds of observations.

Some of the applied modifications will be mentioned.

1) For the 90°-scattering experiments an amplifier was added to the LF branch because of the

relatively weak signals to be observed.

2) The 200 MHz, 64 kbyte adc has been used in the LF branch operating it with a sampling

frequency of 3 MHz. in this way a time slice of 21 ms is covered. This provides another

way of observing low-h^quency modulations of the power present in certain frequency

bands.
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3) Occasionally two adcs were connected to one branch, to obtain a method of comparing

signals observed during the beginning of the discharge with those observed at the ending.

4) The 200 MHz adc has also been applied in the HF branch, operating it with a sampling

frequency of 12.5 MHz. This allowed the observation in the MHz region during a relatively

long time.

5) When necessary, resistors have been added to the system to adapt the observed signals to ihe

full scale of the recording adcs.

8.6. The noise

The noise of the signal-processing system is mainly due to the Johnson noise of the input

resistor. Other sources are digitalization noise, the pick-up of external stray fields and radio

transmitters.

The noise of the signal-processing system and the mixer has been observed for the

situation with an activated klystron and during a plasma discharge, but with either the upper or

the lower reflecting mirror missing (see Fig. 16). The noise has also been observed with a

complete and active scattering device, but during a shot without plasma. The results of the three

tests were similar. This implies that the second harmonic electron cyclotron emission, which is

of a similar frequency as the local oscillator (140 GHz), does not contribute significantly to the

observed noise. A typical noise spectrum is given in Fig. 16.

1 0 -
10 1O2 1 0 3

*• f (kHz)

Fig. 16. The noise spectrum for the mixer and the signal-processing system.

iff* i o 5
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IV EXPERIMENTAL RESULTS

(parts of this Chapter are being prepared for publication)

1. The time behaviour of the fluctuations

During each individual discharge, recordings have been made of real-time scattering

signals as well as of the time behaviour of the averaged signal in three frequency bands. This

has been discussed in detail in Chapter III. A fast 'diagnosis' of the complete discharge is

obtained from the 'envelopes'. From this, the best time lapse for performing the more detailed

real time observations can be judged.

The time behaviour of the fluctuations in three frequency bands, 20 - 700 kHz, 0.7 - 3

MHz and 5 - 5 0 MHz have been recorded as shown in Fig. 1. Along the vertical axis the

detected voltage has been plotted. This quantity is denoted by Vp^ because (he delected voltage

is proportional to the square root of the detected power at the considered k-value. The Figs l ac

are all obtained from one single discharge. The results shown have been obtained for a plasma

0 . 8

0 . 6

O . 4

0 . 2

O.O

0 . 3

0 . 2

0 . 1

O.O

1 1

. 5-50 MHz

I 1 '

i i

CcJ

-

IN . M.JI .< ,U

O 5 10 15 20 25 30

Fig. 1.

5 1O 15 2O 25 3O

*• t (ms)

The time behaviour of the averaged signal in the frequency bands: 20 - 700 kHz (a),
0.7-3 MHz (b) and 5 - 50 MHz (c). The results have been obtained for k = 6 enr1

and rla = 0.13.
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with standard discharge conditions. Standard discharge conditions have been described in

Chapter I. The scattering volume was located at r/a = 0.13. If not stated explicitly, the scattering

volume is located in the equatorial plane. Positive r/a-values are on the low-field side of the

tokamak.

Consider the envelope of the 20 - 700 kHz band shown in Fig. la. During the current rise

phase of the discharge, 0 - 4 ms, relatively strong fluctuations are found. In the stationary

phase of the discharge, which follows the build-up stage, about after 5 ms., the fluctuation

level remains stationary as the plasma current. The global shape of the frequency spectrum

remains stationary during the plateau stage in the region 20 - 700 kHz. This is confirmed in

Fig. la.

A considerable fraction of the discharges shows a time modulation of the envelope of the

20 - 700 kHz band during the stationary phase. The characteristic frequency of the modulation

is approximately the same for all the analysed discharges and amounts to about 600 Hz. An

example is shown in Fig. 2a. The modulation depths may differ considerably for different

discharges. Amplitudes may reach up to 100%. An extreme case of occasional strong variations

in the scattered power is shown in Fig. 2b. Discharges which exhibit this behaviour are not at

standard conditions, because additional gas puffing is applied. Discharges v-ith modulations

depths of 30% or more, will be not considered as being at standard conditions. Enhanced

fluctuation levels have also been observed during the end of discharges when minor disruptions

occur.

3

D

3

•

Fig. 2. The time behaviour of the averaged signal in the frequency band 20 - 700 kHz.
Modulations of the detected power can be seen at a frequency of about 600 Hz (2a).
An extreme case of deep modulations is shown (2b)

Now the time development of the 0.7 - 3 MHz band will be discussed. An example is

shown in Fig. lb. As for the lower frequency case, Fig. la, the fluctuation level during the

build-up stage of the discharge is larger than that during the plateau stage. The overall shape of

the MHz-region, 0.7 - 3 MHz, of the spectrum remains constant during the plateau stage and

may vary with the trend of the plateau current. However, modulation at 600 Hz, as described
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above, is weak or absent. Enhancements of the fluctuation level during a few milliseconds

occasionally were observed. During discharges with minor disruptions at the ending, enhanced

fluctuation levels exist a short time period in bursts. The peaks indicate that the MHz-region of

spectra changes drastically for the duration of the spike.

An example of the envelope of the 5-50 MHz band is shown in Fig. lc. During the first

few 100 us of the current rise phase, a large fluctuation level can be seen. Usually during the

stationary phase the signal does not increase above the noise level. The level seen in Fig. lc is

an off-set of 0.03 a.u. An exceptional case where the signal exceeds the noise for the complete

duration of the discharge, i.e. 0 - 22 ms, is shown in Fig. 3. During the minor disruptions at

the ending of certain discharges, spikes have been observed in the 5 - 50 MHz band. These

spikes are related to those in the 0.7 - 3 MHz band.

0 .4

O . 3

10*0.2

O . I

0 . 0

- 1k=10cm
r/a=0.63

10 15

t

3 02O 25

Cms)

Fig. 3. The time behaviour of the averaged signal in the frequency band 5 - 50 MHz. This
result of measurement is exceptional.
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2. Discharges under standard conditions

2.1. Frequency spectra

During discharges, real-time recordings have been made to obtain the spectral structure

and the autocorrelation function of the fluctuations. Frequency spectra can only be calculated

for a limited time period. This has been performed in various ways. If not stated explicitly, the

following procedure applies. Recordings have been taken in each of the three frequency

regions, 1 - 500 kHz, 0.25 - 4 MHz and 0.7 - 100 MHz. The duration of the recordings was

different for each frequency region. However, there was always a certain time-interval at which

the signals in all three regions have been recorded simultaneously. This time interval was near

12 ms. This is during the beginning of the stationary phase of the discharge, see lig. 2.

Chapter I. At least 4000 sampling points have been used to obtain each of the three separate

Fourier transforms. At the frequencies 0.4 and 2 MHz, the three separate spectra have been

connected to form the entire frequency spectrum. A five-point moving average software filter

has been applied.

The observed turbulence spectra are presented in sections 2.1.1 to 2.1.3. Additionally, a

smoothed presentation of the observed spectra is given on a linear scale in section 2.1.5. This

has been done to examine the spatial dependence of the most stationary form of the spectra. The

result of this examination suggests a division of the spectra in two regions : 0 < r/a < 0.6 and

r/a > 0.6. The k-dependence of the spectra will be discussed in section 2.1.6.

2.1.1. The region 0 < r/a < 0.6

An example of a fluctuation spectrum is shown in Fig. 4. The scattering volume was

located at r/a = 0.38 with k = 13 cm'1. The observed fluctuations are widely spread in

frequency. Broad density fluctuation spectra are commonly observed in tokamaks |1,2|.

Moreoften, the observation of spectra similar to ours has been reported |3-6|. The measured

spectra consist of a continuous background on which several diffuse maxima are superposed.

The maxima can be interpreted as sources of turbulence with a certain degree of coherence. The

lifetime of the maxima can be as small as a few milliseconds or nearly as long as the stationary

phase of the discharge.

If the small banded variations of the spectral intensity with frequency are ignored, then

the spectra observed in the region r/a < 0.6, can be represented by two straight lines. Two

frequency regions are distinguished: a plateau and a decay region, which are given by f < f,
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- 1k=13cm

r/a=0,38

" . ' . \ " I
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104 1 0 5

Fig. 4. The fluctuation spectrum observed at rla=0.38. The k-value is 13 cm1.

and fj< f < f2, respectively. The value of fj is defined to be the frequency at the interception

point of the two straight lines that represent the spectra. Its value is 300-5(X) kHz. dependent on

the k-value and the position of the scattering volume. The frequency fy denotes the frequency at

which the spectral detected power is equal to the spectral noise power. Usually U •'•mounts io a

few MHz.

Similar to our findings is the representation of the observed spectra as given by TI-R and

True | 3 | . The authors represent the observed spectra by four straight lines. The second and

third region are similar to the present plateau and decay regions, respectively. Within their first

region, P^ff) increases with f. It is possible that this increase of Pk(f) with f is also present in

TORTUR at low frequencies for f < 1kHz. However, in this region measurements have not

been performed in our case. In their fourth region Pk(f) decreases weakly with frequency in the

MHz region.

A considerable enhancement of the fluctuation level near 200 kHz can often be seen as is

demonstrated in Fig. 5. (Data: k = 2.9 cm"1 and r/a = 0.38). For the region 0 < r/a < 0.6, this

phenomenon has usually been observed for k-values of about 10 cm"1 or smaller. However, the

overall structure of the frequency spectrum seems not to be affected by the enhancement.

The spectra shown in Figs 4 and 5 should be predominantly caused by radially

propagating modes, because k is oriented radially and the scattering volume is located 3 cm

from the plasma centre. Observations have also been performed 3 cm above the plasma centre

where k is oriented predominantly azimuthally. In that case, the result of measurement should

be caused mainly by azimuthally propagating modes. An example of the spectrum of

azimuthally propagating modes is shown in Fig.6.
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Fig. 5. The fluctuation spectrum observed at r/a=0J8. The k-value is 2.9 cm-l.
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The observations have been performed for nearly the samek-value, k=10cnr' , as is the case in

Fig. 4. There is a strong similarity between the spectrum of Fig. 4 and that of Fig. 6, which is

an indication that fluctuations are isotropic in the poloidal plane. Spectra obtained at identical

absolute k-values and positions of the scattering volume, but with the k-vectors pointing in- and

outwards are also found to be similar. This result also confirms local isotropy of the

fluctuations in the poloidal plane. However, the frequency maximum between 100 and 5(X) kHz

as shown in Fig. 5 has not been observed for the case of azimuthally propagating modes.

,-15

10 - 2 0

*• frequency (kHz)

Fig. 7. The fluctuation spectrum observed at the high-field side of the tokamak. ria = - 0.5.
The k-value is 26 cnrK

Observations have also been performed at the high-field side of the plasma in the

equatorial plane, for relatively large k-values, k > 20 cm"1 . An example obtained for r/a = - 0.5

and k = 26 cm"1 is given in Fig. 7. Again the maximum near 200 kHz can be seen. This

maximum has not been observed at the low-field side for k > 10 cm"1. Furthermore, taking the

k-value in consideration, the fluctuation level is somewhat large. It is therefore concluded that

fluctuations at the high- and low-field side of the plasma are not the same. According to Olivain

et al. an isotropic fluctuation spectrum in the poloidal plane is generally found [2|.

For example, this is confirmed by the observations of radial and azimuthal spectra, as

performed by Koechlin et al. [11). However, strong asymmetries in the spectrum and

magnitude of low-frequency fluctuations have been found by Brower et al. in the TEiXT

tokamak [8,9J. The fluctuation levels at the high-field side and at the top of the plasma were

relatively strong compared with the fluctuation levels in the equatorial plane at the low-field side

(Wootton et al., [9])
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2.1.2. 90°-scattering experiments

The present scattering apparatus has the advantage to allow for observations under 90".

In this case an improved spatial resolution along the vertical direction as compared with the

small angle observations is obtained. For 90°-scattering experiments Ax, Ay, Az = 1 cm,

additional to the good k-resolution. This implies that the spectrum obtained in 90°-scatterin»

experiments is not a composition of different spectra from different locations. In Fig. 8. an

example is given of a spectrum obtained near the plasma centre at r/a = 0.13. Frequencies

below 20 kHz could not be measured because the signal has sunk below the noise level.

A strong maximum near 50 kHz is found. Ignoring it for the moment, a plateau and a decay

region can again be distinguished.
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1
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k=44cm~1 _

r/a=O.13

-

1 0 4I 10a 10 2 1O3

>• frequency (kHz)

Fig. 8. The fluctuation spectrum observe* :t rla = 0.13. The k-value is 44 an'1.

l l < > 3

2.1.3. The region r/a > 0.6

The general structure of spectra obtained in the region r/a > 0.6 shows a 'quasi' plateau

region gradually going over into the decay spectral region. Two examples, obtained at k = 10

and 16 enr1 are shown in Figs 9 and 10, respectively. The k-value of the spectrum shown in

Fig. 9 is comparable to those of Figs 4 and 6. The spectrum shown in Fig. 9 is similar to

previously obtained ones in the TORTUR tokamak by De Kluiver et al. [7J. Their experiments

were performed with 4 mm waves at the plasma edge. The wave number was a mixture of

kr and ke. Spectra similar to the one shown in Fig. 10 were also observed in the scape-off layer

of the TEXTOR tokamak by Komori et al. [3].
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Fig. 9. The fluctuation spectrum observed at rla-O.M. The k-vahie is JO cm'1.

io - 1 4

10 - 1 5

10 -17 _

10

10"

-19 _.

k=16cm"1

r/a=0.88

10 1 0 2 1 0 3

—*> frequency CkHz)

'• 1 0 5

Fig. JO. The fluctuation spectrum observed at rla-0.88. The k-value is 16 cm'1.
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2.1.4. Coherence times

Some aspects of the turbulence are revealed by the normalized autocorrelation function.

This function is defined as F(t) = S(0)"2 J dtS(-t)S(x-t). The signal function, S(t), is taken to be

the real time signal in the frequency region 1-500 kHz. Examples are given in Figs 1 la and b.

The spectrum shown in Fig. 9 and its autocorrelation function shown in Fig. 1 la have been

obtained from the same discharge.
1 . 0

- 2

I in. log.

- 0 . 2 0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 l . O 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0

Fig. 11. Normalized autocorrelation functions: the usual one (a) and the one in case of MHD
activity (b).
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The coherence time of the scattering signal can be as small as a few jis as demonstrated in

Fig. lla. It can be seen that even on a long timescale the autocorrelation function does not

vanish completely. This phenomenon is not affected by filtering away the low-frequency

components of the spectrum. For this purpose a 10 kHz high-pass software filter has been

used. Therefore the long timescale coherence can be explained as caused by low-frequency

modulation of the high-frequency components. The coherence time of the scattering signal can

be considerably larger than a few |is as can be seen in Fig. 1 lb. In the case shown, coherent

modes near 30 kHz dominate the scattered signal as can be seen in Fig. 27.

2.1.5. Spatial variation for k S 11 cm'1

To examine the most stationary form of the turbulence spectra, the fine grained variations

of the spectra with frequency are filtered away. For this purpose, spectra are determined for the

maximum possible time interval, which is 8 ms. A smoothing procedure is applied in the

frequency domain, consisting of a 150 point moving average software filter. The frequency

resolution is reduced to 10 kHz.

The filtered spectra for scattering volumes in [he range r/a = 1/8 - 7/8 from the geometrical

plasma centre are shown in Figs 12g-a. The k-values are close to 11 cm"1. However, they are

not larger than that k-value. To reveal the differences more clearly the detected power is plotted

on a linear scale. For each individual location, the spectral shape reproduced reasonably.

In Fig. 12a, r/a = 0.88, a broad maximum centered around 25 kHz can be seen.

At r/a = 0.75 (Fig. 12b) a maximum is found centered around 40 kHz. At r/a = 0.68 (Fig. 12c).

a maximum as seen previously, is weak or absent. The spectra shown in Figs 12d-g are

obtained at 0 < r/a < 0.5. Maxima are found near 200 - 400 kHz. The central frequency of these

maxima is insensitive on variations of the radius. The magnitude of the maxima tends to

increase with decreasing radius. The spectral width of these maxima is smaller than its central

frequency.

Comparing the maxima seen in Figs 12a and b with those shown in Figs 12d-g,

differences can be seen. One of the possible interpretations of this observation is that the

transition from the spectra obtained at r/a > 0.75 to those obtained at 0 < r/a < 0.5 is associated

with the transition from collisional to the plateau regime in the TORTUR plasma.
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101

Weisen et al. 14] and Dodel et al. [7] report that the observed turbulence spectrum at the

edge is found at lower frequencies than the ones at the plasma centre. This is similar to our

findings. Weisen and Dodel have used a phase contrast method in the TCA tokamak and

CO2-scattering in ASDEX, respectively. According to Olivain et al., there is a tendency for the

low-frequency components to originate from the periphery and the high-frequency components

from the bulk [2]. This seems to be confirmed by our observations.

2.1.6. The k-variation

Additional knowledge about the nature of the turbulence present in the plasma may be

obtained from the variation of the fluctuation spectra with k-value. Examples of spectra,

obtained for r/a = 0.13 and for r/a = 0.75 are shown in Fig. 13a and b, respectively. The

numbers at the curves give the k-value in cm"1. Representation of the original spectra by

smooth curves is convenient for comparing them with each other. An example of the way the

representing curves have been obtained, is given in Fig. 10. Here, both the observed spectrum

and the representing curve are shown. The various spectra have been obtained in different

discharges with the same plasma conditions. No corrections have been made for variations of

the scattering volume and for variations of the scattering volume averaged electron density .

In general the effect of increasing the k-value is that in the plateau region the spectral

intensity decreases at all frequencies at about the same rate. This effect can only partially be

explained by the reduction of the size of the scattering volume with increasing k-value.

Superimposed on the general behaviour of the spectral intensity in the plateau region, the

positive slope of this region tends to decrease with increasing k-value. Furthermore, in the

decay region, the decrease of the spectral intensity with frequency tends to become less with

increasing k-value.

No major frequency shift of the entire spectrum with k-value can be seen. This is similar

to the findings of the TFR group and True [3], but in contradiction with the observations of

Brower et al. [5]. The poloidal spectra observed by Brower have clear frequency maxima

which increase with increasing k-value. However, their radial spectra exhibit no dispersive

characteristics.

Because frequency shifts of the turbulence spectrum with k-value have not been

observed, an unidirectional propagation velocity of fluctuations along the direction of the wave

number cannot be determined. In contrast, the propagation velocities of the fluctuations in the

poloidal plane are found to be random. From this it can be concluded that the fluctuations are

fully turbulent.
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Fig. 13. Smoothed representation of the frequency spectra observed at rla-OM (a) and
r/a = 0.75 (b). The numbers at the curves give the k-values.

The overall shape of the spectral detected power in both regions, P1>2
k(f), can be

described by power laws: P1 >2
k(f) „ f a ' - 2 . The index 1,2 to a refers to the plateau and to the

decay region, respectively.
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The slope of the plateau region, a j , is generally small -0.2 < al < 0.5. a ] tends to

decrease with increasing k-value for 0 < k < 15 cm"1. It can be even negative for larger k-values

(15-40 cm"1). This is shown in Fig. 14, where ocj has been plotted versus k for r/a = 0.38.

The slope of the decay region, CC2, tends to increase with increasing k-value. This can be

seen in Fig. 15, where the value of a.2 has been plotted for r/a = 0.38. Values of ct2 reach

down to -8.
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Fig. 15. The variation of the slope of the source region, 0C2, with k-value.

The value of fj, found at the interception point of the two lines that represent the spectra,

has been plotted for r/a = 0.38 in Fig. 16. It can be seen that the value of f] is 300-500 kHz.

The value off] tends to increase with k-value for k <15 cm"1. The k-dependence of fj can be

different for different locations.

The results are similar to the findings of Kawahata et al. [5] in the JIPP T-IIU tokamak.

They also found spectra consisting of two frequency regions. In their lower region the

fluctuations are relatively independent on frequency. Their value of 0C2 varies from -3 down
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to -6. A mixture of deuterium and hydrogen was used. The variations of both slopes with

k-value, are also similar to the observations of the TFR group and True [3]. Their value of f]

varies somewhat with k-value.

500

| 45O

«r 4oo -

T 35O -

3OO

Fig. 16. The variation offjwith k-value.

1

-

1 1

f •

1

1

1

r / a

i

1

=O.

i

38

1

-

1O 15 20 25 30 35 -4O



105

2.2. k-spectra

The dependence of density fluctuations on the wave number reveals another aspect of the

nature of the turbulence in the plasma. The behaviour of the fluctuations in the k-space is

usually represented by the spectral density, S(k). This quantity was defined in Chapter III. The

spectral density will be normalized by the square of the electron density, averaged over the

scattering volume. Thus

(n/<n>)2 = J Sn(k) (27t)"3dk3 . (1)

Henceforth the index n to S(k) will be omitted because the normalized spectral density will he-

used only. The measured averaged density is defined

<n(lo)> = (1/V) J n(r_+ fo) U2(r) d r ,

where r^ is the distance from the geometrical plasma centre to the central position of the

scattering volume and \fl{r_) is the product of the beam profiles, see Chapter 11.

The value of S(k) is proportional to the integral of the spectral intensity over the complete

frequency domain. However, in practise the integration interval is reduced to 1- 1(P kHz. The

lower frequency limit î  set by the detector. Accepting that for frequencies lower than 1kHz the

spectral intensity does not increase strongly, ignoration of this region is allowed. The upper

frequency limit is given by the frequency where the detected spectral power is equal to the

spectral noise power. The upper frequency limit can be different for separate discharges and

may reach up to 10 MHz. The strong decay of the spectral intensity with frequency in the decay

region indicates that the power in the frequencies above an upper limit is small and may be

ignored.

Determination of values of S(k) for restricted intervals of the frequency domain may be

useful for specific purposes such ns: 1) the observation of coherent modes, 2) to find residual

dispersive phenomena or plasma rotation and 3) to check whether separate regions of the

spectra are caused by more than one physical driving mechanism.

In Fig. 17 an example of a k-spectrum is given. It has been obtained for a scattering

volume located at r/a = 0.38 for a discharge under standard conditions. The error bars give the

statistical measuring errors. The systematic error in the fluctuation level, about ± 30%, is not

included in the error bars to determine whether the maximum is real. Consequently, the

systematic error of about ± 0.35 cm"1 in the k-values is omitted also.

As for the frequency spectrum, the k-spectrum may be described by two intervals:

S(k) ~ k0'4 and S(k) ~ k"3'2 for k < 7.5 cm"1 and k > 7.5 cm'1, respectively. The k-spectrum
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has a weak maximum at k = 7.5 cm' 1 . The averaged k-value, defined as

<k> = (}kS(k)dk)/|JS(k)dk} amounts to 11 cm*1. The important quantity <k>pj = 1.2 at the

plasma centre (p4 = 1.1 x 10"3m, Tj = 400 eV and B = 2.7T).

The strong decay of S(k) with k for large k-values is found in all collective scattering

experiments in tokamaks, Refs [1,21. Maxima have been reported e.g. Refs |3,6|.

,-10

Fig. 17. The observed k-spectrumfor r/a - 0.38.

2.2.1. Local isotropv in the poloidal plane

A confirmation of poloidal isotropy has been found by comparing fluctuation levels

obtained at identical k-values but with k-vectors pointing in- and outwards. This has been

performed for a scattering volume located at r/a = 0.25 with k-values of 7.3 and 7.5 cm 1 .

Within the measuring error the spectral density values found for these cases: 4 .3x l0 ' n and

4.4x10"" |m ), respectively, are virtually the same.

2.2.3. The r-dependence of k-spectra

The influence of the radial position of the scattering volume on the k-spectra will be

treated for two ranges of r/a: 1) 0 < r/a < 0.5 and 2) 0.5 < r/a < 1. In Fig. 18a, k-spectra

obtained in the first range are shown. The error bars have been omitted for the sake of clarity.

The errors described in the previous subsection are typical for all k-spectra. The numbers at the

curves give the location of the central positions of the scattering volume.
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Fig. 18. The observed k-spectra for 0 <rla <0.38 (a) and for r/a >0_5 (b).

Spectra, observed in the range r is 0 to 3 cm, do not exhibit large differences. The

maximum values of the spectra are approximately the same. Two small differences between ihe

spectra can be noticed:

1) The exponent, describing the decay of the fluctuation level with k for k > 10 c m 1

varies slightly with r/a. This is demonstrated in Fig. 19, where the exponent is shown versus

the position of the scattering volume. The weakest decay is found at r = 2 cm.

2) The specfa as a whole tend to shift a few enr1 to lower k-values with increasing r.

This can also be seen in Fig. 20, where the averaged k-value has been plotted versus r/a. The

average value of k decreases with increasing radius. Consequently, the value of <k>p

decreases even more steeply with radius. The experimental <k> can be identified with <k±> at
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the plasma centre and with <kf > at the plasma edge. Accepting kf = ke it is found:

<kx> = <k >V2. This might explain the decrease of the experimental <k> with radius.

In Fig. 18b, the k-spectra obtained in the outer half of the plasma cross-section,

0.5 < r/a < 1, are shown. The overall levels of S(k) increase when going outward towards the

plasma wall. This is a generally observed in tokamaks, Refs [1,2]. For r/a = 0.5 the maximum

spectral density value is found at k < 6 cm'1, which is again smaller than the maxima found for

0 < r/a < 0.5. In fact the k-value at the maximum of S(k) behaves similar to <k>, and thus

tends to decrease with increasing radius. However, measurements are not available in the

region r/a >. 0.63 for k< 10 cm'1 due to refraction effects. The dotted lines are obtained by

assuming the shape of these spectra to be identical to the one obtained at r/a = 0.5.
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Fig. 19. The exponent describing the decay of the k-spectra as a function of radius.
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Fig. 20. The averaged k value <k> and the product <k>p- versus radius.

Several k-spectra, presented in literature, have been compared by Olivain in his review

article [2). His conclusions are: 1) fluctuations are isorropic S(kr) = Sfke), 2) the k-spectrum is

weakly space dependent and 3) the decay of S(k) for large k-values is given by k~a with
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a. = 3 ±1. Furthermore, maxima of k-spectra are generally found at values of

^•* < kmaxPi <l-0. It can be concluded that our observations are well in agreement with the

results presented in the literature.

In our case, exponents describing the decay of the k-spectrum are close to the

Kolmogorov value, which is 8/3 (see Chapter V).

2.3. The total fluctuation level

The total fluctuation level n/n is obtained by the square root of the normalized spectral

density S(k) integrated over the entire k-space. The angular dependence of S(k) was noi

measured in detail. It is not obvious from physical models. Therefore the integration was

performed with assumptions concerning the angular symmetry. Cylindrical and spherical

isotropy are two possible candidates. Spherical isotropy is not likely to occur in toroidal

confinement devices. To test if experimental evidence against the assumption of spherical

isotropy can be found, calculations using this assumption have been performed.
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Fig. 21. The total fluctuation level, hln, is given as a function of rla assuming cylindrical
isotropy in the poloidal plane (curve a) or spherical isotropy,(curve b), respectively.

It was shown in section 2.1.1, that for plasmas under standard discharge conditions the

fluctuations in the low-field side of the plasma are found to be locally isotropic in the poloidal

plane. Provided that S(k) is negligible for k values along the toroidal direction, which are larger

than the instrumental k-resolution, the S(k) integration over the azimuthal plane should yield the

total fluctuation level.

The influence of both symmetry assumptions has been tested in Fig. 21, for hydrogen

discharges with standard conditions. The total fluctuation level, n/n, is given as a function

of r/a assuming cylindrical isotropy in the poloidal plane (curve a) and spherical isotropy



1 10

(curve b). The results for both integration methods are comparable. The values of the

fluctuation level for r/a > 0.5 have been calculated using the assumption that the shape of the k-

spectra obtained in that region is identical to that of r/a = 0.5. The error of n/n is estimated to be

± 25%, provided that errors due to the method of integration and due to deviations of the real

density from the density profile used may be ignored.

From Fig. 21 it can be seen that for r/a > 0.4, the total fluctuation level increases with

distance from the plasma centre. If the fluctuations are locally isotropic in the poloidal plane, the

fluctuation level at the plasma interior is 1 to 2%.
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3 . Coherent modes in the MHz region

Peaks in the frequency spectrum have been observed in the region 0.5 - 10 Mil/, for

discharges at various plasma conditions and for a range of values of k. and r. The width (if the

peaks is typically Af = 0.2f, indicating coherent modes. The modes exist for a short time only,

typically 200 ̂ s . Rise times can be as short as 10 (J.s. Several examples of MHz coherent

modes are given in Figs 22a-d. The relatively large frequency peaks at 6 and 13 Mil/, shown

in Fig. 22d, have been observed only once.
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Fig. 22. Various observed MHz peaks in the fluctuation spectrum. AT denotes the time
interval for which the Fourier transform lias been calculated.

The central frequency of the MHz peaks has been plotted versus the k-value. Peaks alxnv

4 MHz have been left out. The result is shown in Fig. 23. Four allowed frequency bands can

be seen. This suggests that the MHz peaks can be due to resonant waves. The results arc

independent on the k-value. This might indicate that the spatial scale of the observed mode is

comparable with or larger than the dimensions of the scattering volume. This can be the case for

global Alfven waves.
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Fig. 23. Observed central frequencies of coherent MHz modes versus k-value.

The observed MHz peaks are closely located near frequencies, described by the Alfven

wave spectrum given by:

fA= vA/27r.R (m/q + n) , (3i

where vA is the Alfven velocity. For standard discharges vA/27cR = 3.2x10'' s'1. The numerical

value of the safety factor is not known accurately. Equation (3) has been matched to the

observational result by a variation of n, m, and q within the interval 1 < q < 2. The best

matching has been obtained for q = 1.2. This value is smaller than the values found using

Spitzer resistivity. However, the observations of Barth indicate q(0) = 1.3(13].

The observation of MHz waves was reported before by De Kluiver et al. (10|
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4. Turbulent fluctuation spectra with MHD modes

Superimposed on the usual broad fluctuation spectrum, a series of narrow spikes due to

coherent modes have been observed frequently. This is shown in Fig. 24. The lowest

frequency of the series of spikes that will be described here is about 30 kHz. There is no

variation of this frequency value with k-value. This might indicate that the spatial scale of the

mode is comparable or larger than the dimensions of the scattering volume. In that case the

mode can be seen as a intensity variation of the scattering signal. The frequency may vary

several kHz during the discharge. The scattered power in the spikes is smaller at higher k-

values. This may be caused either by the higher k-value or by the decrease of the scattering

volume. In the 90°-scattering experiments, the spikes have been observed also, as can be seen

in Fig. 8. However, the frequency in that case is about 50 kHz. This may be a second

harmonic.

i o -

f (kHz)

Fig. 24. A turbulence spectrum with a series of narrow spikes.
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The spikes are strongly correlated to signals obtained from a set of toroidal and poloidal

magnetic pick-up coils. This is demonstrated in Fig 25, where the frequency spectrum of the

scattered signal (Fig. 25a) and of a magnetic coil (Fig. 25b) are compared. In both spectra a

narrow spike near 25 kHz can be seen. The observed higher harmonics present in the scattering

spectrum are relatively strong compared to those in the spectrum of the magnetic coils. This can

be expected because harmonics of the magnetic fluctuations fall off with r"' m" '

1OO

40 60 80

frequency (kHz)

1 0 0

Fig. 25. The frequency spectrum of the scattered signal (a) and of a magnetic coil (b).

From the coherence between the scattered signal and the magnetic coils it is concluded

that the frequency spikes originate from large scale magnetic perturbations: MHD modes. From

the signals of the two sets of magnetic coils, the lowest possible m and n number have been

determined. The most frequent values are I n I = 1,1 m I =2.

The k-value for this mode is k= m/r = 1 cm"1. This is considerably lower than the

adjusted k-values of the scattering apparatus. The difference in the mode k-values and the

observational k-value may be the reason of the indifference of the observed frequency on the

observational k-values.

Usually the frequency peaks in the spectrum remain present for the duration of the

stationary phase of the discharge. An example the autocorrelation function of the scattered

signal with MHD-modes is shown in Fig. 1 lb.
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The observed MHD modes are low-frequency modulated. To examine this in more detail,

the scattering signal has been recorded with a sampling frequency of 3 MHz for a time period of

20 ms. Every 200 sampling points the power present in various frequency bands was calculated

using FFT techniques. This gives the development of the power present in cenain frequency

bands in time, as is shown in Fig. 26. Correlation between the signals present in the bands

20 - 40 kHz, and 1.2 - 1.5 MHz has been found. This indicates that higher harmonics exist up

to the MHz region. The signals present in the bands 200 - 400 kHz and 400 - 700 kHz are not

clearly correlated with the above-mentioned bands. From this it can be concluded that the higher

harmonics of the series of spikes in the \gion 200 - 700 kHz, if present, are dominated by

other sources of turbulence.

I

a.

0.03

1

0?

0.02 -

O.O1 -

O.OO

0.75

0.50 -

0.25
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Fig. 26. The developement of the power present in four frequency bands.

The simultaneous detection of MHD modes by means of magnetic coils and collective

scattering is reported by Boileau et al. [14]. These CO^-scattering experiments were performed

on the TEXTOR tokamak. Their first observation was that the effect of the m = 2 MHD mode

could be seen as a modulation of the scattering signal. This measuring result may be important

for our experiments because refraction effects play no role in CO2-scattering experiments.

Furthermore, Boileau finds a clear correlation between the MHD activity and the



116

microturbulence at k-values much larger than the k-value of the MHD mode, which is similar to

our observations.

4.1. Plasma rotation and dispersion effects

When the plasma rotates rigidly and the k-vector of the scattering apparatus is oriented

radially, then the rotation can only be observed if n is very large. In this case azimuthally

propagating modes are not observed for measurements at r > 3 cm. In the plasma region where

the k-vector of the scattering apparatus is oriented such that azimuthally propagating modes can

be observed, the measured frequencies are an addition of the turbulence frequencies in the

plasma frame and the rotation frequency. The rotation frequency is estimated 15 kHz. This

value follows from the ratio of the lowest frequency of the series of spikes discussed above and

the m-number. The rotation frequency is small compared with the width of the spectra which is

a few hundred kHz. Hence, the effect of plasma rotation will be ignored.

For the discharges taken under standard conditions the position of the broad maximum of

f-spectra is not affected by a variation of k. Consequently, no clear indication for dispersion has

been found. Consequently, the plasma turbulence is considered to be fully developed.

However, some kind of variation of frequency with the k-value has been observed for

discharges which show minor disruptions during the decay phase.
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5. Discharges with minor disruptions during the decay phase.

5.1. The discharge

The sudden outward heat flux during a minor disruption gives a strong decrease of the

poloidal beta. Variations of the vertical field cannot take place on this timescale. Therefore, the

vertical field becomes too large to match the poloidal beta and the plasma column is pushed

inwards (Fig. 27f). The plasma current increases because the inductance decreases with R

whereas the magnetic flux is conserved on the fast timescale (Fig. 27a). The negative spikes on

the loop voltage are caused by the redistribution of magnetic flux due the changes in the plasma

current and the plasma position (Fig. 27e). On a more slow timescale the plasma relaxes to a

state similar to the old one.

5.2. The envelopes and the frequency spectra

The development in time of the fluctuations during the entire discharge can be seen in

Figs 27b-d. The usual intensities can be seen during the period 0 - 1 5 ms. During the minor

disruption stage the fluctuation levels grow in the 20 -700 kHz and the 0.7 - 3 MHz band, in

the latter band also with a few narrow peaks. The strongest three of these peaks correlate to the

positive spikes in the plasma current. Also in the 5 - 5 0 MHz band narrow peaks are found

correlating with the spikes in the plasma current. Narrow peaks similar tc the three largest in the

0.7 - 3 MHz band cannot be seen in the 20 -700 kHz band. Considering the real time signal

within the 0.25 - 4 MHz region, shown in Fig 27h, an enhanced fluctuation level can be seen

during about 0.1 ms at the moment of a minor disruption, i.e. at 20.4 ms.

The spectra obtained preceding the disruptive phase of a discharge are comparable with

the spectra obtained during standard discharges. However, when the disruptive stage has

started the spectra have changed considerably. Examples of changed spectra during the decay

phase of the discharge are shown in Fig. 28. Comparing the spectra with the standard spectra

reveals the following differences:

1) the fluctuation level at f < 100 kHz is strongly enhanced,

2 ) the decay of Pk(f) with f starts at lower frequencies than the frvalue of 300 - 500 kHz.

3 ) the decay region has much smaller slopes at similar k-values than when compared to the

standard spectra.

A broadening of the spectrum with increasing k-value can be seen clearly for plasmas

with minor disruptions. However, this happens only in a limited k-region. When k is increased

beyond 15 cm'1, the spectral intensity decreases at all frequencies at the same rate.
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Fig. 28. Frequency spectra obtained at rla = Ofor k = 5 cm"1 (a) and far k= 15 cm' (b).

A typical example of the changes of a frequency spectrum during a minor disruption is

shown in Fig. 29. The Fourier transforms were calculated for a time period of 0.1 ms. Two

spectra have been obtained just before and during the current spike, curve b and a of Fig. 29,

respectively. The fluctuation level in the MHz region can be seen to increase by more than an

order of magnitude during a minor disruption. Lower frequencies seem to be much less

affected. Therefore during a minor disruption the MHz frequencies become relatively more

important. Similar changes in the frequency spectrum during a disruption were reported by

Andreoletti et al. [15]. However, the present spectrum extends to even higher frequencies

during a disruption. The observations of Andreoletti were performed at the TFR tokamak.

Similar observations have been reported in earlier TORTUR investigations by Barth et al. [ 16|.

In these experiments the observations were carried out before and just after the application of a

high-voltage pulse.
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0.2 0.5 1.0 2.0 5.0

Fig. 29. High-frequency region of spectra obtained at rla = Ofor k= 18 cm'1 during a minor
disruption (a) and just before a minor disruption (b).

5.3. k-spectra during the decay phase

k-spectra have been calculated for the ending of the discharges with minor disruptions

from the scattered power averaged over 4 ms. It should be noticed that this time interval is

much longer than the duration of a minor disruption. Again the obtained k-spectra are

jr 10-9 -

CO

, O
-10 _

1 0 - 1 1
5 6 7 8 9 10

k CcnT1)

Fig. 30. The observed k-spectrumfor rla = O,for a plasma with minor disruptions.
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different from those obtained at standard discharge conditions in the following points: 1) no

maximum is found and 2) the exponent describing the decay of S(k) with k at large k is

relatively large, i.e., a = -4.5. This is demonstrated in Fig. 30, which has been obtained at

r/a = 0.

Because of the frequency shift seen in Fig. 29, some kind of dispersive phenomenon may

be present. To investigate this, k-spectra have been calculated for limited frequency intervals.

Results are shown in Fig. 31. Compared with the k-spectrum of the complete frequency

domain, for 100 - 200 kHz, a less steep decay of the fluctuation level with k has been found,

i.e., a = - 4. No maximum can be seen in this case. For 200 - 400 kHz the decay coefficient of

S(k) with k, becomes k-dependent without a maximum.

For 0.4 - 3 MHz a maximum has been found near k = 9 cm 1 . Accepting 1 MHz for a

typical frequency in this region and 9 cnr1 as a dominant k-value, propagation velocities are

= 7xl03m/s.
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Fig. 31. The observed k-spectra for limited frequency ranges. They have been obtained for
r/a = 0.38 for a plasma with minor disruptions.
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6 . Deuterium plasmas

6.1. Frequency spectra

Observations have also been performed for deuterium plasmas at standard discharge

conditions. The reason for doing these experiments is to determine a possible shift of the-

maximum of the k-spectrum. Because pj depends on the ion mass, such a shift is to be

expected if the position of the maximum of the k-spectrum - if any- can locally be described by

kp is constant. This seems to be the case for spectra of the electrostatic drift type.

Two typical examples of spectra obtained at the region r/a < 0.6, are given in Figs 32 and

33 for k = 15 cm*1 and k = 5 crrr1, respectively. A two region structure may be adopted again.

The shape of the decay region is similar for deuterium and hydrogen plasmas. No clear definite

shift of the spectrum, as possibly due to the ion, mass seems to be present.

1O,-14

10 -18 _

10 -19 _

k=15cm

r/a=0

- l

noise • - " - - . .

1 101 102 103
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Fig. 32. A spectrum for a deuterium plasma observed at r/a = Ofor k = 15 cm ~'.

The trend of the spectral intensity in the 'plateau' region for deuterium is a decrease with

frequency as: Plc(f)~fctl . with -1.5 < CC] < -0.5 . Spectra with the same decrease of Pk(0 in

the 'plateau' region for r/a < 0.6, have been seen for hydrogen plasmas in a few exceptional

cases only. The deuterium spectra observed in the plasma centre are reminiscent to the

hydrogen spectra observed at large k-value as shown in Fig. 10.
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There is not a simple reason for the difference between H- and D-spectra. The variation of

ion Larmor radii may affect the position of a maximum of the k-spectrum. However, an effect

on the shape of the frequency spectrum is unlikely. Minor changes in plasma discharge

conditions may cause the exitation of low-frequency turbulence.

105
10-20

1 101 10^ 103

>• frequency CkHz)

Fig. 33. A spectrum for a deuterium plasma observed at rla=0for k=5 cm -'.

Values for f j are approximately the same for deuterium and hydrogen plasmas. During

some deuterium discharges also maxima near fj have been observed, occurring at somewhat

larger k-values than when compared to hydrogen plasmas. MHD activity has also been

observed for D-plasmas.

6.2. k-spectra

For standard discharge conditions k-spectra have been obtained at r/a = 0.38 for

hydrogen and deuterium plasmas, as is shown in Fig. 34. The maximum of the deuterium

spectrum - if present at all - is found at lower k-values than is the case for hydrogen plasmas.

However, the results of measurement do not allow for an accurate determination of the
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maximum of the deuterium spectrum. This implies that a value for kmaxpj cannot be
determined. It is perhaps, a better procedure to establish a value of <k> assuming that the

spectral density is identical for hydrogen and deuterium plasmas for the k-region k > 8 cm 1 ,

where for deuterium plasmas no data are available. From Fig. 34 it may be inferred that this

assumption is a reasonable one. Once the value of <k> is obtained, the values of <k>p. and

<k>piH can be compared, to see whether they are the same. The averaged k-values are given

by <k>H = 10.9 cm-' and <k>D = 7.2 cm"1. With the gyration radii for hydrogen and deuterium

p j H = l . lx lO ' 3 m and p J D = 1.5x10-3 m for the products are found <k>p jH = 1.2 and
< k > P ; D = 1 1 . These values are close enough within the experimental uncertainty to satisfy the

assumption that <k>p; is a constant at r/a = 0.38.

10-10

x
CO

10-12-

10-13
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. . I
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Fig, 34. The observed k-spectrumfor rla = 0.39 for a deuterium plasma.

For a hydrogen and a 1-5-1 hydrogen/deuterium mixture, k-spectra have been given by

Dodel et al. [17]. The shape of their hydrogen and deuterium k-spectra is similar to our results.
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7. Similarities of frequency and k-spectra

In the k-spectra, a plateau and a decay region can be distinguished as for the frequency

spectra for hydrogen discharges. Provided that weak declinations of the intensities in the

plateau region are present, similar decay slopes have been observed for deuterium discharges.

The k-spectra of discharges with minor disruptions at the ending exhibit decay regions only.

The decay region of the frequency spectra begins at a much smaller value than f|. Thus a

similar structure is found for the frequency and the k-spectra in three cases.
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THEORY AND CONCLUSIONS

1. Introduction

The experimentally observed low-frequency turbulence spectra are roughly similar from

one tokamak to another. This is not surprising because similar temperature and density profiles

are found in all tokamak plasmas. Subtile variations of the low-frequency turbulence spectra

across the plasma cross-section are revealed by more detailed observations. This indicates that

different instability mechanisms of turbulence occur in separate radial regions of the plasma

cross-section.

Three regimes can be distinguished in tokamaks: the central region, the gradient region

and the outer edge region [1,2]. In the central region of tokamaks strong macroscopic

fluctuations of MHD nature may be dominant when q < 1. However, this is not the case in the

TORTUR discharges presented here, because q(0) > 1. The second region is between the

plasma edge and the central region, where density and temperature gradients play an important

role. The plasma transport may be caused by gradient-driven microinstabilities of the

electrostatic and electromagnetic types developing into a nearly fully developed turbulent state.

The third region is the outer edge, where the effects of losses at the limiter or at the wall of the

vessel give rise to enhanced rates of atomic processes like charge-exchange, ionization and

recombination together wit!i ambipolar flow.

As stated before, electrostatic and electromagnetic turbulence are possible candidates for

the explanation of the observed fluctuations. Electrostatic driven turbulence gives enhanced loss

due to ExB drifts associated with potential fluctuations caused by density fluctuations. An

expression for the outward particle flux is given by F = <nv> = <n£L>/BT + <nE_>/B,.. The

primary source of free energy available to drive low-frequency electrostatic modes is the

expansion energy associated with the density and temperature gradients. In the electromagnetic

case, for example the electron temperature gradient-driven microtearing mode 13), the growth of

the modes leads to the formation of chains of magnetic islands localized near rational surfaces.

When the island chains overlap neighbouring island chains, a stochastization of magnetic field

lines results. Thus magnetic perturbations can cause field-line trajectories to deviate from the

flux surfaces, giving electrons a radial velocity vf = v. B^B... A rapid outward transport

along the field lines becomes possible. Another loss mechanism can be the diffusion of the field

lines themselves. Small perturbations of the magnetic field can result in a relatively large

enhancement of the transport [4).
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In the TORTUR situation it has been tried to indentify the cause of the observed

anomalous transport by comparing experimental observations to theoretical characteristics which

characterise the fluctuations in the various regions of the plasma cross-section. On the one hand

experimental observations yield:

1) frequency spectra

2) k-spectra

3) a spatial dependent total fluctuation level

4) an estimation of the electron thermal conductivity.

On the other hand theory delivers:

1) dispersion relations, leading to possible frequency domains for various fluctuation

mechanisms

2) values for the position of the maximum of a k-spectrum and predictions for the decay

of the k-spectrum at large k-value

3) the total fluctuation level from the mixing-length argument

4) formulae for the electron thermal conductivities pertaining to the various fluctuation

mechanisms.

Concerning 1: Theoretically predicted dispersion relations are discussed for various types of

modes in sections 2.1. to 2.4. Observed frequencies are compared with the calculated values for

the unstable branches of the dispersion relations in section 2.5.

Concerning 2: The observed and predicted values for the maximum of the k-spectrum and for

the decrease of the k-spectrum at large k-value are compared in section 3. Some attention is

given to the isotropy of the fluctuations in the poloidal plane. A simple model to predict the

decrease of the spectral density at large k-value is presented (Kolmogorov spectrum).

Concerning 3: The mixing-length relation is matched to the observed total fluctuation level in

section 4. :

Concerning 4: A comparison between the observed and predicted values for the observed

electron thermal conductivity is given for various transport models in section 5.

In transport theories always certain terms are ignored. This may affect the results $0

drastically [5]. One of the shortcoming of many theories is that they give a linear approximation

only and not the saturation model. In fully developed turbulence the actual relation between

plasma quantities can be quite different from the ones derived for infinitisimaliy small

perturbations. This means that often the results of theories can only be used to give a first

estimation.
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2 Frequency spectra

To trace the origin of the observed frequency spectra, theoretically expected frequency

values will be compared with the experimental ones. Possible frequency values in growing

modes can be estimated from the unstable solutions of dispersion relations. The presented

theoretically predicted relation between frequency and wave number will be analysed for various

types of modes considered in the literature.

2.1. Drift waves

Frequencies of electrostatic turbulence, e.g. drift waves, are usually associated with the

k-dependent angular diamagnetic electron drift frequency coc*. The drift frequency is defined as:

coe* =Teke/eBLn . (1)

The real part of the dispersion relation for drift waves is for collisionless plasmas when

curvature effects are ignored and the ion temperature is taken zero:

CO = coe* / 0 + (2)

where p s = PiV(T<>/Tj) and k x
2 = kr

2 + kg2 [1]. Accepting k r= ke and using the TORTUR

parameters at r/a = 0.5, e.g. Te = 465 eV, p s = l.lxlO"3 m and Ln = 0.08 m, the dispersion

relation is shown in Fig. la. The radial dependence of fc* = COC*/2JC for two fixed k-values is

shown in Fig. lb.
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Fig. 1. The dispersion relation for drift waves (a) and the radial dependence of the drift
frequency (b).
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Toroidicity-induced electrostatic drift modes in the collisionless regime have been treated

by Venema et ah [2J. A full treatment of the collisionless regime leads to maximum growth rates

of a few times 10 2 coc* at k±pj = 0.35 where Re co ~ 0.5 coc* for normal tokamak parameters.

2.2. The collisional plasma

The TORTUR plasma is collision dominated for r/a > 0.8, and is in the plateau regime

for 0 < r/a < 0.8, see Fig. 4 of Chapter I. The frequency-wavenumber relations including

collisional effects have been calculated for various locations in the region 0 < r/a < 1, because

collisional processes might be important in both regimes.

A dispersion relation for a collisional plasma in a torus geometry including finite Tc, Tj

and P values has been derived from the two fluid equations by Waltz et al.(their Eq. (17)) |8 | .

Waltz's fourth order equation has been solved numerically using kr = k6. The solutions are four

complex frequencies as a function of k-value. The real part gives the frequency and the positive

imaginary part gives the growth rate. In the collisional regime, r/a > 0.8, one of the four

solutions of Waltz's dispersion relation is unstable. As an example, the unstable solution

obtained for r/a = 0.88 is shown in Fig. 2. The maximum growth of the modes is found at

k ~ 7 cm"1 with y= 0.5 CO. This value is much larger than the values for the collisionless case

given above. The observed turbulence spectra are wider and do not have the wave number

dependence as calculated above.

For r/a = 0.3, where the TORTUR plasma is in the plateau regime, all solutions of

Waltz's equation are stable for k xp s < 1.2. This might be a consequence of the collisionaliiy

being too low to produce unstable modes.

15O
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Fig. 2. The frequency and the growth rate versus wave number for the TORTUR plasma at
r/a = 0.88. The TORTUR plasma parameters are Te = 136 eV, Ln = 0.019 m,
Veff = 3.3x106 s-lt ps = 0.65x10 ~3 mandfi= 6.5x10 ~4.
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2.3. The trapped electron plasma

We now investigate the numerical values of the frequencies and the growth rates of

trapped electron modes being present on the locations where the TORTUR plasma is in the

plateau regime. A dispersion equation for a trapped electron plasma has been obiained from the

three fluid model by Waltz et al.[6]. The three fluid model consists of collisionless ions, and

untrapped and trapped electrons which are collisionally detrapped and retrapped from the

magnetic well. It reads:

to = (3)

where

i 5 = VT ( co - G)c* ) / (to - gtoc* +i(vci Iz)) .

The normalized curvature drift is represented by g = Ln/R. The local inverse aspect ratio, e , is

given by e = r/R. The collision frequency is denoted by vci- Ignoring curvature effects, g = 0,

and the presence of trapped particles, e = 0, Eq. (3) reduces again to Eq. (2). As an example,

the unstable solution of Eq. (3) for the TORTUR parameters at r/a = 0.5, is plotted in Fig. 3.

The frequency range is from 0 to 90 kHz. The growth rate versus k-value also is shown in

Fig. 3. Typical values of the growth rates are y = 0.03 co. The maximum growth of the modes is

found at k = 8 cm'1. Again the observed turbulence spectra are wider and do not have the wave

number dependence as calculated above.
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Equation (3) has been solved for various locations in the plasma. The maximum

frequency of the unstable solution at each location has been plotted versus radius. The result is

shown in Fig. 4. Relatively low frequencies are found in the plasma centre because wc* -» 0 as

r -* 0, see Fig. 1. Using a density scale length, which has been averaged over the scattering

volume to calculate coe*, may lead to higher predicted frequencies in the plasma centre.

However, the effect of averaging the density scale length cannot fully account for the

differences between the radial dependence of the observed and the calculated frequencies in the

plasma centre. This may be concluded from the results of the 90°-scattering experiments in the

plasma centre. In this case predicted frequency values averaged over the scattering volume must

be nearly the same as the non-averaged frequency values because of the good spatial resolution

in 90°-scattering experiments. The predicted frequency values are small for the plasma centre

notwithstanding the observed spectra are still a few times 100 kHz wide.

The difference in radial dependence of the observed and the calculated frequencies might

indicate that the turbulence is non-gradient driven in the plasma centre.

0.0 0.2 0 .4 0.6 0.8 1.0

Fig. 4 . The maximum frequency as found from the dispersion relation for the trapped electron
plasma versus radius.

2.4. Microtearing modes

Microtearing modes have been treated Gladd et al. [3], Drake et al. [7], D'lppolito [8|

and many others. The electron temperature gradient-driven microtearing mode, treated by Gladd

[3] will be discussed here. The stability criteria for this mode are a function of the parameter r)e,

which is the ratio Ln/Lr. For TORTUR the value of Tie is approximately given by the ratio of the

exponents of the temperature and the density profile, ric = 2/0.9 = 2.1 (see Chapter I). For

T|c = 2, the mode is unstable if kepi < 0.2 and 3 < vei /coc* < 50. The condition kepi < 0.2 can

be read from Fig. 2 of Gladd [3]. The criterion for unstable growth gives k-values which are

close to the smallest k-values at which measurements have been performed. However, wave-
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merging turbulent mechanisms can easily lead to broadened k-spectra. The second condition for

the microtearing mode to be unstable, 3 < vei Aoe* < 50, can be read from Fig. 1 of Gladd [3].

The numerical values of vej and G)e* are not known accurately. Moreover, oje* is k-dependent

and there are always k-values kopj ^ 0.2 for which the criterion is satisfied. Growth of the

mode is potentially possible throughout the plasma but even more likely towards the outside.

The dispersion relation for the electron-temperature gradient-driven microtearing mode

as derived by Gladd et al. [3] reads:

CO = We* (1+ 0.6 T|e )(1 + log( vcff/(Oe* )) . (4)

The radial dependence of the real frequency for k-values, ke = 0.2/pj, is shown in Fig. 5. It can

be seen that the frequencies of microtearing modes are higher than those of the trapped electron

instability or the collisional drift waves.

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 5. The radial dependence off = (oUnfor the electron temperature gradient-driven
microtearing mode for k-values, kg = 0.2 pi

2.5. Comparison of theoretical and numerical frequency values

The experimentallly observed frequency spectra are broad. This result cannot be

explained with the results of the models given in the previous sections. The experimentally

observed frequency ranges do not depend strongly on k-value. This observation is not in

agreement with the frequency- wave number dependence as predicted by the dispersion

relations. Consequently, a comparison will be given between the observed and the predicted

theoretical frequencies irrespective of the k-values. The result is shown in Fig. 6.
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Fig. 6. Theoretically predicted frequencies for various cases (horizontal plane) and the filtered
spectra of section 2.15 (vertical planes).

The frequencies found in the previous sections for the collisional instability, the trapped

electron mode and the microtearing mode are plotted in the 'horizontal plane'. In 'vertical

planes' the filtered spectra, as found in Chapter IV, section 2.1.5, have been plotted for three

radial positions. For all three instabilities considered calculated frequencies lie within the range

of the observed spectra. The radial dependence of the observed and the calculated frequencies is

different.
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— 3 . k-spectra

The basic criterion for a quantity to be turbulent is that measurement of its instantaneous

value is non-reproducible. The consequences of turbulence for the k-dependence of the spectral

density will be estimated by considering a fluid. When the Reynolds number is large, fluid

viscosity is neglible over a wide range of geometrical scales of turbulent motion. This implies

that the energy cannot be dissipated and therefore diffuses to shorter wavelengths. Thus a quasi-

equilibrium is established, in which there is a constant energy flux to such short wavelengths

that dissipation can occur. Energy flow will be determined only by the fluctuation level at the

scale, X, considered. This means that it is expressible in a turbulent spectral function, 1̂ , and a

wave number k (k = 2n/X). Inversely, because the energy flow is constant, the spectral function

can be expressed as a function of k only.

An expression for the spectral function, which is the energy per volume per k interval

will be obtained from dimensional analysis. The energy density flow, e, has the dimension ol

energy density (Ik k) divided by time, i.e. (Ik k)x(kv), where v denotes the transport velocity.

Furthermore the energy density, I^k, has the same dimension as nmv2, where n is the density

and m is mass. This implies that v has the dimension of (Ik k/nm)1''2 and thi^ £ has the same

dimension as I k ^ k ^ ^ n m ) 1 / 2 . Because £, n and m are constant it is found for the spectral

function

This is the well-known Kolmogorov spectrum |10|. Formally it implies that the decay

region of a turbulent spectrum can be recognized by its k-dependence. If a finite viscosity

exists, then energy is both transferred and dissipated. This implies that less energy reaches the

higher k-values and consequently the decay of Ik with k must be steeper

For scattering experiments the commonly used function to describe the k-dependence of

the fluctuations is Sk. The function Sk is not identical to Ik , because Sk is integrated over the

three-dimensional k-space, and the result of the integration of Sk is a mean square density

fluctuation. In the case the fluctuations are cylindrically isotropic it can be shown that JSkdk3 =

47tAkz JSfc k dk1 (see Chapter II). This suggests that Ik might have the same k-dependence as

Sk k. If this is the case, then it is found:

Sk ~k-8/3 .

Theoretically depicted values for the exponent describing the decrease of the spectral density at

large k-value are usually near -3 (Liewer, Olivain [1,9]). The above-given model is based on

non-dissipative upward cascading of turbulent energy. Other models, for example the one of



Waltz et al. [6], indicate that downward cascading of energy in k-space is also possible. The

experimental values for the decay exponent found in the present results and reported in literature

agree with theoretical .edictions.

Another important characteristic of the k-spectra is the position of the maximum.

Theoretically depicted values for the position of the maximum are usually found in the k-region:

0.1 < kmaxPj < 1.0 [1,9]. This is in agreement with our experimental findings (see Chapter IV)

and with the measuring results usually presented in the literature.

| N k |

|Nkl

Fig. 7. Two-dimensional k-spectrum as calculated by Waltz. INJ denotes the k-dependent
normalized fluctuation level.

In Chapter IV, definite indications are shown that the fluctuations are nearly locally

isotropic in the poloidal plane on the low-field side. This behaviour results from several

theoretical models. An isotropic, two-dimensional Kolmogorov wave number spectrum can be

formed, which can be broad according to the computer simulations of the models of e.g.

Hasegawa et al. [11,12]. The authors used mode-coupling equations for the resistive drift wave

instability to study the turbulence near the plasma edge.
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Even though a system is driven asymmetrically, the k-spectrum can nevertheless be

nearly isotropic and peaked, Waltz [6]. This can be seen in Fig. 7, which has been taken from

Waltz. It is the result of a computer simulation of electrostatic collisional drift-mode turbulence,

described by the two fluid equations, ignoring the finite ion temperature.
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4 . The total fluctuation level

The mixing-length relation, n/n = l/<kx>Ln, has been matched by variation of <kx> to

the observed r/a-dependent total fluctuation level. The result for cylindrical isotropy in the

poloidal plane is shown in Fig. 8. Good matching of the mixing-length relation to the

experimental data for the region r/a > 0.4 is obtained with <k±> = 8 c m 1 . Thus the

experimental value for <k> for r/a = 0.5, which amounts to 11 cm'1, can be satisfactorily

compared with the matching value. The mixing-length relation holds for r/a-values larger than

0.4. For r/a < 0.4, the scaling deviates strongly from the experimental findings.

I T I I

• measured
x calculated

0.2 0 .4 0 .6 0 .8 1.0

Fig. 8. The total fluctuation level, n/n, as a function of r/a: *) Data obtained from
measurements using isotropy in the poloidal plane, x) Values obtained from the
mixing-length relation.

For r/a > 0.4, density gradient-driven turbulence might be involved in the explanation

of the observed phenomena, because the mixing-length relation obeys very well. At the plasma

centre, where the gradients disappear, other mechanisms like non-gradient driven processes as

magnetic turbulence may dominate.

It has been tested whether n/n follows the radial dependence of Lj - ' aiso (Lj- ' =

(l/Tc)dTc/dr). Good matching has been obtained for 0.4 < r/a < 0.75 using <kx> = 12 cm 1 .

However, l/<kx>LT, does not follow the observed strong increase of n/n with radius for

r/a > 0.75.

With the assumption of spherical isotropy, it has also been tried to match the

predictions of the mixing-length relation to the observations. An unrealistic value of <k> had to

be inserted. It is therefore concluded that poloidal isotropy of the fluctuations is a better

assumption.

The fluctuation level observed for a certain value of the density-gradient length in

TORTUR can be compared to other observed values, found in literature. One way of doing this
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is by adding ., ? fluctuation levels at r/a > 0.5 to Fig. 1, taken from Surko (13). Here the

experimental values of fluctuation levels for several tokamaks are plotted versus l/<k,>Ln,

thereby checking the mixing-length relation. It can be seen that the TORTUR result is consistent

with other results. It is concluded that the fluctation level can be predicted by the mixing-length

argument, except for the plasma interior.

c
10 - 1

PDX"

ALCATOR A*

MACROTOR

Fig. 9. The experimental values of fluctuation levels for several tokamaks are plotted versus
1l<kj>Ln
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5 . Electron thermal transport

By comparing theoretically determined values of transport quantities with experimental

data, fundamental causes of the anomalous transport might be unveiled. In this section such a

comparison is attempted for the radial electron thermal diffusivity Xei1)-

The radial electron thermal diffusivity has been experimentally determined in the

TORTUR plasma in two ways: 1) by a forced temperature perturbation method and 2) from the

power balance by De Zeeuw et al. [14]. The results are shown in Fig. 10. Good agreement has

been found between both obtained values of Xe(r).

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 .0

Fig. 10. The electron thermal diffusivity versus radius as obtained from the power balance (a)
and from the perturbation method (b).

5.1. Neoclassical electron thermal transport

The so-called 'classical' transport theories are based on Coulomb collisions in

magnetized plasmas with cylindrical geometry. The observed transport coefficients in tokamaks

are larger than predicted by the classical models. The so-called 'neoclassical' models are an

improvement on the classical models because they include the toroidal geometry. In the

neoclassical models, three regimes have been distinguished: the collisional, the plateau and the

banana regime, as has been discussed in Chapter I. For r/a < 0.8, the TORTUR plasma is in the

plateau regime. For this case an expression for the thermal diffusivity is given by Callen 115).
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. (5)

For the plasma interior v_ = 107m/s, q = 2 and p e = 3.2 xlO"5 m, yielding: x e
p - 0-04 m2/s.

This value is more than one order of magnitude smaller than the observed thermal diffusivity in

the plasma centre.

For r/a > 0.8, the TORTUR plasma is collisional. Ths neoclassical expression for the

thermal diffusivity in the collisional regime according to Wesson is [161

%£ = 4.7 Te( 1 + 0.7q2) / (me0)ce2xci) . (6)

Here coce is the electron cyclotron frequency. Using the following TORTUR parameters:

T e = 100 eV, q - 6, coce = O.5xlO12 rad/s and xcff = O.33xlO"6 s, it is found x e
p = 3xlO2 .

Again this value is too low to explain the observed value for the electron thermal diffusivity.

Because the thermal diffusivity is non-neoclassical it is called anomalous.

5.2. Anomalous electron thermal transport due to drift waves

Models for the electron thermal conductivity based on ExB transport during drift wave

turbulence are employing variants of the mixing-length scaling formula [ 17|

Xe~ Ymax/<kj.>2 • (7)

Ymax ' s t n e maximum value of the growth rate of the unstable mode considered. Numerical

values for ymax and <kx> can be deduced from the experimental data. The experimental

averaged k-value in the plasma centre is taken 1.4xlO3 m as was shown in Fig. 20 of Chapter

IV. Reasonable values for ym a x are 0.1 Aco < Ymax < Aco for broad frequency spectra with

co = Aw, as is the case in TORTUR, Liewer [1]. Using Af = 400 kHz, it is obtained:

0.25xl06 < ymax < 2.5xlO6 s"1. The numerical result of the mixing-length formula, Eq.(7), can

be matched to the experimental value of the electron thermal diffusivity at the plasma centre by a

variation of ymax within the above-given domain. This procedure leads to ym a x
 = 0.5 Aco,

which is reasonable.

To explain the increase of the observed thermal diffusivity with the radius with use of

Eq. (7), Ymax aru* <kx> must be appropriate functions of radius. Experimentally the

dependence of ymax with radius is not known precisely. However, it may vary within a range

as given above. Moreover, a dependence of <k> on radius has not been observed for r/a > 0.5.

Still, Eq. (7) can always be fitted to the observed electron thermal diffusivity at any value of r/a.
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5.3. Anomalous electron thermal transport due to microtearing modes

Under certain plasma conditions the magnetic and density fluctuations are related to each

other. This is expressed into a similarity relation: B/b = P q/2 n/n, which has been derived by

Waltz et al. [8]. A few expressions for the electron thermal transport due to magnetic

fluctuations will be considered. An expression for the electron thermal diffusivity in the

collisionless regimes is given by Rechester et al. [ 18]

Xe = v thDm ' (8)

where Dm denotes formally a diffusion coefficient for the magnetic field lines. Two regimes of

field-line diffusion have been distinguished by Kadomtsev [19]: a weakly and a strongly

turbulent region. Let 5X and Lo denote the perpendicular and the parallel correlation length oi

the magnetic fluctuations, respectively. The plasma is called weakly turbulent when

B/b « 8±/L0. The condition for a strongly turbulent plasma reads: B/b > 8±/L0. The classical

perpendicular correlation length of the magnetic fluctuations is equal to the electron skin depth

Sx = c/copc [1]. Here C0pC is the plasma frequency and c denotes the light velocity. For the

TORTUR plasma Ci)pc = 4xl01Irad/s, yielding 8X ~ 10~3 m. For Lo the reconnection length

qR0 ~ 1 is taken. The magnetic fluctuation level B/b can be estimated using the similarity

relation and the following numerical values: (3 = 3xiO3 , q = 2 and n/n = 0.02. This yields:

B/b = 6xlO":>. This means that in TORTUR a weakly turbulent plasma is formed. The magnetic

field-line diffusion coefficient for a weakly turbulent plasma is given by D m = L0(B/b)-.

Liewer, 11 ], yielding for xc:

5Cc = v thRoq[p(q/2)(n/n)}2 . (9i

The similarity relation given above has been used to obtain this result. Using the above given

numerical values and vlh = 107m/s in Eq. (9) it is found: xc - 107x3.6x 10"9 = 0.04 m:/s. This

result is again one order of magnitude smaller than the experimentally obtained value.

In case of strong turbulence the following expression for x c has been derived by

Rechester [ 18]

Xe= vlh 8± p(q/2)(n/n) . (10)

The expression for %e in case of strong turbulence, see Eq. (9), yields the experimental

value, Xe = 0-6 m2/s at the plasma centre, where the above-given values have been used.

However, it is dubious to use the expression on TORTUR because the plasma is in a weakly

turbulent state [1,6].
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6. Summary

Various predictions of the existing theories match the observed phenomena quite well. A

powerful instrument seems to be the mixing-length argument. It predicts the observed fluctuation

level with reasonable accuracy for r/a > 0.4 and yields a promissing expression for the electron

thermal conductivity. This might indicate that the observed turbulence is density-gradient driven

in the regions where strong gradients exist. The turbulence in the centre might be non-gradient

driven because of the finite fluctuation level and the relatively large frequencies which are found

there. For all three instabilities considered spatial regions have been found where the calculated

frequencies are comparable with the observed ones. However, the radial and wave number

dependence of the observed and the calculated frequencies is different. Observed spectra are

wider. The decrease of the spectral density with k-value at large k-value can be predicted with

good accuracy using simple arguments. The position of the maximum can be roughly estimated.
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