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Summary

In this thesis the measurements are described which were done with two

different diagnostic methods on two different tokamaks. The first part describes the

Thomson-scattering diagnostic as it was present at the TORTUR tokamak, with

which for the first time a complete tangential scattering spectrum was recorded

during one single laser pulse. From this scattering spectrum the local current density

was derived.

Thanks to the high sensitivity of the 20-channel polychromator, small

deviations from the expected gaussiin scattering spectrum were observed. After

averaging more than 30 spectra, small dips with a depth of 7% were still present,

indicating the non-maxwellian character of the electron-velocity distribution. A

possible explanation for these non-thermal features might be the presence of

filaments in the plasma.

The second part of the thesis describes the multi-channel interferometer/

polarimeter diagnostic which was constructed, build, and operated on the RTP

tokamak. The diagnostic was operated routinely, yielding the development of the

density profiles for every discharge. It provided valuable information for the study

of the start-up phase of the plasma discharge.

The influence of ECRH (Electron Cyclotron Resonance Heating) on the

density was studied in detail. It was observed that the density profile broadens, the

central density decreases and that the total density increases as soon as ECRH is

switched on. The opposite takes place when ECRH is switched off. The

observations can be explained when profile consistency between the current density

and the pressure profile in the plasma is assumed.

The influence of MHD (magnetohydrodynamics) activity on the density

was clearly observable. In the central region of the plasma it was measured that in

hydrogen discharges the so-called sawtooth collapse is preceded by an m=l

instability which grows rapidly. An increase in radius of this m=l mode of 1.5 cm

just before the crash is observed. In hydrogen discharges the sawtooth induced

density pulse shows an asymmetry for the high- and low-field side propagation.

This asymmetry disappeared for helium discharges.



From the location of the maximum density variations during an m=2 mode

the position of the q=2 surface is derived. This position is compared with the

expected position if profile consistency is assumed. From simulations the density

topology of the m=2 islands as appearing in the distribution is derived. A local

electron density increase of up to 40% inside the islands has been observed.

The density profiles are measured during the energy quench phase of a

plasma disruption. A fast flattening and broadening of the density profile is

observed. This density redistribution seems to take place after the initial temperature

redistribution in the centre of the discharge. Immediately after the energy quench a

particle wave comes in from the edge. This wave is probably caused by ionized wall

material released by the increased thermal heat load during the energy quench.

Some exploratory measurements with a temporary polarimeter set-up were

performed. The first results look promising.
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Samenvatting

In dit proefschrift wordt het werk beschreven dat roet twee diagnostieken is

verricht aan twee verschillende tokamaks. Het eerste deel beschrijft de Thomson

verstrooiingsdiagnostiek bij de TORTÜR tokamak. Hiermee kon voor de eerste maal

een geheel tangentieel spectrum opgenomen worden gedurende één laser puls. Uit

dit spectrum is de lokale stroomdichtheid bepaald.

Dankzij de grote gevoeligheid van de 20-kanaals polychromator, zijn kleine

afwijkingen van de verwachte gaussische vorm waargenomen. Na middeling over

30 verschillende spectra zijn nog steeds dips van 1% zichtbaar. Dit wijst op het niet-

maxwellse karakter van de elektronensnelheidsverdeling. Een mogelijke verklaring

voor deze niet-thermische verschijnselen kan het bestaan van filamenten in het

plasma zijn.

Het tweede deel van het proefschrift beschrijft de voor de RTP tokamak

ontworpen en gebouwde veel-kanaals interferorneter/polarimeter. Hiermee werd de

ontwikkeling van de dichtheidsprofielen van het plasma gemeten. Dit leverde

waardevolle informatie over de opbouw van het plasma gedurende de eerste milli-

seconden op.

De invloed van de ECRH (Electron Cyclotron Radiation Heating) straling

op de dichtheid is uitvoerig bestudeerd. De profielen worden breder, de centrale

dichtheid neemt af en de totale dichtheid neemt toe als ECRH wordt ingeschakeld.

De tegenover gestelde processen worden waargenomen bij het uitschakelen van de

extra verhitting. De verschijnselen kunnen worden verklaard als wordt aangenomen

dat er een consistentie bestaat tussen het stroomdichtheids- en elektronendichtheids-

profiel.

De invloed van MHD (Magneto Hydro Dynamica) instabiliteiten op de

dichtheid was duidelijk waarneembaar. In waterstof plasma's wordt in het centrum

de zogenaamde zaagtand krach vooraf gegaan door een snel groeiende m=l

instabiliteit. Vlak voor de zaagtand krach groeit de straal van deze m=l mode

l.S cm. Tevens is een asymmetrie waargenomen in de voortplanting van de door de

zaagtand veroorzaakte dichtheidspuls. De voortplanting van deze puls verschilt voor

de hoge en lage veld kant richting. In helium plasma's is deze asymmetrie niet

aanwezig.

iii
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Uit de locatie van de maximale dichtheidsverandering gedurende een m=2

instabiliteit kan de positie van het q=2 oppervlak worden afgeleid. Deze positie is

vergeleken met de verwachte positie als profielconsistentie verondersteld wordt. De

topologie van de m=2 eilanden in de dichtheid is bepaald door het simuleren van de

metingen. Een locale dichtheidsverhoging van 40% in een eiland is waargenomen.

Gedurende een plasma disruptie is de verandering van het dichtheidsprofiel

gemeten. Er vindt een snelle afvlakking en verbreding van het dichtheidsprofiel

plaats. Deze herverdeling van de dichtheid gebeurt na een eerste temperatuurs-

verandering in het centrum van het plasma. Na deze herverdeling van de dichtheid is

een deeltjesgolf waargenomen die van de wand komt. Deze deeltjesgolf wordt

waarschijnlijk veroorzaakt door de ionisatie van wandmateriaal dat wordt

vrijgemaakt door de verhoogde thermische wandbelasting.

Er zijn enkele verkennende metingen gedaan met een voorlopige polarimeter

opstelling. De eerste resultaten zijn veelbelovend.

IV



General Introduction

Nuclear fusion is considered to be a possible long term solution to the

world's energy problem. Fusion processes provide our sun with an almost unlimited

source of energy. In a fusion process two light nuclei are combined to form a

heavier one. In this process mass is transferred into energy. The energy which is

released can be calculated with Einstein's equation, E = m c2 . Here c is the speed of

light and m is the mass defect between the two light nuclei and the heavy nucleus.

At the moment there is a worldwide effort to find a way to generate nuclear

fusion reactions in a controlled way. In principle there are many possible reaction

schemes which generate fusion power. However, the reaction which is most likely

to produce controlled energy is based on the fusion of deuterium and tritium nuclei,

according to the reaction:

2D + 3T -> 4He (3.5 MeV) + n (14.1 MeV). (0.1)

In this reaction a 4He-isotope and a high energetic neutron are created. The kinetic

energy of these particles can be used to produce electric energy.

In order to let these reactions take place and obtain an overall energy gain,

some conditions have to be fulfilled. First, the relative energy of the positively j

charged nuclei has to be large enough to overcome the repelling Coulomb force.

Furthermore, the number of nuclei per unit volume has to be large enough to ensure

sufficient fusion energy production; moreover the energy has to be confined for a

sufficient long time. A possibility to obtain the first condition is the use of high

temperature plasmas, whereas the further conditions may be met by good j !

confinement. I

A plasma is a hot gas in which the physical processes are dominated by

charged particles. In other words, the temperature of the plasma is so high that most -'

atoms are ionized. In order to overcome the Coulomb force, ion temperatures as j

high as 108 K (= 10 keV) are necessary. An obvious problem is the cooling of the |

plasma below the temperature needed for fusion to be self-sustained, when it

touches any material object. The most widely used instrument for confining a

thermonuclear plasma is the tokamak. In a tokamak, magnetic fields are used to

confine the plasma and keep it from touching the wall. A tokamak has a vacuum
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vessel in the shape of a torus which is surrounded by a set of magnetic coils (see

Fig. 1). These coils generate a toroidal magnetic field, B<p. Because of the geometry

of the coil set-up, the toroidal magnetic field shows an 1/R dependence, with R the

distance from the centre of the torus.

In most tokamaks the central leg of a transformer yoke is placed in the

centre of the torus. The return leg(s) goes around the vacuum vessel. By using the

plasma in the vacuum vessel as the secondary winding of the transformer, a large

current is induced in this plasma. This plasma current, Ipj, has several effects. Due

to the resistivity of the plasma power will be dissipated in it. As a result the plasma

will be heated. This method to increase the temperature of the plasma is referred to

as ohmic heating. A second effect of the plasma current is the generation of a

poloidal magnetic field, Be- The combination of the poloidal magnetic field with the

externally applied toroidal magnetic field results in a helical field structure. Charged

particles will gyrate around the magnetic field lines with cyclotron frequency, coc,

and gyroradius, rc, which, for singly charged particles, are given by

e B
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(0.2)

Here, e is the electron charge, m the mass of the particle, B the total magnetic field

and vj. the particle velocity perpendicular to the magnetic field. Parallel to the

magnetic field the particles can move freely. The movements of the particles

perpendicular to the field are restricted. In this way the particles are confined by the

magnetic field.

Another important frequency, which is characteristic for a plasma, is the

plasma frequency, top,

/„„ e2 \l/2
<»p = [ I . (0.3)

|eomj

A measure of the helicity of the magnetic field is given by the safety factor,

q.

<°-4>
The helical field lines lie in a set of nested surfaces with constant helicity. These

surfaces are called flux or magnetic surfaces. The flux surfaces at which field lines

close up on themselves after a number of toroidal cycles correspond to a rational

value of q and are called rational surfaces. Instabilities can grow very fast on these

surfaces as predicted by MHD theory (magnetohydrodynamics). These instabilities

are named after the q-number of the flux surface on which they are localized.

From MHD theory it follows that the plasma pressure is constant on the

flux surfaces. The centres of the flux surfaces are shifted with respect to each other

due to the toroidal geometry (the centres of the inner flux surfaces are shifted

outwards). This shift is known as the Shafranov shift. The geometry of the flux

surfaces can be derived from magnetic field measurements in combination with

MHD theory.
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Fig. 2 Principle scheme of tokamak plasma heating with ECRH.

The resistivity of the plasma decreases when the temperature increases.

This means that the efficiency of ohmic heating reduces at high temperatures. To

heat the plasma above the level which can be reached with ohmic heating alone,

additional heating mechanisms were developed. In the case of ECRH (Electron

Cyclotron Resonance Heating), high-power electromagnetic waves with the electron

cyclotron frequency, <BCe. are radiated into the plasma. The waves are resonantly

absorbed by the electrons, resulting in a net heating of the electron population. As

mentioned before, the strength of the toroidal magnetic field is a function of the

radial position in the torus. This means that Wte is not constant in the plasma. So, the

ECRH power will be absorbed only in a narrow layer were eace equals the RF

frequency. In this way the plasma can be locally heated (see Fig. 2).

In order to understand the mechanisms which determine transport processes

in the plasma, it is important to measure the various plasma quantities with high

accuracy and with good spatial and temporal resolution. This is generally done with

diagnostics which are based on a wide variety of techniques, depending on the

parameters to be measured.

This thesis describes the work done on two diagnostics at two different

tokamaks. Part one reports on the measurements which were performed at the

TORTUR tokamak. A short light pulse from a high-power ruby laser was fired

through the plasma. From the spectrum of the scattered light, information about the

electron density and the electron-velocity distribution can be derived. Generally, the

4



scattered light in this so-called Thomson-scattering diagnostic is collected in the

radial direction. The instrumentation at TORTUR, however, had a special provision

to collect also light scattered in the toroidal direction, i.e. tangential to the plasma

current. At TORTUR, for the first time, a full tangential spectrum could be measured

in only one laser pulse. This opened the possibility to measure the toroidal drift

velocity of the electrons, and thus the local current density since that is mainly

carried by electrons. Furthermore, it was important to check whether irregularities

in the velocity distribution, which were already observed in the radial measurements,

were also present in the tangential spectra. From the combination of the radial and

tangential spectra, information about the three-dimensional velocity distribution can

be derived.

The first chapter describes the TORTUR tokamak and in Chapter 2 some

aspects of scattering of electromagnetic waves in plasmas are discussed. Chapter 3

describes the measurements and the analysis of the data.

Part two of this thesis describes work which was done at RTP (Rijnhuizen

Tokamak Project). The RTP project was started to study the physics underlying

transport in tokamaks. For achieving this goal a set of high quality diagnostics is

crucial. One of these diagnostics, which was designed and constructed as part of this

thesis work, is the 19-channel INTERferometer/POLarimeter system, INTERPOL.

This diagnostic measures the electron density and current density profiles with high

accuracy and high spatial and temporal resolution. Extensive measurements were

performed with the interferometer part of the diagnostic. The polarimeter was only

tested at the plasma in a preliminary set-up.

The interferometer proved to be a very powerful diagnostic for the study of

the start-up phase of tokamak plasmas. Moreover, thanks to the high number of

channels it is possible to determine the positions were the density effects of MHD

activity are maximum. From this, the location of rational q-surfaces can be

determined. The propagation of sawtooth-induced density pulses could be measured

in the low-field side as well as in the high-field side direction. To our knowledge

this is the first interferometer which measures the evolution of density profiles

during a plasma disruption.

•0,. Chapter 4 introduces the theory which is necessary to understand the

(£r principles of interferometry and polarimetry. In Chapter 5 the experimental set-up of



the interferometer/polarimeter at RTP is described. In the last part of this chapter a

new set-up for polarimetry is presented. The measurements with the interferometer

are presented in Chapter 6 together with preliminary results of the polarimeter.

Publications which are related to this thesis and which contain substantial

contributions from the author of this thesis are:

Thermonuclear plasma diagnostics using corner cube mixer arrays,

W.M. Kelly, D.R. Vizard, A.J.H. Donne, A.C.A.P. van Lammeren and

S.K. Kim, Mikrowellen & HF Magazin 15, 249 (1989).

Plasma diagnostics for the Rijnhuizen Tokamak Project, A.J.H. Donn6 et

al. (including A.C.A.P. van Lammeren), Rijnhuizen report RR 89-187

(1989).

Multi-channel interferometer/polarimeter system for the RTP tokamak,

A.C.A.P. van Lammeren, S.K. Kim and A.J.H. Donne, Rev. Sc.

Instrum. 61, 2882 (1990) (see Chapter 5.7).

Non-maxwellian electron velocity distributions observed with Thomson

scattering at the TORTUR tokamak, A.C.A.P. van Lammeren, C.J. Barth,

Q.C. van Est and F.C. Schiiller, submitted to Nucl. Fusion (see

Chapter 3).

The effects of MHD activity on the density in the RTP tokamak, A.C.A.P.

van Lammeren, J.C.M. Timmermans, G.M.D. Hogeweij, S.K. Kim,

A.J.H. Donne and RTP team, to be submitted to Plasma Phys. and Contr.

Fusion (see Chapter 6.4).

14 contributions to international conferences.



1 The TORTUR experiment

1.1 Introduction

The TORTUR tokamak is a small tokamak. The main research theme of

TORTUR was the investigation of plasma turbulence [1]. For this purpose a fast

current pulse could be applied to increase the turbulence level of the plasma.

The TORTUR experiment started in 1974 with TORTUR I. After some

major modifications over the years, experiments with TORTUR IV started in 1986.

The measurements described in the first psrt of this thesis were performed in this

period. The experimental period of TORTLRIV ended on October 21, 1988. The

machine was shipped to Portugal and is presently being commissioned as the

ISTTOK tokamak.

In the next section the TORTUR tokamak is described. In the last section of

this chapter a description of the available diagnostics is given.



1.2 The TORTUR tokamak

In Fig. 1 an outline of the machine is given. The toroidal vacuum vessel is

enclosed by 24 toroidal magnetic field coils. The coils induce a toroidal field, B<p, of

3 T. The vacuum vessel (liner) is enclosed by a copper shell of 2 cm thickness. This

copper shell is used to couple a fast current pulse (30 kA, 10 us) from a fast

capacitor bank into the plasma [2]. It further serves as a passive position feedback.

major radius

minor radius

magnetic field

plasma volume

Ro
a
Bq>

Vol

0.46

0.08

3.0
0.06

m
m

T

m3

Table 1. Main machine parameters of the TORTUR tokamak.

fast capacitor bank

transformer yoke

24 toroidal field coils

diagnostic ports

copper shell

insulation plasma

Fig. 1 Outline of the TORTUR tokamak.
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The primary coil of the transformer is wound around the central leg of the

yoke. The plasma column serves as the secondary winding of the transformer. The

inductive coupling is strongly decreased when the transformer yoke reaches

saturation. In Table 1 the main parameters of the TORTUR tokamak are given.

Currents in the flat top up to 50 kA could be obtained. The duration of a

typical discharge is about 40 ms. The plateau value of the loop voltage is 5 - 6 V.

The basic plasma parameters for a standard TORTUR discharge are given in

Table 2.

plasma current

loop voltage

electron temperature

ion temperature
electron density

impurity number

magnetic pressure

total 3

Ip
Vi

Te

Ti

ne

Zefif

PB

35

5-6
0.75

0.22
0.53
6x1019

3xl019

1.5-2
3.3x106

0.3%

kA

V

keV

keV
keV
m-3

m-3

Jm-3

at r = 5 mm

at r = 60 mm

central

at r = 5 mm

at r = 60 mm

atr = 5mm

Table 2. Basic plasma parameters of standard discharges.

1.3 Diagnostics

The diagnostic^ equipment at the TORTUR tokamak has changed over the

years. Only the diagnostics which were available during the last operational period

will be mentioned.

Voltage, current and plasma position were measured by means of pick-up

coils, Rogowski coils and saddle loops, during every shot. They provide crucial

information about the discharge.

tff



Magnetic fluctuations have been observed with pick-up coils mounted

inside the copper shield but outside the vacuum vessel. Six coils were placed in a

poloidal plane, and five other coils were placed in the equatorial plane at different

toroidal positions. These were placed at the low-field side [3].

A six-channel Electron Cyclotron Emission (ECE) diagnostic was used to

observe the evolution of the electron temperature profile [4]. For this purpose the

cyclotron emission at the second harmonic X-mode was used.

Plasma density fluctuations were studied by means of collective Thomson

scattering of 2 mm microwaves [3]. The fluctuation spectrum was measured up to a

frequency of 100 MHz at various positions and scattering angles.

Low energetic neutrals (10-1000 eV) were detected with a time-of-flight

spectrometer [5]. These neutrals originated from the outer regions of the plasma.

The local electron density and temperature were measured by Thomson

scattering of laser light [6]. The scattered photons were collected by a high-

transmission polychromator. The Doppler broadening of the detected spectrum is a

direct measure for the electron temperature. The absolute number of scattered

photons is proportional to the electron density. The measurements carried out with

this diagnostic method have a high accuracy (1%). The first part of this thesis

describes the measurements done with this diagnostic in more detail.
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2 Thomson scattering

2.1 Introduction

Thomson scattering is generally used to measure in plasmas the local

electron temperature, Te, and density, ne, with a high accuracy. Light of an intense

laser beam is scattered by the free electrons in the plasma. The scattered photons are

collected and detected by a spectrometer. The wavelength spectrum of the scattered

photons will be Doppler-broadened because of the thermal motion of the electrons.

The width of the observed scattering spectrum is an absolute measure for the

electron temperature. The width of the spectrum also depends on the scattering

geometry and incident wavelength. In the case of TORTUR plasmas the 1/e-width

of the spectra was typically 55 nm (corresponding to Te * 750 eV) at an incident

wavelength Xo = 694.3 nm.

An absolute value of the electron density can be derived from the total

number of scattered photons, if the complete scattering system is calibrated, e.g. by

Rayleigh scattering on nitrogen atoms.

Since the Thomson-scattering theory has been extensively described in

literature [1-3], we will present only some of its aspects in a superficial way in the

next section. Special attention will be devoted to the influence of the scattering

geometry.

• 2.2 Some aspects of the light-scattering theory

2.2.1 Introduction

To understand the scattering of electromagnetic radiation by electrons, we

; have to distinguish two processes. One is scattering of photons by the individual

> electrons and the other is scattering due to a collective motion of the electrons on the

I scale-length of the incident wave, caused by the Coulomb interaction with

| surrounding particles. The importance of these contributions depends strongly on

{ the value of the scattering parameter, a,

11



a = ( 2 1 )

4 K AD sine/2

Here 0 is the angle between the incident and scattered wave vector and AD is the

Debye length given by

with Te in eV and ne in nr^. Electrons outside a sphere with a radius of AD do not

influence the motion of the scattering electron, since it is shielded by the other

electrons in this sphere.

In case a is large, which means that the incident wavelength is of the same

order as or larger than AD, the collective motions of the electrons play an important

and dominant role. If a is small, as in Thomson scattering at TORTUR (a = 10"2),

collective effects play no role at all. In this range, denominated as incoherent

Thomson scattering, the spectral density function results from scattering by

individual electrons and is therefore uniquely determined by the electron-velocity

distribution function.

In the next sub-section, scattering by electrons with a relativistic

maxwellian velocity distribution which is spherically symmetric in velocity space

will be treated. This in order to get an idea of the spectra which can be expected

from laser scattering at a tokamak plasma. After that, some attention is paid to the

scattering at a plasma with an electron-velocity distribution which deviates from

spherical symmetry.

2.2.2 Scattering from a relativistic maxwellian

In Fig. 1 a sketch of the scattering geometry is given. Here kj and ks are

the wave vectors of the incident and scattered beams, respectively. The scattering

vector, k, is given by

k = ks - kj. (2.3)

12
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Fig. 1 General scattering geometry.

Because we use wavelengths in the visible part of the electromagnetic spectrum, the

Compton effect may be neglected. The energy of the photons is much smaller than

the electron rest energy.

When an electron is placed in a strong electromagnetic field with frequency

(Oj it will be accelerated by this field. In its turn the electron itself will reemit a

photon. The frequency of the radiated photon (cos) will depend on the velocity,

P = Ve/c, of the electron. This frequency is given by

1-Pi
1 - Ps

(2.4)

with pj and p s the components of p in the direction of the incident and scattered

wave vectors, respectively. In fact, two Doppler shifts determine this frequency one

stemming from the velocity of the electron relative to the incident photon and one

from the velocity relative to the observer.

Following this physical picture one can derive the scattering cross-section

for a single electron moving with speed p. This cross-section, c s , is defined as the

power scattered per solid angle divided by the incident power. The power scattered

by a set of electrons, Ps, is simply a summation over all the individual contributions,

13



Ps ~ IES|2 = £ I E\ • EJ
S = S lEjP + 2 2 Ej • EJ

S . (2.5)

Because of the small scattering parameter, a, the phases of the wavelets Eg, radiated

by the different accelerated plasma electrons, will be randomly distributed. This

means that the cross products in (2.5) will cancel.

In the case of a plasma, the scattered power is obtained by summation of

the scattered powers of the individual electrons. So, the total cross-section, Oj, is

obtained by averaging the scattering cross-sections of all the individual electrons

over the electron-velocity distribution,

<JT = JW(P)P2dPdQ. (2.6)

When the plasma is in a state of kinetic equilibrium, the velocity distribution

is a Maxwell-Boltzmann distribution. In the case of a hot plasma, a relativistic

maxwellian has to be used to describe the electron-velocity distribution, which is

given by

f(B) ~ y5 exp -(2 C2 y p2/a2), . (2.7)

where a = V2kTe/me is the thermal speed and y = (1 - P2)-^2 the relativistic

correction factor.

Mattioli [2] obtained an analytical expression for the scattering spectrum

from a relativistic maxwellian which includes effects up to the first order in p. With

this expression the scattering spectra can be calculated up to temperatures of

25 keV. Calculated spectra are shown in Fig. 2, for various values of the electron

temperature. The spectra become broader as the temperature increases and there is an

apparent blue shift which also increases with temperature.

This blue shift is a relativistic effect and results from the fact that a

relativistic electron which is accelerated in its direction of motion emits more power

forward (blue Doppler shift) than backward (red Doppler shift). This can be directly

derived from the Thomson-scattering cross-section for a single electron.

14
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Theoretical scattering spectra for different electron temperatures,

Te = 0.5 keV, Te = 1 keV, Te = 5 keV, •••• Te = 10 keV

and Te = 20 keV. The calculations have been performed for

scattering of light from a ruby laser (XQ = 694.3 nm) over 90°.

2.2.3 Scattering from a spherically asymmetric electron-velocity distribution

If one is interested in the Thomson-scattering spectrum for a spherically

asymmetric velocity distribution, the full integral as given in (2.6) has to be solved.

A computer code was written to perform this integration numerically [3,4]. Some

aspects which one has to keep in mind in interpreting these spectra will be

mentioned.

A Thomson-scattering spectrum is a projection of the electron-velocity

distribution on the scattering vector k. A three-dimensional velocity space is

projected onto a one-dimensional vector. Williamson and Clark [5] showed that for

a full determination of a two dimensional velocity distribution four spectra,

measured simultaneously from different directions in one scattering plane, are

needed. Under the assumption of cylindrical symmetry in velocity space and

15



assuming a close to maxwellian velocity distribution, this number is probably

smaller:

f(Px>Py.Pz) = f(P±,Pll) • (2.8)

Such distributions are expected in case of a magnetized plasma where electrons

gyrate around magnetic field lines and therefore the distribution of velocities

perpendicular to the magnetic field should be symmetric. Along the magnetic field

lines the electrons are free to move, and the distribution in that direction can be

different from the perpendicular one. The indications II and 1 denote then the

velocity along and perpendicular to the field lines, respectively.

All electrons which contribute to a specific wavelength in the spectrum are,

in velocity space, positioned in a plane perpendicular to the scattering vector. If a

distortion of a scattering spectrum is observed, it is hard to identify the electrons

which are responsible for these distortions. Different velocity distributions can result

in identical Thomson spectra. This problem is similar to the one arising when one

wants to obtain a radial emission distribution from a cylindrical symmetric radiation

source by using side-on measurements. For this, Abel-inversion techniques are

needed.

Another aspect of this projection is that a local distortion in the velocity

space tends to average out. The number of electrons involved in a local distortion is

in most cases too small to influence the scattering spectrum significantly. However,

from calculations it became clear that a small peak on the scattering spectrum can

\- already be explained by a beam of fast electrons and a partial density of 1%

;i (Fig. 3). This is in contradiction with the results of Saltzmann [6j, who claims that

| the partial density has to be at least 6% to be detectable. The cause through which a

i small peak with a relative density of 1% can already be observed is that the local

I value of f(Pi,Pn) in the distortion can be increased unlimited, by reducing the

;|" energy spread of the electron beam. In fact there is no absolute minimum for the

I partial density involved in the distortion in order to be detectable as long as the

wavelength resolution of the applied spectrometer is better than the spectral width of

| the photons which are scattered by the electron beam.
I
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Fig. 3 A relativistic maxwellian distribution with a distortion caused by an electron

beam travelling in the direction that makes an angle of 30° with the magnetic

field. The temperature of the electron beam is 5 eV with a drift velocity ofB

= O.I and a partial density of 1% of the total density. The scattering

spectrum is calculated for the radial (1) and tangential (//) scattering

geometry as present at the TORTUR tokamak.
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It is much more difficult to explain a dip in a scattering spectrum. If one

wants to explain dips originating from a local distortion of the velocity distribution,

one has to assume negative partial densities which are physically impossible. Other

solutions have to be found to explain the observation of dips larger than 5%.

During earlier operations of TORTUR it was observed that the Thomson

spectra showed some irregularities [7]. In the last experimental period tangential

Thomson scattering was available. This opened the possibility to measure the local

current density and to study the localizations of the distortions in the velocity space.

In the next chapter this is discussed in more detail.
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3 Non-Maxwellian electron-velocity distributions observed with
Thomson scattering at the TORTUR tokamak

A.C.A.P. van Lammeren, CJ. Barth, Q.C. van Est and F.C. Schuller

Abstract

The Thomson-scattering spectrum represents the projection of the three-

dimensional electron-velocity distribution on the scattering vector. From this the

local electron temperature and density can be derived. To determine the three-

dimensional electron-velocity distribution it is necessary to have several viewing

directions assuming axial symmetry in velocity space perpendicular to the magnetic

field. Thomson-scattering experiments at the TORTUR tokamak demonstrated the

first experimental determination of f(vj_, V//) from radially and tangentially observed

spectra. The latter made it possible to determine the toroidal current density.

The scattering spectra, averaged over 30 laser pulses observed in both the

radial and tangential direction, clearly show two symmetrical dips near the top of the

gaussian spectrum. The magnitude of the dips is relatively small: only 7% of the

amplitude of the gaussian. The partial electron density responsible for the

nonthermal features was found to scale proportionally with the local density and to

possess a specific development when the plasma is grossly distorted by fast current

pulses or minor disruptions.

The individual spectra show a spread in photon yield around the

wavelength of these dips which is much larger than can be explained by photon

statistics.

If a spherically symmetric velocity distribution is assumed, one can only

explain the dips in the averaged spectrum (over 30 pulses) by strong distortions of

the electron-velocity distribution of at least 50%. In the case of the individual

spectra, which show even larger distortions, the explanation cannot be found in the

velocity space only. The observations may be explained by strong spatial anisotropy

e.g. filamentation of the plasma current.

In principle accepted for publication in Nuclear Fusion
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3.1 Introduction

t

Thomson scattering is used to measure accurately the local electron

temperature and density [1] in many tokamaks. The scattering spectrum corresponds

to the projection of the three-dimensional electron-velocity distribution on the

scattering vector. Hence, the scattering geometry plays an important role in the

interpretation of the data. By changing the geometry, different information on the

electron-velocity distribution can be obtained.

As long as the electron-velocity distribution, f(v), is spherically symmetric

it is sufficient to perform Thomson scattering in one direction to obtain f(lvl) from

the scattering spectrum. Differences in the motions of electrons perpendicular (X)

and parallel (//) to the magnetic field of a tokamak result in an asymmetric velocity

distribution. In the velocity plane perpendicular to the magnetic axis, f(vj_) will be

close to symmetry because the gyroradius is small compared to temperature gradient

lengths. Therefore the electron-velocity distribution can be expressed as f(v) =

f(v±>v//)- So, to determine f(v) by means of Thomson scattering it is necessary to

collect scattered light in at least two directions. Williamson and Clark [2] showed

that for an accurate reconstruction of the velocity distribution in two dimensions,

four simultaneously measured spectra in one sea sring plane are sufficient

The Thomson-scattering set-up of the TORTUR tokamak was the first

experiment in which the scattered light could be collected both perpendicular (radial

: scattering) as well as almost parallel (tangential scattering) to the magnetic field [3].

If, The local current density can be derived from the measurement of f(v//) by

*,i • choosing the scattering vector tangential to the toroidal direction [4]. The scattering

f| spectrum will then show a shift which is proportional to the electron drift velocity

ji and, thus, in absence of any plasma rotation, to the current density. Alladio and

| Martone [5] performed such measurements for the first time, albeit that several shots

f i, had to be averaged to obtain the local current density with an accuracy of 50%.

This type of current density measurements is only possible if the electron-

velocity distribution is a shifted maxwellian or if deviations from a maxwellian are

sufficiently small. Other experiments in ALCATOR [6], the Frascati tokamak [7],

the Thor tokamak [8], the L-2 stellarator [9] and the TORTUR tokamak [10]

revealed the existence of nonthermal features. In all these experiments deviations

from a maxwellian were observed with radial Thomson scattering.
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In this paper we will first prove that current density measurements with

tangential Thomson scattering are possible by means of a single laser pulse. The

main problem in interpreting the data are the deviations from a gaussian spectrum. A

detailed analysis will be made to gain insight in the origin and nature of these effects.

Finally, we will discuss possible electron-velocity distributions, f(v), and give a

tentative explanation of the nonthermal features.
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3.2 Experimental set-up

The TORTUR tokamak is a small tokamak (R = 0.46 m, a = 0.085 m,

B j = 2.9 T, Ip < 55 kA) with the possibility to superimpose a fast current pulse (30

kA, 10 (is) on the plateau current. This in order to heat the plasma by current-driven

turbulence [11], A typical discharge current is shown in Fig. 1 (the fast current pulse

is not indicated). The plasma current is ramped up quickly and the maximum current

is reached after 1.2 ms. Then a slow capacitor bank is switched on and takes over

the supplying primary current. A quasi-stationary state of current-driven turbulence

(CDT) can be maintained during the complete discharge.

10 2O

t

3 0 4 0

(ms)
Fig. 1 Typical plasma current for a TORTUR discharge.

The TORTUR tokamak is equipped with an extensive Thomson-scattering

diagnostic (Fig. 2). The light of a 300 MW ruby laser (KQ = 694.3 nm), with a 20 ns

pulse duration, is injected vertically into the plasma either at r = 5 or 60 mm. The

electron density and temperature can be measured at two radial positions (r = 5 and

60 mm). At r = 5 mm also tangential observations are possible.

The scattering geometry for TORTUR is given in Fig. 3. The polarization

of the incoming laser beam is perpendicular to the scattering plane. A measured

spectrum corresponds to the projection of the electron-velocity distribution on the

scattering vector k, which implies that only velocity components parallel to the

scattering vector are observed. In the case of tangential scattering, the scattering

vector has both a radial and a toroidal component, which means that the scattering

spectrum contains also components of f(v//), which cannot be observed in radial

22



direction. In general the scattering angle, 6, determines which part of the velocity

distribution can be observed in the scattering spectrum. In case 6 = 90° and an

incoming wavelength of 694.3 nm, the relation between the toroidal drift velocity,

vd, and the Doppler shift of the scattered beam is given by:

= 2.31X10"6 x vd nm, (1)

with vd in m/s.

All observations are done with the same high-transmission twenty-channel

polychromator [12] in the wavelength region of 595 < X < 800 nm. As a

consequence only one scattering spectrum can be measured in each plasma shot. A

polarizer is used to select the scattered light polarized parallel to the incoming

polarization. The polychromator combines a high signal yield with a large stray-light

suppression. Photomultipliers with GaAs photocathodes are used to record both the

blue and red wing of the spectrum [13].

20-channel
polychromator

595<A.<800 nm

TANGENTIAL SCATTERING

toroidal field coils

laser beam

00——••

CALIBRATION BRANCH

Fig. 2 Detection system of the Thomson-scattering set-up. The laser beam is

vertical to the plane of drawing.
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Fig. 5 Scattering geometry as used in the TORTUFt set-up. With ko the wave

vector of the incoming beam, ksji, ksj the wave vectors of the scattered

beam in radial and tangential direction, respectively and kg, kj the radial

and tangential scattering vector, respectively.

The detection limit is found to be less than 4xlO1 6 m"3 per channel. The level of

light emitted by the plasma is recorded just before and j'ust after the laser pulse. This

means that a good correction for the plasma-light level during the laser pulse can be

obtained by interpolation. Relative calibration of the various wavelength channels is

done with a tungsten filament lamp. The central area of the tungsten ribbon is

imaged directly on the entrance slit Shot-to-shot calibration is performed with a

LED-pulse (70 ns). Absolute calibration is performed by Rayleigh scattering on

nitrogen. It was checked that the calibration factors did not vary more than their

statistical error during a period of one year.

A rigid analysis of the observational error at ne « 5 x l 0 1 9 nr^ and Te ~

600 eV was published elsewhere [3,12] and is summarized here. In Table 1 the

averaged number of detected photoelectrons, Nfe, per channel for the 10 central

wavelength channels is given for different sources, along with its error. Together

with a reproducibility of 2% for the calibration factors the observational error for

each of the central channels amounts to £ 3.5% and < 9.5% for the radial and

tangential branch, respectively.
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The high sensitivity makes it possible to determine the radial electron

density and temperature with a typical accuracy of 1%. From a feasibility test it was

expected that the drift velocity could be determined with a typical accuracy of 20%

[3].

Source

Thomson light

Plasma light
Stray light

zero line

Nfe
R T

2200

100

3
-

450

100

40
-

absolute error

R

47

7

2

5

T

21

7
8

5

Table 1. Typical number of collected photoelectrons per channel for the ten central

channels; R = radial observation and T = tangential observation.
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3.3 Experimental results

3.3.1 Current density measurements

In Fig. 4 a tangential spectrum is shown. This spectrum was selected for its

small x2 which is a measure for the quality of the fit through the data points. After

correction for the relativistic effect an extra shift of Akd - -2.5 + 0.5 nm is present.

The expression used for the relativistic correction is given by Mattioli [14]. This

correction is a relatively weak function of the temperature. This means that an error

in the temperature only slightly influences the relativistic correction.

6OO eoo

Fig. 4 Measured tangential spectrum from which the current density can be

derived. Akd = -2.5±0J nm, ne = (5.87±0.16)xl019m3, Te = 446±

11 eV. The dots represent the measured Thomson-scattering signal after

correction for the plasma light (open circles).

The current density is, in absence of a significant plasma rotation given by

J4, = e Jf(v) v dv = e ne Vd, (2)

with e the electron charge.

Using the measured wavelength shift and combining Eqs. (1) and (2) gives

a current density for this spectrum, j((, = (1.0 ± O.2)xlO7 A/m2. The sign of the shift

corresponds to the direction of the plasma-current. Assuming Spitzer resistivity with
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Zeff = 2, Te = 446 eV, ne = 5xlO19 rrf3 and Vioop = 5 V one finds }$ = 8.3xlO6

A/m2, corresponding to qo = 1.2.

Although it turned out that current-density measurements with tangential

Thomson scattering are possible, much of the measurements are obscured by the

presence of strong distortions of the spectra. Earlier observations in the radial

viewing direction at TORTUR and other experiments already revealed the existence

of these nonthennal features [10]. Because of the large amplitude of the nonthermal

features it was often impossible to determine the current density for the individual

shots by fitting a shifted gaussian to the spectra.

Another possibility to determine the current density is to determine the

difference between the current represented by the red and blue part of the measured

spectrum (after correction for the relativistic effect). For this scattering geometry this

is given by:

(3)

With c the speed of light.

RF calibration factor for Rayleigh scattering.

y the measured signal after correction for relativistic effects.

This method can also be used for non-maxwellian velocity distributions.

In Fig. 5 the absolute value of the argument of the last integral of Eq. (3) is

plotted as a function of the absolute value of the wavelength difference to the central

wavelength. The plotted radial and tangential spectra were each obtained by

averaging over about 30 observations. The area between the two curves for the blue

and the red wing is a measure for the total current density. For the tangential

spectrum the data point for the wavelength channel containing H a was obtained by

interpolation between the neighbouring channels. After the last data point the curves

are extrapolated to zero. One can clearly see the difference between radial and

tangential spectra. The current density derived from the radial spectrum is more than

a factor ten smaller than that derived from the tangential spectrum. This is to be

expected since the current density in the poloidal direction should be negligible. This

small value proves that the correction for the relativistic effect is done accurately.
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The averaged tangential spectrum gives within error bars the same value for j ^ as
the one depicted in Fig. 4.
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Fig. 5 Current density per wavelength channel for a measured spectrum as a

function of the absolute wavelength difference with XQ. red part of the

spectrum, —blue part of the spectrum. The area between the two curves

corresponds to the current density.

a) Radial observation: jo = (1.0± 0.4)xl(P Aim2.

b) Tangential observation: j$ = (1.4 ± 0.4)xl07 Aim2.
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Furthermore, it is clear that almost no current is carried by the electrons in

the center of the distribution. Most of the current is carried by the electrons in the

wings. This is a disadvantage for the current density measurements with tangential

Thomson scattering because these channels are measured with a smaller accuracy

(less photo-electrons) than the central channels. This explains why it is difficult to

derive a current density from one single spectrum and why averaging over a number

of laser shots is necessary if one cannot rely on the approximation by a shifted

maxwellian.

3.3.2 Nonthermal features

In Fig. 6 some examples of measured spectra are shown. Figure 6a shows

a smooth spectrum without distortions, while in Figs 6b and 6c radial and tangential

spectra are shown with pronounced nonthermal features. In Fig. 6 also the

deviations of the measured data after correction for the relativistic effect with respect

to the gaussian fit are indicated. The deviations are defined as:

(4,

with §yi relative deviation of the measured signal in wavelength channel i

from the gaussian fit.

f(k\) value of the fit for vavelength channel i.

: A the amplitude of the fitted gaussian.

• The value of 5yi amounts to up to five times the observational error in some

! i wavelength channels with high photon yield (close to the central channel) and cannot '

| be explained by statistical errors. To find the typical shape of 8yi an average is made •

•:' over many shots, as shown in Fig. 7. Each individual shot is represented by a dot J

I and the mean value of each channel is indicated by the solid line. For an indication of '

W the observational errors of the individual channels one is referred to Fig. 6. From . '-

I Fig. 7 it is clear that for IAXJ > 30 nm the mean value of the deviations, Syi, does not

|; differ significantly from zero. Furthermore, two distinct dips show up at IAXI = 15

.$•• nm.i
' 2 9 $



3

US

15

J«. 6

6 0 0

Scattering spectra and relative deviations, by, with respect to the fit (dashed

curve) after correction for relativistic effects. The dots and open circles

represent the signals from scattered light and plasma light, respectively.

a) A smooth spectrum observed in the radial direction (r = 5 mm),

t = 10 ms, Te = 682 eV, ne = 5A5xl019m3.

b) A distorted spectrum observed in the radial direction (r = 5 mm),

t = 4ms,Te = 575 eV, ne = 6.8xlO19 m'3. The plasma light level has

been left out.

c) A distorted spectrum observed in the tangential direction, t = 18 ms,

Te = 551 eV, ne = 5.29xlO19 m3. The plasma light level is around

signal level 1.
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0 . 3

-0.3
-100 - 5 0 1000

»* AX (nm)

Fig. 7 The relative deviations (dots) with respect to the gaussian fit for an

ensemble of about thirty observations after correction for the relativistic

effect. The solid line connects the mean values of each channel. Radial

observations for r = 5 mm.

At the red wing of the spectrum there are some indications that there is a central peak

which is kept out of sight because the central part of the spectrum is blocked to

reduce the stray-light level. A similar plot as shown in Fig. 7 (radial spectra r = 5

mm) can also be made for the radial spectra measured at r = 60 mm and the

tangential observations at r = 5 mm, which are depicted in Figs 8 and 9,

respectively. Comparing these figures one has to keep in mind that the error bars in

the tangential observations are significantly larger than those in the radial ones,

because of the reduced collection efficiency in the tangential set-up.

To get an idea of the number of electrons which are involved in these
distortions a partial density, Ane, is defined as:

Ane = N x RF- (5)

with N number of channels in the wavelength region -30 to +30 nm, with
respect to the central channel.

Gj observational error of channel i.
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Fig. 9 Same as Fig. 7for tangential observations atr = 5 mm.

The time evolution of the partial density, Ane, was studied in relation to the

fast heating pulse. This pulse creates strong deviations of the unperturbed j-profile

due to skin effects. Scans on a micro-second timescale after application of a fast

heating pulse have been made with the Thomson scattering set-up (on a shot-to-shot

base) and with collective scattering of 4mm microwaves. The results are shown in

Fig. 10 on a logarithmic time scale. In the plasma centre the nonthermal features

decrease in magnitude during the first half millisecond after the heating pulse.
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Fig. 10 Time development of several plasma parameters during and shortly after the

fast heating pulse. The timescale is logarithmic.

a) The plasma current.

b) The electron temperature as measured with radial Thomson scattering

for r = 5 mm and r = 60 mm.

c) The electron density as measured with radial Thomson scattering.

d) Collective scattering signal (r = 65 mm) with 1 <f<51 kHz.

e) Collective scattering signal (r = 65 mm) with 0.7 <f<3 MHz.

f) and (g) Partial density Anelnefor radial observations atr = 5 and r = 60

mm, respectively. The hatched areas indicate the level of Anelne with

standard deviations for the averaging.
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At the plasma edge this happens on a somewhat shorter timescale of 100 \is. After

this initial decrease, the nonthermal features return to their initial value. From this

time behaviour we expect a relatively smooth spectrum about 1 ms after application

of the heating pulse. Such a spectrum is shown in Fig. 6a. Hence, it can be

concluded that the observed nonthermal features are significant and depend on the

plasma conditions, probably the current density gradient because this is the main

parameter which is varied by the current modulation.

A confirmation of these measurements was obtained by analysing the data

carefully. In various discharges, spread over several days, minor plasma disruptions

had appeared as a result of strong gaspuffing. These disruptions were apparent in

the plasma current as is shown in Fig. 11. Several Thomson-scattering

measurements at r = 5 mm were performed just before and shortly after such a

disruption. The time dependence of the relative partial density, Ane/ne as a function

of time is given in Fig. 12. At At = 0 ms the well-known increase in plasma current

during the energy quench phase of the disruption reaches a maximum with strong

modifications of the normal j-profile [15]. There is a striking similarity between this

time development and the one after application of the fast heating pulse. The

collective-scattering data showed strong signal bursts in the frequency region

between 0.7 and 3 MHz and in the high frequencies between 5 and 50 MHz at the

times of minor disruptions [16].

J£

a.

; i

60

50

40

30

2 0

10

0
10 15 20 25 3O

Fig. 11 Plasma current showing some minor disruptions near the end of the
discharge.
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Fig. 12 The relative partial density, Anelne, just before and shortly after a minor

disruption. At At = Oms the minor disruption takes place.

Some correlation studies were performed between the positions of the

largest negative deviations, as defined by yi - f(yi), in the four innermost channels of

the red and those in the blue wing of the spectrum. This was tested for a data set of

95 observations. If the positions of these minima were purely a matter of statistics,

every possible combination of channels would have a probability of 6 pulses. The

positions of the minima at the blue and red wing clearly involved four possible

combinations (see Table 2) with a total number of 82 pulses. Due to the spread

caused by the statistical error, one cannot definitely conclude that the positions of the

minima are moving between two discrete channels on each side of the spectrum

although the data suggests that.

Seen apart from the dips at 1AM = 15 nm which remain after averaging

many spectra, no correlation was found between any statistically significant

deviation at one channel and that at any other channel. In other words the non-

thermal features show no preferred shapes.
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I

REDCH.

BLUE CH.

1

2

3

4

TOTAL

1

1

2

6

0

9

2

0

1

0

0

1

3

0

12

23

0

35

4

1

14

33

2

50

TOTAL

2

29

62

2

95

Table 2. Number of shots that have the indicated combination of the positions of the

largest negative deviations. Only the 4 central channels of the red and blue

part of the spectrum are taken into account. Channel 1 is closest to the

centre of the spectrum.

I
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3.4 Discussion

The TORTUR machine is not the only experiment at which nonthermal

features are observed. In ALCATOR [6,17] an almost bi-maxwellian electron-

velocity distribution was observed, when the streaming parameter £ = vd/ve

exceeded a certain threshold £ > 0.15. The observed spectra are very similar to ours

but the exact shape of the distortions in TORTUR cannot be explained by the bi-

maxwellian model.

In the L-2 stellarator [9] strong symmetrical dips were found at the plasma

centre. By scanning the spectrum, the dips were recorded with different

photomultipliers. This test proved that the nonthermal features were not originating

from instrumental errors. The presence of nonthermal features in the L-2 stellarator

was thought to be due to a trapped electron population. However, trapped electrons

are supposed to play a minor role in the plasma centre of TORTUR.

At the Frascati tokamak [7] a similar dip was found in the blue wing of the

spectrum. The occurrence of the dip was correlated with nonthermal electron-

cyclotron emission and soft X-ray emission. The deviations in the FT Thomson-

scattering spectra were tentatively contributed to a runaway distribution of the

electrons. The observed dip in the THOR [8] tokamak was thought to be related to

the primary role of runaway electrons generated during the early phases of the

discharge. The congruence between radial and tangential observations at TORTUR

demonstrates that the distortion of radial spectra cannot be the projection of toroidal

tail distributions.

A remarkable agreement between all the above experiments is that the dips

are more or less positioned around the same value of vdip/ve = 0.5.

To get an idea which physical processes can cause such nonthermal

deviations it is important to translate the measured spectra to a velocity distribution.

Again, it has to be stressed that the measured spectrum is a projection of the velocity

distribution on the scattering vector k. From this it is already clear that different

velocity distributions can give the same Thomson-scattering spectrum. If symmetry

in velocity space perpendicularly to the magnetic field direction is assumed, two

simultanuously measured Thomson-scattering spectra are sufficient if measured in

two different planes to deduce the electron-velocity distribution unambiguously. A
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code has been written to calculate the Thomson-scattering spectra for any anisotropic

electron-velocity distribution for each scattering geometry.

As a first assumption the electron-velocity space is taken to be symmetric

around the magnetic field direction, i.e. f(v) = f(vi, v//). Because of the symmetry

after averaging of the observed distortions in the radial direction the distortions in the

velocity space are localized within the hatched area as given in Fig. 13a. To explain

the tangential measurements one can state that the distortions have to lie within the

hatched area of Fig. 13b. Because of the assumed symmetry also the darker parts of

Fig. 13b have to be added. If one combines Figs 13a and b, one obtains Fig. 13c.

The easiest way of fulfilling all the requirements is by assuming that the velocity

distribution is spherically symmetric distorted, i.e. f(v) = f(lvl).

(a)

Fig. 13 The two-dimensional electron-velocity space, indicating the possible

locations of distortions for explaining the measured data.

a) Possible locations for explaining the radial observations (hatched area).

b) Possible locations for explaining the tangential observations (hatched

area). Because ofpoloidal symmetry the dark area has to be added.

c) Combination of the possible positions. Indicating that the easiest way

for fulfilling all conditions is assuming that the distortions are isotropic.

I
If the distortion is assumed to be spherically symmetric, it is easy to j

determine the velocity distribution which corresponds to the measured spectrum.
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The velocity distribution is in that case proportional to the derivative of the spectrum

[21:

X dX
(6)

By averaging approximately one hundred radial spectra we obtained an

averaged deviation spectrum. The distortions are superimposed on a thermal

distribution of 600 eV as is shown in Fig. 14a. The velocity distribution

corresponding with this spectrum using relation (6) is shown in Fig. 14b. From this

it is clear that due to the projection of the velocities on the scattering vector, the small

deviations in the spectra correspond to large deviations in the electron-velocity

distribution. The number of electrons are equal for both velocity distributions.

o.o
o.oo 0.05 o. io

v/c

Fig. 14 The electron-velocity distribution which can account for the observed

nonthermal features if an isotropic distortion is assumed.

a) The distorted spectrum (—; compared to the unperturbed ( )

600 eV spectrum.

b) Electron-velocity distributions corresponding to the perturbed (—) and

unperturbed ( ) spectra.
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Very strong plasma wave interaction is needed to sustain the distorted

velocity distribution of Fig. 14b. It is not very likely for such a velocity distribution

to be stationary. Furthermore, it is not possible to obtain such a velocity distribution

by adding two maxwellian velocity distributions in velocity space, unless one

maxwellian is assumed to have a very large drift velocity.

The averaged spectrum can still be reconstructed from a spherically

symmetric distribution as shown above, although it is a grossly distorted one.

However, the individual spectra, of which a few examples are depicted in Fig. 6,

show much stronger deviations. Under the constraint of spherical symmetry the

velocity distribution would become negative in some parts of the velocity space,

which is of course impossible. Moreover the individual spectra are mostly strongly

asymmetric around the central wavelength. In order to explain these spectra one has

to give up the assumption that the nonthermal features are caused by spherically

symmetric inhomogenities in the velocity-space alone.

A possibility to explain the shape of the individual spectra in relation to the

averaged spectrum is to assume spatial inhomogeneity of the plasma within the

scattering volume. This spatial inhomogeneity could stem from microscopic

structures in the filamentation of the plasma current [18] or small vortices. To

explain the observations only a small number of micro structures should be present

in one scattering volume. So, the size of the micro structures should be somewhat

smaller than the scattering volume (0 1.2 mm, radial spectra L = 10 mm, tangential

spectra L = 23 mm). Note that the ion Larmor radius which is proposed as a typical

dimension of filaments [19] was in TORTUR typically lmm. Electrons of each

micro structure contribute to the scattering spectrum. One can think of the observed

spectrum as the sum of several spectra each corresponding to a micro structure. Each

individual spectrum has its own width and shift. The momentary composition of

microstructures within the scattering volume will differ from laser pulse to laser

pulse. This could explain why the individual spectra can be strongly asymmetric and

uncorrelated in its deviations, whilst the asymmetries disappear when a large number

of spectra is averaged.

The individual tangential spectra give a strongly varying current density.

Averaging gives the right value of the current density. This again could be explained

by a statistical spread in the number of filaments passing through the scattering

volume if these filaments carry a major part of the current.
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Such a filament model explains distortions of f(v//) but not on itself the

distortions in f(v±). However, pitch angle scattering will preserve the electron

energy to a large extend and therefore transfer the distortions in f(v//) to f(vj_).

At the moment computer codes are being developed to check the influence

of the filaments on the Thomson-scattering spectra. On first sight, the characteristic

figures for the filaments as calculated by Haines and Marsh [19] are close to the

values which are needed to explain the observed phenomena. More research is

necessary to check the hypothesis of plasma filamentation.
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3.5 Conclusions

Current density measurements using tangential Thomson scattering are

possible. However, one has to keep in mind that the interpretation of the data is

complex because of the presence of nonthermal features. Therefore, averaging will

be necessary to obtain the right accuracy.

From detailed statistical analysis of the scattering spectra of TORTUR

plasmas, a typical shape of the distortions was found by averaging the deviations

with respect to the fitted gaussian after correction for relativistic effects. The

deviations are more or less symmetric around the incident wavelength. The evolution

of the deviations after the turbulent heating pulse and after a minor disruption

confirms the origin in plasma effects of the observed phenomena and excludes the

possibility of instrumental errors.

To be able to explain the small deviations in the averaged spectrum under

the assumption of spherical symmetry in velocity space only, a grossly distorted

electron-velocity distribution would have to be assumed. If one looks at the

individual spectra one has to abandon this assumption. One can then think of the

spectrum as a sum of many spectra, each corresponding to a micro structure in the

scattering volume. This model is consistent with the idea of filamentation of the

plasma current.

'£ An interesting question is whether these nonthermal features are also

i present in less turbulent plasmas of other tokamaks. The Thomson-scattering set-up

I as presented in this paper is presently installed at the RTP tokamak. The topic of

t nonthermal features will be studied in detail in this tokamak. A reason for not

I observing these phenomena in other tokamaks might be the limited sensitivity of

| most Thomson-scattering diagnostics combined with a coarse wavelength

i[ resolution. It would be very interesting to see how far these distortions can

contribute to the enhanced transport observed in tokamak plasmas.
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4 Interferometry and polarimetry at the RTP tokamak

4.1 The RTP experiment

4.1.1 Introduction

In January 1989 the Rijnhuizen Tokamak Project (RTP) produced its first

plasma. RTP is a medium-sized tokamak which was designed and operated in

France as the PETULA tokamak. It was transported to Rijnhuizen and, after some

modifications, reassembled.

The main research aim is to analyse in detail the physics underlying

transport in tokamaks [1]. It is tried to determine the radial and poloidal structure of

the plasma equilibrium and the spectra of the fluctuations of the main plasma

parameters. This is done for ohmically heated discharges as well as for additionally

heated discharges using Electron Cyclotron Resonance Heating (ECRH) [2] which

is done with a gyrotron that produces 200 kW at a frequency of 60 GHz. This

frequency corresponds to the cyclotron frequency of the electrons in the RTP

plasma. By changing the toroidal magnetic field the resonance position can be

moved through the plasma. In this way the plasma can be locally heated at different

radial positions. Thus, ECRH is a very powerful tool with which local distortions in

the equilibrium can be introduced. The evolution of these perturbations in time and

space gives information on the transport coefficients involved.

RTP is well equipped with diagnostics. An overview of the available

diagnostics will be given in section 4.1.3. One of these diagnostics is the multi-

channel INTERferometer/POLarimeter, INTERPOL. With this diagnostic the

changes of the refractive index in the plasma are measured from which the electron

and current density can be derived. An introduction to the theory of this diagnostic is

given in the last sections of this chapter.
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4.1.2 The RTP tokamak

In Fig. 1 a cross-sectional view of the RTP tokamak is given. The

transformer consists of a round central core and six square return legs. The primary

coil of the transformer is wound around the central core. The plasma ring acts as the

secondary winding. The vacuum chamber is made of stainless steel and has an inner

radius of 0.235 m. The plasma radius is constrained by the top and bottom limiters,

which can be positioned between 0.16 and 0.185 m. The vacuum vessel is placed

centrally in the bore of 24 toroidal field coils. The different coils for shaping and

positioning the plasma are clearly visible in Fig. 1. In Table 1 the main parameters

of the RTP tokamak are given.

major radius

minor radius

magnetic field

plasma volume

Ro =
a =

B 9 <

Vol =

0.72

0.16-0.185

2.4

0.39

m

m

T

m'3

Table 1. The main machine parameters of RTP.
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Fig.l Cross-section of the RTP tokamak.
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Plasma parameters can be varied over a large range. With the use of a gas-

puff system the central electron density can be varied by a factor of 10. A pellet

injector will become available on RTF in the near future. The hydrogen pellets will

be ablated in the plasma and this will assist in density fuelling as well as cause local

perturbations to the density profile.

The electron temperature can be influenced by applying ECRH power. At

the moment one gyrotron with its launcher at the low-field side is operational. A

second 60 GHz gyrotron with its launcher on the high-field side is being installed.

In Table 2 discharge parameters for two types of RTP discharges are given.

plasma current

loop voltage

central electron temperature

central ion temperature

central electron density

impurity number

Ip
Vi

Te

Ti

"e
Zdf

ohmic

<200

1.5

0.8

0.6

(0.2-20)xl019

1.5

ECRH-heated

<200

1

3

0.75

(0.2-4)xl019

1.5

1
kA

V

keV

keV

nr3

Table 2. Basic plasma parameters for different types of discharges.

4.1.3 Diagnostics

To study transport in tokamaks it is necessary to diagnose the plasma in

greater detail. Therefore the RTP tokamak is equipped with many ports for

diagnostical purposes (see Fig. 2). During the period that most measurements

described in this thesis were performed, the following other diagnostics were

available: Rogowski coils and saddle loops which measure the plasma current and

plasma position, 48 magnetic coils to determine the MHD equilibrium as well as low

m-modes [3], a one-channel 2 mm interferometer (<ne>), a single-point Thomson-

scattering system (ne, Te) [4], a nine-channel transmitted power diagnostic to

measure the ECRH absorption profile [5], a six-channel grating polychromator to

analyse the Electron Cyclotron Emission (ECE) [6], a soft X-ray pulse height

analysis system (Te), a hard X-ray monitor, a neutral particle analyser (Tj) [7] and a

visible light spectrometer to identify the impurities in the plasma.
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The 19-channel INTERferometer/POLarimeter INTERPOL, as described in

this thesis, is the first of a number of advanced diagnostics specifically designed for

the study of plasma transport processes. These diagnostics aim for a high spatial and

temporal resolution. With the interferometer part the electron density profile is

measured with high accuracy. With the polarimeter the current density profile in the

plasma is measured. Extensive measurements were done with the interferometer.

With the polarimeter only some exploratory measurements were performed.

A 20-channel heterodyne ECE radiometer measures both temperature

profiles and fluctuations (1 eV) [8]. The operation of the visible and soft X-ray

tomography (both 80 channels) diagnostics should give a clear picture of the plasma

topology of instabilities [9]. These last diagnostics were not yet routinely available

during the period when the measurements which are presented in this thesis were

performed.

A general description of diagnostics at tokamak plasmas can be found in

Ref. [10]. More specific information about the diagnostics which are present at RTP

is given in Ref. [11].

neutral particle analyzer

magnetic pick-up coils

heterodyne ECE

top-bottomlimiter

ECE
polychromator—j

circular limiter

transmitted power measurement

-ECRH

soft X-ray pulse height analyses

X-ray tomography

visible light tomography

multi-channel
interferometer/
polarimeter

2 mm interferometer

flux loops

hard X-ray monitor

\ Thomson scattering

visible light spectroscopy

Fig. 2 Positions of the various diagnostics around the RTP tokamak.

48



4.2 Introduction to interferometry

An interferometer is, in general, used to measure the change in refractive

index of a medium. It makes use of the interference of two coherent electromagnetic

waves.

The refractive index, N, of a plasma is a complicated quantity. The

presence of magnetic fields make this refractive index highly anisotropic. In this

chapter only a few aspects of the refractive index will be mentioned. For a more

detailed analysis one is refered to Refs. [10,12,13].

The dispersion relation for electromagnetic waves propagating through a

magnetized plasma can be solved on several levels of sophistication depending on

the purpose. We are only concerned with waves travelling at phase velocities close

to the speed of light, c. Therefore, we can suffice with the simplest treatment in

which the motions of the electrons are neglected, vth « c. This is called the cold

plasma treatment. In this case the solutions of the dispersion relation are given by

the Appleton-Hartree formula

N 2 = 1 X (1 - X) ?

1 - X - \ Y2 sin29 ± [(^Y2
 s in

26)2 + (1 - X)2 Y2 cos26]1 /2 '

(4.1)

with X = (Ope2/©)2, Y = wce/a>, a> is the frequency of the propagating wave, cote the

electron cyclotron frequency, and CDpe the electron plasma frequency as given by

Eqs. (0.2) and (0.3), respectively.

In the case of perpendicular propagation, 8 = rc/2, this reduces to two

solutions

N2 = 1 - X and (4.2.a)

^ ^ ' f x ' Y 2 - (4'2'b)
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Each solution of the dispersion equation corresponds to characteristic polarizations

which can propagate through the plasma with conservation of polarization direction.

The characteristic polarizations of the corresponding electric fields are:

Ex = Ey = 0 , (4.3.a)

or

Ex/Ey = -i * 'xY^ ' Ez = 0 . (4.3.b)

With Bq> in the z-direction and k in the y-direction. The solution as given in Eq.

(4.3.a) with the electric field parallel to the magnetic field is called the ordinary

mode. In this case the presence of a magnetic field is of no influence on the

propagation of the beam. The solution in Eq. (4.3.b) is referred to as the

extraordinary mode. The characteristic polarization in this case is a mixture of

transverse and longitudinal waves; in general this mode is elliptically polarized.

If a wave with frequency a> is propagating over a distance 1 in a uniform

medium with refractive index N, the total phase change is given by

(4.4)

In the case of a nonuniform medium the refractive index has to be integrated over the

beam path. This is only allowed if the fractional change over one wavelength is

small, IVkl/k2 « 1. If this condition is satisfied one can apply the WKB (Wentzel,

Kramers, Brillouin) approximation. If not, one has to apply a full-wave treatment.

In our case this condition is met and Eq. (4.4) is changed to

9 = Jkd l = I N -^-dl . (4.5)

The phase difference Acp between a beam propagating through a medium

with refractive index N, and a beam propagating in air over a distance 1, is given by

f (0
= J (N - 1) —dl . (4.6)
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In the case of ordinary mode propagation Eq. (4.2.a) can be written as

to2 (4.7)

with the critical density nc = co2 me eo/e2. Note that if the density becomes larger

than this critical density, the refractive index becomes imaginary and the wave will

not propagate. If the electron density is much smaller than the critical density,

ne « nc, the refractive index can be approximated by N = 1 - ne/2nc , from which

it follows that

CO
(4.8)

I

If the magnetic field is negligible, e.g. Y « 1, Eq. (4.2.b) is changed to Eq.

(4.2.a), and Eq. (4.8) also holds for this situation. So, if the frequency and

polarization of the propagating beam are chosen correctly, information about the

electron density can be obtained by measuring Acp.

Several basic interferometer schemes are possible. Here we shall only

consider the Mach-Zehnder interferometer.

In Fig. 3 a sketch of the Mach-Zehnder interferometer is given. An

electromagnetic beam is split into two parts. One part travels through the plasma, the

other goes around it. Thereafter, the beams are recombined onto a detector.

sin(fi>t)

sin(<ot)

i Fig. 3 Schematic representation of a Mach-Zehnder interferometer.

I
detector



The electric fields of the two beams, just before they are recombined, are

given by:

Ei exp(icot) and

E2 exp(icot + A(p), (4.9)

for the reference and the probing beam, respectively. A<p is the phase difference

between the two beams induced by the plasma. The power detected by, for example,

a square-law detector is given by

Idet = (El2 + E2
2) (1 + E^f^22 cosA(p) • (4-10)

The signal at the detector is varying as cosA<p. Hence, by measuring the detector

current, information about A(p can be obtained.

The above set-up has some disadvantages. Variations in the beam power

can be interpreted as density variations. One can overcome this by monitoring the

beam power. Furthermore, if cosA<p reaches a maximum (or a minimum), the

detected power will always decrease (increase) irrespective of whether A(p is

increasing or decreasing. This causes serious problems with the interpretation of the

data.

Heterodyne interferometry overcomes these problems. In Fig. 4 a sketch is

given of a heterodyne interferometer set-up. The basic scheme is identical to that for

a homodyne interferometer except for the frequency difference, Aco, between the

two beams and the presence of a reference detector. Due to the frequency difference

between the two beams, the signal after recombination will oscillate with '".is same

frequency. The phase difference introduced by the plasma can be determined by

comparing the signal of the interferometer detector with that of the reference

detector. This set-up does not suffer from the problems as mentioned above for the

homodyne interferometer.
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4.3 Introduction to polarimetry

In this section another coordinate system than in the previous sections is

used. The wave vector k is now in the z-direction and the x-axis is chosen perpen-

dicular to the magnetic field. The coordinate system used is illustrated in Fig. S.

x

Fig. 5 Coordinate system as used in this section

In the case of non perpendicular propagation and retaining only the first

order terms of the small parameter Y, the Appleton-Hartree formula for the refractive

index can be rewritten as

N 2 = l - X ± X Y c o s 9 . (4.11)

The corresponding characteristic waves are circularly polarized if the conditions

Ysin26 « 1 and X « 1 are satisfied. Thus,

(4.12)

Suppose the incoming wave is linearly polarized. This linear polarization

can be decomposed into the two characteristic circular polarizations. The two

circular polarizations travel through the plasma with their polarization unaffected,
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however, each with its own refractive index N+ and N., respectively. After a

distance 1 the phase difference between the two polarizations is given by

(4.13)

When the two polarizations are recombined after propagation through the plasma,

the resulting polarization will again be linear, but it will be rotated by a = A<p/2 with

respect to the polarization of the incoming beam. If the WKB approach is adopted

(see sect. 4.2), Eqs. (4.11) and (4.13) can be combined to give an expression for

the Faraday rotation angle

(4.14)

Hence, the rotation angle a is a direct measure for the component of the magnetic

field parallel to the direction of propagation. In a tokamak experiment in which the

beam propagates vertically through the plasma, this corresponds to the vertical

component of the poloidal magnetic field. This field is induced by the current in the

plasma. So, by measuring the Faraday rotation at various radii in the plasma the

current density profile may be derived.

If the propagation comes close to perpendicular, the whole treatment

becomes more complicated. The characteristic waves are no longer circularly

polarized. A linearly polarized beam will then, in general, become elliptically

polarized during propagation through the plasma (Cotton-Mouton effect). A more

elaborate treatment shows that the expressions as given above are still valid when

the condition Aq>« 1 is fullfilled, even for close to perpendicular propagation.

It can further be shown that the elliptical component of the beam is

proportional to the wavelength to the power 3. As a consequence the beam will

loose all its information about the internal magnetic fields of the plasma when the

wavelength is chosen too long. This sets an upper limit to the wavelength which can

be used experimentally.
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A code was written to study the feasibility of polarimetry at RTP. The

expressions used are taken from an article which was published by S.E. Segre [14].

In Fig. 6 the expected Faraday rotation angles are given for a typical RTP discharge

for several wavelengths (\ = 200,400 and 800 nm) and a linear polarization of the

incoming beam parallel to the toroidal magnetic field. The poloidal magnetic field

will thus induce a rotation of the polarization angle. It is clear that the expected

rotations are small but within the limits of detection.

IS
%

-12
-1 O

+• position r/a

Fig. 6 Calculated Faraday rotation angles as a function of the minor radius for a

standard RTP discharge (Ip = ISO kA, Bq, = 2.14 T and ne(0) =

5xlO19 nr3). The plots are for three different wavelengths: A =

200 fim, - - - A = 400 \im and • • • • A = 800 \m. The beam is linearly

polarized with its polarization plane parallel to the toroidal magnetic field.

Dodel and Kunz [15] proposed a scheme for performing polarimetry in

tokamaks (see Fig. 7). Two beams with a small frequency difference A(0 propagate

through the plasma. The beams are circularly polarized with opposite rotation

direction. After passage through the plasma of both beams, the two beams are
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recombined onto a detector. The phase difference between the two beams can be

measured by comparing the detector signal with a reference signal which is not

influenced by the plasma. This phase difference, A(p, is a direct measure for the

rotation angle a . This scheme of Dodel and Kunz was tested at RTP. The

interferometer system only needed minor modifications for performing this

measurement. The results are presented in Chapter 6. In the set-up as used at RTP

we were not able to measure the electron density and Faraday rotation angle

simultaneously.

A scheme which overcomes this problem is used at TEXTOR by Soltwisch

[16]. In this scheme the linearly polarized beam is split by a polarizer into two

perpendicular components. The ratio of the power of the two components is a direct

measure for the rotation angle a. This scheme operates very reliably at TEXTOR;

the accuracy in the determination of a is in the order of 0.1°. This system is also

feasible at RTP, but one has to take the non-linear characteristic of the used detector

into account which will complicate the interpretation.

One other possible scheme is presented in the section 5.7 which is given in

the form of the originally published article. This scheme has the advantage that only

one set of detectors is necessary for measuring both the electron and current density

simultaneously. A similar scheme with different modulation and detection

techniques was proposed by D.P. Hutchinson et al. [17].

sin (cot)

sin((ot + Acot)

plasma detector

polarizer

^ Fig. 7 Polarimeter scheme as proposed by Dodel and Kunz [17].

57



References

[1] F.C. Schuller et al., Proc. 18th Eur. Conf. on Contr. Fusion and Plasma

Phys., Berlin, Vol. I, p. 121 (1991).

[2] R.W. Polman et al., Proc. 16th Eur. Conf. on Contr. Fusion and Plasma

Phys., Venice, Vol. Ill, p. 1139 (1989).

[3] B.Ph. van Milligen, Proc. 16th Eur. Conf. on Contr. Fusion and Plasma

Phys., Venice, Vol. I, p. 459 (1989).

[4] CJ. Barth, Appl. Opt. 27, 2981 (1988).

[5] F.M.A. Smits et al., Proc. 18th Eur. Conf. on Contr. Fusion and Plasma

Phys., Berlin, Vol. IV, p. 217 (1991).

[6] R.M.J. Sillen et al., Nucl. Fusion 26, 303 (1986).

[7] W.A. de Zeeuw, H.W van der Ven, J.M.M. de Wit and AJ.H. Donne, Rev.

Sci. Instrum. 62, 110(1991).

[8] M. Verreck, C.A.J. Hugenholtz, Proc. 7th Joint Workshop on ECE and

ECRH (EC-7), Hefei, p. 322 (1989).

[9] D.F. da Cruz, Jr. and A.J.H. Donne\ Rev. Sci. Instrum. 61, 3066 (1990).

[10] I.H. Hutchinson, "Principles of Plasma Diagnostics", Cambridge University

Press, Cambridge (1987).

[11] A.J.H. Donne1 et al., "Plasma Diagnostics for the Rijnhuizen Tokamak

Project", Rijnhuizen Report 89-187 (1989).

[12] M.A. Heald and C.B. Wharton, "Plasma Diagnostics with Microwaves",

New York: Wiley & Sons (1965).

[13] D. Veron in "Infrared and Millimeter Waves", Vol. 2, ed. K.J. Button, New

York: Academic press (1979).

[14] S.E. Segre, Plasma Phys. 20, 295 (1978).

[15] G. Dodel and W. Kunz, Infrared Phys. 18, 773 (1978).

[16] H. Soltwisch, Rev. Sci. Instrum. 57, 1939 (1986).

[17] D.P. Hutchinson et al., Nucl. Fusion 21, 1535 (1981).

58



Experimental set-up

5.1 Introduction

A sketch of the multi-channel interferometer is given in Fig. 1. This set-up

is based on the same ideas as the UCLA interferometer at the TEXT tokamak [1].

The system uses a dual-beam optically-pumped FIR (Far Mra-Red) laser [2].

interferometer
mixer array

beam splitter

- reference detector

Fig. 1 Sketch of the multi-channel interferometer INTERPOL
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In principle the wavelength can be chosen within a wide range. A lower

limit is set by the S/N ratio which one wants to achieve, since the phase difference

decreases when the wavelength becomes smaller. An upper limit for the wavelength

which can be used for interferometry is given by refraction. When the density comes

close to the critical density, refraction will distort the measurements. If one also

wants to perform polarimetry simultaneously, the wavelength range is further

limited. One has to find an optimum between the amplitude of the Faraday rotation

and the ellipticity induced by the toroidal magnetic field (see section 4.3). Taking all

effects into account, it can be concluded that wavelengths between 300 and 450 |im

can be used for interferometry as well as polarimetry at RTP.

By detuning the two cavities of the FIR laser, a difference in frequency,

Ao>, of 1 MHz between the two beams is obtained. The two beams are both

expanded to slab-like beams by sets of two parabolic mirrors. This, in combination

with the large diagnostic ports of RTP, makes it possible to observe nearly the

complete minor plasma cross-section. After one beam has passed through the

plasma, the two beams are recombined onto an array of detectors on which an IF

(Intermediate Frequency) beat of 1 MHz is produced. The positioning of the

detectors can be changed on a shot-to-shot base. This set-up gives the opportunity to

optimize the detector positions according to the plasma parameters. The number of

interferometer channels can be increased to a maximum of 19.

The outputs of the mixers at the IF frequency are fed into phase detectors

which determine the phase differences between the signals from the probing beam

and the reference channel. The accuracy of the phase detectors is 1°. The overall

accuracy in the determination of ne is better than 2x10*6 m"2.

In the next sub-sections several components of the system will be

discussed in more detail.
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5.2 The laser system

To perform the measurements the laser system is a crucial component. In

this set-up a CO2-pumped dual-cavity FIR-laser system is used (Fig. 2), which

produces two FIR beams. By detuning one of the cavities, an IF of 1 MHz can be

obtained without considerable power loss. Only some aspects of the laser system

will be discussed here briefly since it has been described extensively in literature [2].

I

CO2-laser

D,
D

FIR-lasers

Fig. 2 Schematic set-up of the dual-beam optically-pumped FIR laser with the

high-power CO2-laser. With a) cathodes, b) anodes, c) grating, d) PZT +

output coupler, e) entrance window, f) input coupler, g) quartz plate, h)

mesh and i) polyethylene window.

The CO2-laser is a high-power laser and produces on average 130 W (max.

200 W). This is a so-called discharge laser, which means that an electrical discharge

in the cavity excites vibrational and rotational energy levels of the CO2- molecule.

The gas mixture in the laser consists of 84% He, 12% N2 and only 4% CO2. The

He-atoms gain high velocities in the discharge and excite N2- and C02-molecules.

The presence of the N2-molecule is of importance because it has a resonance level in

common with the CO2-molecule.

The CO2-laser consists of two pyrex discharge tubes whith a total length of

almost two meters. Two cathodes are placed in the centre of the CO2-laser and are
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connected to a voltage of -15 kV. The anodes at the outer ends are kept to ground

potential. This set-up has the advantage that one can align the grating and the output

coupler without any electrical danger.

The first order reflection of the grating, at one end of the laser, is used for

wavelength selection. The reflection coefficient for the radiation with the polarization

perpendicular to the grooves of the grating is higher than that with the polarization

parallel. This, combined with the high gain of the laser, ensures linear polarization

of the laser output. The zeroth order reflection can be used as a power monitor.

The output coupler is made of natural quartz and is mounted on a piezo-

electric transducer (PZT). At the vacuum side the concave output coupler has a

reflection coating (85%). The other side is anti-reflection coated. The radius of

curvature of the concave surface is 20 m. By changing the PZT voltage, a small

variation of the cavity length can be made. This length adjustment makes fine tuning

of the CO2-laser frequency possible, which is necessary to optimize the absorption

of the CO2-radiation by the laser gas.

The whole system, CO2- and FIR-cavities, are cooled by the same cooling

system which is necessary to stabilize the laser operation.

The FIR cavities are positioned next to each other. The cavities are filled

with laser gas at a typical pressure of 35 Pa. The vertically polarized CO2-laser beam

is split by a beam-splitter and is divided equally over the two cavities, in which it

optically pumps the molecular gas.

The entrance windows have an anti-reflection coating and are positioned

under the Brewster angle. The CO2-laser power is coupled into the FIR cavity by

focusing through a small hole in a copper mirror. This hole is placed off-axis to

reduce the effect of feedback of CO2-laser radiation into the CO2-laser. The output

coupler is placed at the far end of the laser. The first part of it is a quartz plate with a

coating, giving 100% reflection of the CO2-laser radiation, facing the input coupler.

This is meant to prevent CO2-laser radiation to leave the cavity. Behind this reflector

a Ni-mesh is placed with 8 I/mm which partially reflects the FIR radiation and serves

as the real output coupler. Different FIR wavelengths request different meshes. In

section 5.2.4 more attention will be devoted to this subject.
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The in- and output couplers including the micrometers for alignment are

positioned in the vacuum system. This means that alignment of the in- and output

couplers has to be done when the laser is not operated. The cavity length, however,

can be changed during operation. For this purpose, the input coupler is mounted on

an translator with a motor-controlled micrometer. This cavity-length control allows

for the fine tuning of the two lasers resulting in a frequency difference of 1 MHz

between the two lasers.

By changing the gas filling of the FIR cavities, wavelengths with

considerable powers can be produced between 180 and 1200 \ua. In general, each

FIR wavelength requires pumping by a different CO2-laser line. For the

interferometer measurements, as presented in this thesis, the laser was operated at a

wavelength of X = 432 (i.m. This was produced by tuning the CC>2-laser to the

9R20-line and filling the FIR cavities with formic acid (HCOOH). At this

wavelength the bandwidth of the 1 MHz signal is determined to be 10 kHz. The

long term stability is in the order of 100 kHz but is of less importance to our system

because of the short duration of the plasma discharges. The total FIR power at this

wavelength was typically 80 mW, divided equally over the two cavities.

The FIR-beam profiles were measured at different distances from the

output coupler. The beams appeared to be gaussians (Fig. 3a). At the output of the

laser the 1/e-width of the beam is 18 mm (Fig. 3b). The divergence of the laser

beam derived from the measurements was 18 mrad, which corresponds well with

the expected value for this wavelength.
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Fig. 3 a) Measured beam profile at 3 meter behind the laser output coupler. The

laser wavelength is A = 432 ion.

b) The lie-width of the FIR-beam as a function of distance behind the

laser. The divergence determined from these measurements is 18 mrad.
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5.3 Corner cube mixers

Corner cube mixers with Schottky diodes, operated at room temperature,

are used as detectors. For FIR wavelengths these are the only detectors which

combine a high sensitivity with an IF frequency higher than 100 kHz [3]. Pyro-

electric detectors are limited to an IF of 100 kHz unless the detectors are

cryogenically cooled. This cooling would mean a large increase in the complexity of

the system.

A corner cube mixer consists of a 90° corner reflector with a whisker

antenna placed in the centre (Fig. 4) [4,5]. The usual length used for the whisker,

for an optimal antenna gain, is four wavelengths and the corresponding spacing

from the corner of the reflector is 1.2 wavelengths. The end of the whisker is etched

to a sharp point and is connected to the anode of the Schottky barrier diode. The

detectors are biased to obtain the best sensitivity.

The mixers are operated in the heterodyne mode. Two beams with a

frequency of 694 GHz are incident onto the mixer. The frequency difference

between the two beams amounts to 1 MHz. As a result of the nonlinear behaviour of

the diode, the mixer produces a signal containing a DC, double frequency and IF

components. The DC component is filtered out and double frequencies are too fast

for the diode to follow. This means that the detector is only sensitive to the signal at

the IF frequency.

•a
•i Fig. 4 Sketch of a corner cube mixer. With a) whisker and b) the Schottky diode.
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The noise temperature and conversion loss of a working mixer is in the

order of 10,000 K, which corresponds to a minimum detectable power with

S/N = 10 of 10-100 pW. These figures were checked in a simple test set-up and

appeared to be consistent with the specifications as given by the manufacturer.

The laser power is focused on the antenna of the corner cube mixer using a

parabolic mirror with the same width as the mixer, e.g. 14 mm. The focal length of

the mirror is chosen to obtain optimal coupling of the laser beams to the diode. The

mirror and corner cube mixer are mounted on a single frame. From now on this

combination of parabolic mirror and corner cube mixer mounted on a frame is

refered to as a detector. By means of small adjustments screws it is possible to align

the detectors individually. All the detectors are placed on a rail system (Fig. 5). This

gives the opponunity to optimize the detector positions according to the expected

plasma parameters.

Fig. 5 Photograph of the detector set-up as used in the multi-channel

interferometer.
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5.4 Optical system

The FIR beam behaves in accordance with the gaussian beam theory [6].

This implies that it is possible to focus the beams with spherical lenses. These lenses

are home-made from High Density Polyethylene (HDP) with a diameter of 80 mm.

As can be seen from Fig. 3b the beam will expand over a typical

transmission distance of 7 m to a width of 130 mm. To limit this, one can either use

lenses or use waveguides. In the set-up for RTP the beams are guided from the laser

to the RTP tokamak by circular, oversized perspex waveguides (0 = 80 mm) [7].

The beam size upon entering the waveguide is such that no lenses are needed. The

main reasons for using waveguides instead of a set of lenses are: 1) less power loss,

in our case the total transmission from laser to RTP is more than 50%; 2) easier

alignment of the system; 3) the set-up is less vulnerable, since the beam paths are

wf-il protected against blocking and damage.

To expand the circular gaussian beam a set of parabolic mirrors is used.

This set expands the laser beam in one direction to a size of 330 mm. The mirrors

are home-made and are oversized to avoid reflection problems at the edge of the

mirrois. The quality of the mirrors is tested by measuring the expanded beam profile

(Fig. 6) and checking for the presence of any side lobes. In a second test the beam

was expanded with one set of mirrors and reduced to its normal size with the second

set of mirrors. No irregularities were detected in these tests.

0 . 0
-O.SO - 0 . 1 5 -O.1O - 0 . 0 5 0 . 0 0 0 . 0 5 0 . 1 0 0 . 1 5 0 . 2 0

*> position (m)

Fig. 6 Measured beam profile before (• • •) and after ( ) beam expansion.
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At several positions in the set-up beam splitters are used. The beam-

splitters are made from Ni-mesh, glued on an Al-frame. The mesh consists of a

raster of wires (inductive mesh). Several meshes were used with a different number

of Ni-wires per millimeter. In Table 1 the different meshes are given along with the

measured reflectivities for X = 432 (J.m. These measured reflectivities correspond

well with those expected from theory for a flat thin mesh [8]. The meshes were

checked on the influence they have on the polarization of the FIR beam. This proved

to be negligible.

lines/mm Reflectivity

6

20

0.5

0.97

Table 1. Measured reflectivities for two meshes for perpendicular reflection.

A simple Fabry-Perot interferometer has been constructed with these

meshes to measure the laser wavelength. The measured wavelength corresponded

within the accuracy of 0.1 |im to the wavelength as found in literature.

During the first measurements at the RTP tokamak, it became clear that the

200 kW, 60 GHz ECRH radiation from the gyrotron overwhelmed the FIR signals.

It appeared that the ECRH power coming out of the interferometer diagnostic

window was still several kilowatts. To solve this problem, a Fabry-Perot

interferometer was build in front of the detectors. The meshes used had 4 I/mm

which corresponds to a reflection coefficient of 99.99% for 60 GHz radiation. The

distance between the meshes was chosen such that the FIR beam could pass with

almost no attenuation (1 db). The 60 GHz, however, was attenuated with at least 40

db. This proved sufficient to solve the problem.
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5.S Electronics and data-acquisition

The IF signals are amplified by 40 db just after the corner cube mixers.

Then the signals are sent to a small shielded cage next to the experiment. Here the

signals are further amplified and transformed into square waves using a Phase

Locked Loop (PLL) as a tracking filter. The delay introduced by this PLL was

determined to be less than 15 us. This might even be smaller. The filter can follow

the IF over a frequency range from 0.8 < IF < 1 MHz. Outside this range the PLL

looses track. The square waves are then transformed into optical signals, which are

transmitted over 25 m to the shielded control room. To avoid 50 Hz pick-up

problems, all the electronic equipment is battery supplied.

The phase comparators, which determine the phase difference between the

IF from the probing beam and the reference channel, are placed in the control room.

The absolute accuracy of this comparator, based on a completly digital design, is 1°.

The relative accuracy is of the order of 0.1°. The working range of the phase

comparator is between -2rc and 2JC. So, when the relative phase difference is 0 after

a certain time, the phase detector will not jump up to 2it, as in a conventional phase

detector, but it will instead continue with negative phases. This has the advantage

that the phase comparator will never start to oscillate around a zero or multiple 2JI-

phase difference. The 27t-jumps are removed by subsequent analysis software

(Fig. 7). The advantage of this phase comparator above a conventional fringe

counter is that in our case always the full dynamic range of the ADC is used. When

a conventional fringe counter is used, the range of the ADC has to be adapted to the

maximum density which can be expected. This limits the useful resolution of the

ADC at low densities. The several phase comparators and fringe counters which are

mentioned here are treated more extensively by C.A.J. Hugenholtz [9].

At the output of the phase comparator a low-pass filter is placed. The cut-

off frequency is chosen as a compromise between the ability to measure the fastest

density increases, chosen such that 2rc-jumps with a frequency of 10 kHz can be

followed, and noise reduction. This means that density increases of 5xlO22 n r V 1

can still be measured. In practice this proved to be sufficient.

The electronic components were carefully tested for their phase behaviour.

Because of power reflected from the plasma into the laser the IF frequency may

jitter. The electronics and detectors were tested over the frequency range between
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0.8 and 1.2 MHz. In this range the introduced phase shifts were measured to be less

than 3°.

~ 0.5

0.0 -ii
i 1

M
i i (

(a) -

0 . 0
- 5 0 250 300

Fig. 7 a) Output of the phase comparator with the 2jc-jumps still present.

b) Reconstructed line density development. The 2 it-jumps are removed in

software.

The output of the phase detector is fed to a 10 bits ADC. In the near future

this conventional ADC will be replaced by a custom designed VME board which

contains a 12 bits ADC and its own local CPU and memory storage capacity [10].

Therefore, counting of the fringes and some data reduction can already take place on

the VME board, before the data are transmitted to the central computer, where

further analysis will take place.

70



5.6 Abel-inversion methods

The interferometer measures the line integrated-density profile f(x). In order to

translate these measurements to local quantities it is necessary to unfold the data. If

cylindrical symmetry is assumed this can be done analytically. This inversion is

called an Abel inversion and the analytic formula is given by

(5.1)

with f '(x) the first derivative of die measured line density profile.

If the density is assumed to be constant on a magnetic flux surface, the

condition of cylindrical symmecy is met, in first order. The flux surfaces in RTP are

circular but the centres of these circles do not coincide. This is known as the

Shafranov shift.

In the case of some small distortions of the cylindrical symmetry condition,

numerical procedures are available to invert the measured data. Three methods will

be discussed briefly. For more detailed information about the procedures one is

referred to the original publications.

The first method was published by N. Gottardi in 1979 [11]. The density

distribution is approximated by stacking circular slices. One starts with a slice of the

same size as the plasma. For each slice the contribution to the measured line density

is calculated. This contribution is subtracted from the measured profile. From the

zero crossings, the size and the centre of the next density slice is calculated. These

slices are piled up to give the density profile. This method is straightforward and

gives good results in the case of peaked profiles. If the density profiles are hollow

one has to be careful in applying this method.

Y. Yasutomo [12] suggests to split the measured line density profile in a

symmetric and asymmetric part The symmetric part can be inverted analytically with

Eq. (5.1). From the asymmetric part a weighing factor is calculated. The inverted

symmetric profile is then multiplied with this factor. The resulting error is small for

near-cylindrical plasmas. For strongly eccentric contour lines the error can become

significant.
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The last method was published by H.K. Park [13]. The shape of the flux

surfaces are supposed to be known. In this way the whole geometry, except for the

positions of the centres of the flux surfaces, is set. In an iterative procedure the

density corresponding with each flux surface and the centre positions are optimized

to give the best fit to the data.

For most profiles the three inversion methods yield results that are

consistent with each other within the error bars. Only in the case of extremely

hollow or strongly asymmetric (large Shafranov shift) profiles, the differences are

significant. In Fig. 8 the three methods are compared for a measured density

profile. The method as proposed by H.K. Park has the disadvantage that it

consumes much more CPU time than the other methods.

Unless noted differently, the profiles presented in this thesis have been

obtained with the method as proposed by Y. Yasutomo.

8 . 0

0 . 4 0 . 5 0 . 6 0 .7 0.9 1.0

Fig. 8 Density profiles which are reconstructed from the same line density profile.

Three different inversion methods are used: Gottardi, Yasutomo

and •••• Park. The black bars indicate the positions of the detectors.
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5.7 MULTI-CHANNEL INTERFEROMETER/POLARIMETER SYSTEM

FOR THE RTP TOKAMAK

A.C.A.P. van Lammeren, S.K. Kim and A.J.H. Donne

FOM-Instituut voor Plasmafysica Rijnhuizen,

Associatie EURATOM-FOM,

P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands.

A nine-channel interferometer/polarirneter system is designed for the RTP

tokamak (Rijnhuizen Tokamak Project, a= 0.16 m, R = 0.72 m, By = 2.5 T,

Ip < 200 kA and plasma pulse duration 200 ms). A CO2-pumped dual-cavity FIR-

laser system is used to obtain two FIR-laser beams of X = 432 nm with a frequency

difference of 1 MHz. The FIR beams are expanded by a set of parabolic mirrors.

Corner-cube mixers with Schottky diodes are used as detectors. The mixers are

mounted on a linear rail system, such that their positions can be easily changed. The

interferometer can be operated with a maximum of 19 channels.

The interferometer will be extended with a polarimeter to measure the

poloidal magnetic field distribution. It will be tried to increase the accuracy of the

polarimeter by modulating the polarization of the incoming beam. A scheme for

polarization modulation which is based on the idea of Dodel and Kunz will be

presented in this paper. This scheme has the advantage that only one set of detectors

is needed to measure the electron density and current density. The complete system

will be presented along with some pilot experiments concerning the polarization

modulation.

Reprinted from Rev. Sci. Inslrum. 61 (10) page 2882-2884, October 1990.
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Introduction

A sophisticated interferometer and polarimeter system was designed for the

medium-sized RTP tokamak. RTP is specifically dedicated to transport and

fluctuation studies. For electron heat transport studies two 60 GHz, 200 kW

gyrotrons will be used to heat the plasma.

The multi-channel interferometer system is dedicated to the study of plasma

transport such as electron density pulse propagation induced by sawteeth, oscillating

gas-puff, pellet injection and density effects of (modulated) ECRH, as well as

routine density profile measurements.

Fig. 1 The RTP-interferometer.

I Interferometer

A sketch of the multi-channel interferometer is given in Fig. 1. The system

uses a dual-beam optically-pumped FIR (Far Infra-Red) laser. * At a wavelength of

= 432 the laser system produces a total power of 65 mW. By detuning the
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cavities, an IF (Intermediate Frequency) of 1 MHz can be obtained between the two

beams. The two beams are both expanded to slab-like beams by sets of two

parabolic mirrors. This, in combination with the large diagnostic ports of RTP,

allows the observation of nearly the complete minor plasma cross-section. After one

beam has passed through the plasma, the two beams are recombined on an array of

9 comer-cube mixers with Schottky diodes.^ The positioning of the detectors can be

changed on a shot-to-shot basis. The number of interferometer channels can be

increased to a maximum of 19. This set-up gives the opportunity to optimize the

detector positions according to the plasma parameters.

The outputs of the mixers at the IF frequency are fed into phase detectors

which determine the phase differences between the signals from the probing beam

and the reference channel. The accuracy of this phase detector is 1°. The overall

accuracy is expected to be better than 2 x 1 0 ^ m"2 for a line density of 2x10*9 m -2 .

Polarimeter

The interferometer system will be extended in the near future to include a

polarimeter. This can be done by replacing the beam splitter by a polarizer and

placing a second array of corner-cube detectors perpendicular to the interferometer

array as done by Soltwisch.3

Calculations show that the expected Faraday-rotation angle for a standard

RTP discharge (B<p = 2.5 T, I p = 150 kA, ne(0) = 5xlO1 9 n r 3 ) is in the order of a

few degrees (see Fig. 2). Earlier experiments with the Soltwisch scheme showed

,j! that it is hard to obtain an accuracy better than 0.15V

f In the scheme of Kunz and Dodel the polarization of the probing beam is

'^ modulated over a few degrees by using a ferrite disk.4 We will present another way

' of modulating the polarization angle and a detection scheme for measuring the

$,/ electron density and poloidal magnetic field with only one set of detectors.

t'l\ Kunz and Dodel based their scheme on the homodyne detection of the

HCN laser radiation (K = 337 \im), which is reflected by a polarizer with its

transmission axis parallel to the main polarization axis.4 The power of the detector
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_ signal fluctuating at the modulation frequency,
approximation by:

, is then given in the small-angle

(1)

with dp the Faraday-rotation angle caused by the plasma, a m the amplitude of the

polarization modulation and PQ the total transmitted power (both angles are in

radians). In the absence of plasma, the power at the modulation frequency is zero.

One can determine the (Om-component accurately by using lock-in techniques. The

signals can be corrected for variations in Po by monitoring the power of the

transmitted beam. Kunz and Dodel obtained an accuracy of 0.2* with a signal-to-

noise ratio of 10. With the use of more sensitive detectors and a larger modulation

amplitude it should be easy to improve this figure. The major drawback for this

detection scheme was the difficulty to modulate the polarization of the beam over a

few degrees. The ferrite disk used by Kunz and Dodel meant a considw-able loss of

power of 90%. We will now discuss some aspects of this scheme.

1

1I
1
1

3

\

1

t

2

0

- 2

- 4
- 1

position r/a

Fig. 2 Calculated Faraday-rotation angles as a function of the minor radius for a

standardRTP plasma (By = 2.5 T, lp = 150 kA, ne(0) = 5xlO19 m'3)for

different current density profiles JQ=j(0) x (1-r*) with d = 1,2 and 8.
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First of all, one has to work out how the polarization of the probing beam

at the detector position will vary when the polarization vector is modulated. Suppose

that one is able to modulate the polarization angle of the probing beam sinusoidally.

When no plasma is present, the polarization angle of the probing beam will be

identical for all lateral positions. If plasma is present, the Faraday-rotation angle will

add a DC-level to the sine wave. Figure 3a shows the output polarization of the

probing beam for several chords through the plasma as a function of time for a

standard RTP discharge. The amplitude of the modulation is chosen to be 10°. In

Fig. 3b the corresponding ellipticity introduced by the plasma is shown. If ellipticity

is present it will obscure the measurements.^ From the calculations it is clear that the

ellipticity remains small. No problems are expected if the modulation amplitude is

kept small. This means that the optimum amplitude of the modulation is a

compromise between a large signal (proportional to a m ) and a minimal distortion of

the measurements by ellipticity.

Our scheme for modulating the polarization is shown in Fig. 4. The

probing beam is split into two parts. Each part is passed through a quarter-wave

plate and becomes circularly polarized but with different orientations. In one of the

paths a time-varying path-length difference is introduced and then the two beams are

recombined. If the two beams have the same amplitude, which can be tuned with the

variable attenuator, the recombined beam will be linearly polarized. The polarization

angle is proportional to the phase difference between the two beam paths. To

analyze the beam, two detectors are used which observe the different polarization

components of the beam. To modulate the path length a loudspeaker with a small

mirror in the center is used. This limits the maximum modulation frequency to 1

kHz. As a variable attenuator a Fabry-Perot interferometer, built-up from two

parallel meshes, is used. This is easy to set up and can be tuned very accurately if

one uses the correct reflectivities of the meshes. Feedback problems of the reflected

power back into the laser can be avoided by placing the Fabry-Perot under a small

angle.
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*• time (ms)

Fig. 3 Calculations performed for a standard RTP plasma (see legend of Fig. 2)

for different positions (rla = -I, -0.4, -0.2, 0, 0.2, 0.4, 1). The

polarization angle of the incoming beam is modulated with an amplitude of

10', the offset angle of the polarization is 0 °. The ellipticity of the incoming

beam is 0. a) The polarization angle of the probing beam after propagation

through the plasma, b) the ellipticity of the probing beam.
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4 7e« set-up for polarization modulation of the probing beam. The detectors

A andB are used to analyse the beam polarization.

An example of polarization modulation is shown in Fig. 5. In this case the

modulation amplitude was chosen to be larger than 45° at a modulation frequency of

500 Hz. One sees the inversion of the signals when the polarization vector crosses

the axes parallel and perpendicular to the orientation of the polarizer. The first results

of the test set-up are promising. In the actual experiment smaller angles have to be

used for reasons mentioned above.

We now propose a scheme to measure the Faraday-rotation angles with

some changes in respect to that of Kunz and Dodel.4 Instead of looking at the power

reflected by the polarizer, one can also look at the transmitted power. The Faraday-

rotation angle ou can be deduced from Eq. (1), which is still valid. One can make

corrections for variations in PQ by measuring either the DC-power, P ^ , or the

power at twice the modulation frequency, P(2com). These components are given by:

(2)

(3)
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Signals of the detectors A andB. The modulation amplitude was larger than

45 °. The offset angle of the polarization is about 40 °.

The only electronics needed in this scheme is a very sensitive demodulator which

determines the envelope of the 1 MHz signal with high accuracy. By choosing the

proper a m , the power P(com) will be in the order of a few per cent of the total

power P(). If the signal of this demodulator is fed into a 12 bits ADC, one can

determine the different frequency components with high accuracy with a numerical

Fourier analysis. The advantage of this scheme is that one needs only one set of

detectors to determine the electron density (interferometer) and the poloidal magnetic

field distribution (polarimeter).

In the near future we will compare the results of different detection schemes

considering accuracy and time resolution in a test set-up. The RTP polarimeter will

be constructed in such a way that one can easily switch between one detection

scheme and another. In this way we hope to measure accurately the current density

distribution in RTP.
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Experimental results

6.1 Introduction

In this chapter the experimental results will be presented. The

measurements were performed in the period from mid 1990 to April 1991. Until

January 1991 the interferometer was operated with eight channels. Thereafter, a

second set of 10 corner cube mixers became available. The measurements presented

cover a wide range of topics.

2 . O

0 . 4 0 . 5 0 .6 0 . 7 0 .8 0 . 9 1.0

• Fig. 1 Measured line density profile. The measured points (•) and the limiter
I positions (vertical bar) are indicated.

\ For the profiles, as presented in this chapter, some assumptions had to be

| made. One problem concerns the influence of the density in the scrape-off layer on

i the profiles derived. With the 10 additional channels available it became clear that the

| density at the limiter position is not negligible. Assuming the density to go to zero,

! which was done when only eight channels were operational, introduced sharp edges

! in the derived density profiles. So, for all profiles presented in this chapter, we
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assumed the density as well as the gradient of its profile to be zero at the edge of the

vacuum vessel instead of the limiter. Because of this assumption it may appear as if

density is measured outside the limiter radius. This is not the case but is a direct

result of the above assumptions. Furthermore, a spline fit is used to obtain the line

density profile. In Fig. 1 a typical line density profile is shown. In this specific case

IS channels were used. The measured points and the location of the limiter are

indicated.

All measurements which are presented in this chapter are obtained for

hydrogen plasmas unless stated otherwise. In section 6.4 some results for helium

discharges are presented.

In section 6.2 the standard data, which are routinely available for almost all

pulses, will be discussed. Special attention will be paid to the evolution of the

electron density profile during the build-up of the plasma. The density effects of the

ECRH heating are presented in section 6.3. Section 6.4 is dedicated to the influence

of MHD activity on the density including measurements of the electron density

during disruptions. In the last section the preliminary results of the polarimeter set-

up, according to the scheme of Dodel and Kunz, are presented.

6.2 Density profiles in RTPtokamak

After the phase jumps, introduced by the phase comparator, have been

| removed by software, a trace of the line density as a function of time is generated

( (Fig. 2b). There is a fast density increase at the start of the plasma, followed by a

I slow density decrease. The height of the first density peak depends on the filling

| pressure of the vessel. After this initial peak the density level is mainly determined
4
|; by the gaspuff rate. At t « 70 ms an oscillation starts. This is identified as an m=2

| oscillation which is located at the q=2 surface (see section 6.4). The shot ends >

abruptly with a disruption at t = 118.8 ms. The line density increases with a factor of

three as a result of this disruption. The plasma current for the same discharge is

shown in Fig. 2a.
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Fig. 2 Development of the plasma current and a line density trace. At t« 70 ms

an oscillation starts. This particular discharge ends with a disruption att>*

118.8 ms.

a) Plasma current, Ipi

b) Line density trace on different timescales.
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Fig. 3

0.5 0.6

time (ms)

0.7 0.8
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The first two milliseconds of the development of the line density profile for
an ECRH (O-mode, fundamental frequency) assisted break-down plasma
with a filling pressure of 0.3 mT and for various values of the central
toroidal magnetic field; a) Bq> - 1.75 T; b) B9 = 1.96 T; c) By = 2.14 T;
d) Bv = 2.35 T.
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The first two milliseconds of the time development of the tine density

profile for ECRH assisted break-down plasma. ECRH was used at the

second harmonic in the X-mode (Bq, = 1.05 T).

The break-down of the discharges in RTP are all obtained with the

assistance of ECRH. An ECRH pulse of 10 ms is given to obtain initial break-

down, 2 ms before the current rise. A specific research topic on RTP is the

optimization of this start-up phase [1]. Changing the value of the central toroidal

magnetic field from 1.75 to 2.35 T clearly showed that the density is generated at the

ECRH resonance position, e.g. the position where the toroidal magnetic field is 2.14

T ((Oce = 60 GHz). From here it fills the torus towards the low-field side direction.

This is illustrated in Fig. 3, where the time development of the line density profile is

shown for different values of the toroidal magnetic field. The measurements were

performed in the absence of external horizontal ( B H ) and vertical (By) magnetic

fields. The filling pressure was kept constant The evolution of the profiles is clearly

different for various experimental conditions. A general feature of all measurements

is that after the initial density creation the vessel is filled towards the low-field side.

Almost no broadening of the profiles in the high-field side direction is observed
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during the first few milliseconds. A scan with B H and By was made to optimize the

density and current at fixed filling pressure and toroidal magnetic field [2]. These

measurements were performed with ECRH O-mode radiation at the fundamental

frequency.

Also measurements were done with ECRH second-harmonic X-mode

radiation coupled into the tokamak. A typical result is shown in Fig. 4. The density

build-up is much slower and the line density profiles are more peaked. This

probably indicates a lower absorption albeit with a more localized electron density

production.

CM

'E
CO

*©

(ms)

0.5 0.6 0.7 0.8

radius (m)

0.9

Fig. 5 Start-up phase of a standard RTP discharge (Bv = 2.14 T). At t = -2 ms

ECRH is switched on. At t = 0ms a current is induced in the plasma and

the horizontal and vertical magnetic fields are switched on.

The interferometer can also be used to study the start-up phase of a standard

RTP discharge. In Fig. 5 the first IS ms of such a discharge are shown. The density

is born at the position of the resonance layer and rises rapidly. When the external

fields are switched on and current is induced at t = 0 ms, the plasma moves rapidly

towards the high-field side of the tokamak where it hits the wall. This is caused by a
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poor plasma position control when the current is low. After a few ras the plasma

position control system gets hold of the plasma and places the plasma at the centre of

the tokamak by adjusting the external fields [3]. The feedback position control

system determines the outermost flux surface of the plasma from magnetic coil

measurements. This is disadvantageous since, when the plasma current is low, as in

the start-up phase, the flux is small and disturbed by stray fields; therefore, the

position control cannot get hold of the plasma. A position control system based on

density information would be preferable for this initial situation.

After a few milliseconds the current reaches such values that the feedback

system functions properly. From this moment on one can expect the plasma to have

cylindrical geometry. This implies that inversion methods can be used to determine

the electron density profile. In Fig. 6 the development of the density profile is

shown for a high-density discharge.

Fig. 6

(ms)

Development of the density profile for a high-density RTP discharge

(Ipl = 125 kA, B9 = 2.14 T). The profiles are shown from t= 10 ms to

t= 300 ms.
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Fig. 7 Plasma current and the parameters which characterize the density profile as

a function of time, for the same discharge as in Fig. 6.

a) Plasma current.

b) Maximum density ( ) and central density ( ) .

c) Position of the maximum density.

d) Full width of the density profile at half the maximum density value.

e) Line peaking factor of the density profile.

f) Total number of electrons in the plasma.
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To compare different discharges it is practical to parametrize the density

profiles. Parameters which are calculated for each profile are: the central density (at

the centre of the vacuum vessel), the top density, top position, the total number of

electrons in the plasma, the profile width at half density and the Line Peaking Factor

(LPF) given by,

. (6.1)

The averaged density <r>e> is the line-averaged density of a chord through the centre

of the plasma. In Fig. 7 the development of the various parameters is shown for the

same discharge as Fig. 6.

? • • • ,
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6.3 Density effects of ECRH

As already mentioned in the general introduction, ECRH is used for

additional heating of the plasma. At RTP one gyrotron is used which delivers

200 kW at a frequency of 60 GHz. About 180 kW is radiated into the plasma. If the

position of the ECRH resonance layer is in the centre, the electrons are clearly

heated. In Fig. 8 a temperature profile of an ohmically heated discharge is compared

with a temperature profile of an ECRH heated plasma [4]. The temperature gradients

inside Ir/al < 0.25 are as high as 50 keV/m. The scatter in temperatures in the centre

of the tokamak is real and is much larger than the individual error bars in the

temperature data, as measured with Thomson scattering.

1

1

2 . O

1.5 -

1.0 -

0.5 -

0 . 0
0 . 5 0.6 0.7 0.8

^ radius (m)

O . 9

< Fig. 8 The temperature profile for an ohmically heated discharge (•) compared

with a temperature profile for an ECRH heated discharge (o). The

temperatures are measured with Thomson scattering on a shot-to-shot base.
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Fig. 9 Development of the density profile for an ECRH heated discharge. ECRH

is switched on from t = 80 ms to t - 121 ms (Ipi = 60 kA, By = 2.14 T,

Although ECRH mainly affects the electron temperature, influences on the

electron density are also present. At other tokamaks also some changes of the

density profiles were observed, but no special attention was paid to this topic

[5,6,7]. In Fig. 9 the development of the electron density profile is shown for a

discharge with ECRH. At t = 80 ms ECRH is switched on. In Fig. 10 the central

density, width at half density, line peaking factor and total density of an ECRH

heated plasma are compared with those for an ohmically-heated plasma. A few

effects can be seen immediately. First of all the central density drops when ECRH is

switched on. The profile becomes sometimes even slightly hollow. Another effect of

switching on ECRH is a broadening of the density profile and an increase of the total

density. Furthermore, the plasma is displaced outwards when ECRH is switched

on. This is shown in Fig. lOe where the position of the maximum density is shown

for an ECRH heated discharge. In Fig. lOf the plasma position as derived from the
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Fig. 10 Development of different density parameters for an ohmically heated

discharge (••••) compared to the same ECRH heated discharge as in Fig. 9

( ) . The time when ECRH is on is indicated by the hatched bar.

a) Central density.

b) Full width of the profile at half the maximum electron density.

c) Line peaking factor.

d) Total electron density.

e) Position of the maximum electron density.

f) Plasma position as derived from the magnetic coil measurements.

95



'i '

magnetic coil measurements (based on the outer closed magnetic flux surface) is

shown. The agreement between the two position measurements is fairly good except

for the times when the density profile becomes hollow. At these times the position of

the maximum density corresponds no longer to the centre of the profile. The initial

displacement of the plasma is corrected by the plasma position control and gradually

diminishes. When ECRH is switched off at t = 121 ms, the opposite of the

processes mentioned above take place. The central density increases rapidly and the

half density width decreases, even below the value for an ohmic discharge. The total

density decreases and the plasma experiences an inward displacement At t =150 ms

all parameters have reached, more or less, values which are typical for an ohmic

discharge. Figure 11 shows three density profiles, one just before and one just after

ECRH was switched on and one density profile shortly after it was switched off.

The effects mentioned above of ECRH can be easily recognized in these profiles.

2 . 5

0 . 0
0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 . 0

>• radius (m)

Fig. 11 Three electron density profiles for the same discharge as in Fig. 9. One just

before ECRH is switched on at t= 79 ms ( ) , one just after switching on

at t-85 ms (••••) and one profile shortly after ECRH is switched off at t -

125 ms (-•-•).
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The above effects can be explained qualitively by assuming a strong

coupling between the pressure profile p(r)/p(O) and the current density profile

j(r)/j(O). Kadomtsev [8] derived an expression for these coupled profiles

With qa and q0 the q-values at the limiter position, a, and at the centre of the plasma,

respectively. In RTP some experiments were performed to check this hypothesis of

coupling of pressure and current density profiles, which is often referred to as

profile consistency [9]. It was concluded that the experimental observations are in

qualitative agreement with the Kadomtsev model, even for transient situations where

skin effects break the proportionality j ~ Tg (Spitzer resistivity [10]). It appeared

that the density profile is the quantity which adjusts to maintain the coupling. This

model will be further explained below.

Current density diffusion is a relatively slow process (typically 200 ms).

So, if the electron temperature is suddenly increased by the ECRH radiation, the

current density cannot follow the sudden change in the resistivity profile. The

pressure profile, however, tends to peak because of the steepening of the

temperature profile. But, because of the coupling between the pressure profile and

current density profile, this peaking is not possible on such a short timescale. The

only parameter which can be changed to maintain the coupling on a fast timescale is

i.: the electron density. So, if the concept of profile consistency is correct during

transient states, one can argue that the central density has to decrease when the

electron temperature increases on a timescale much shorter than the current diffusion

time. This is the case if ECRH is switched on. The observed drop in the central

density, however, is much smaller than expected from profile consistency. This can

•y be caused by the fact that the measurements of the interferometer are line-integrated

;:• and that one needs Abel inversion to obtain radial profiles. It is hard to determine the

I magnitude of the density drop by Abel inversion when the spatial size of this dip is

1 small compared to the length of the beam path through the plasma. The well-

p localized Thomson-scattering measurements indicate drops in the central density of

ii more than 30% shortly after ECRH is switched on. For the same discharges the

|if interferometer observed a decrease of the central density of only 10%. It is probable
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that Abel inversion is not adequate to reconstruct the very narrow hollow part of die

profile. The observed value of the broadening of the profiles corresponds well with

the value as expected from the model.

For ECRH heated plasmas, the central electron temperature, as measured

with Thomson scattering, increases as the central electron density decreases [4]. In

practice the product of ne and T e is constant. Of course this is to be expected when

the same ECRH power is absorbed by less electrons. Although at very low densities

the single-pass absorption of the ECRH radiation is expected to decrease, the total

absorbed power can still be high due to multiple reflection of ECRH radiation in the

vessel. If the coupling between the current density profile and the pressure profile

holds, one expects a more drastic decrease of the central density at lower densities.

This has also been observed.

Another aspect is shown in Fig. 12. Here the relative central density

decrease is plotted versus the plasma current. This shows a decreasing effect as the

plasma current increases. A similar decrease with plasma current is observed for the

measured Thomson temperatures. In general, it seems that the central density

decrease just after ECRH is switched on is a measure for the central temperature

increase.

1.3

70 9 0 110 130

Fig. 12 The relative central density decrease, netOhmiclnefCRn. as a function of the

plasma current.
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If the model of profile consistency is true, the opposite effects should take

place as ECRH is switched off. This is exactly what happens: the central density

increases and the profile narrows. The central density increase appears to be larger

than the density decrease. Unfortunately, no Thomson-scattering measurements

were available to confirm this. Also there were not enough data to check whether the

size of this density increase scales with the size of the central electron temperature

decrease after ECRH is switched off.

The effects of ECRH on the density profile can be explained, at least

qualitively, with the model of profile consistency between the pressure and current

density profiles. A more detailed study of this topic has to take place as soon as the

more advanced temperature (20-channel heterodyne ECE) and current density (19-

channel polarimeter) diagnostics become routinely available.

When the electron temperature is much higher than the ion temperature as is the case

for ECRH heated plasmas, the plasma pressure is mainly determined by the

electrons. This pressure causes an expansion force acting on the plasma ring. If the

external vertical field applied to the plasma is kept constant, the plasma will move

outwards due to the increase of the expansion force when the pressure increases. On

a longer timescale, this will be corrected by the plasma position control which

adjusts the vertical field strength. When ECRH is switched off the opposite happens:

the plasma pressure suddenly decreases and the plasma experiences a shift towards

the high-field side direction.

Two explanations are possible for the total density increase during ECRH.

The first explanation is an improvement of the particle confinement in the plasma

during ECRH. At RTP it is observed that the energy confinement time increases

during ECRH [4]. Further, it is observed in many tokamaks that particle and energy

confinement are proportional to each other. The second explanation is that due to the

total input power increase, and thus a higher heat load to the wall, more particles are

released from the wall, leading to an increased particle influx in the plasma. In the

case of off-axis heating (Bq> = 1.75 T), the energy confinement often decreases, but

the total electron density shows the same increase as with on-axis heating. This

observation suggests that the increase of the particle influx is the most likely

explanation.
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Measurements with lower ECRH power showed that the central

temperature increase was not affected [4]. With 60 kW of ECRH power the same

temperatures were measured as with 180 kW. The effects on the density profiles

seem to be smaller. For comparable densities within the range (1.5 - 3) x 10 l9 nr 3

the drop in central density and the broadening of the density profile are smaller with

60 kW of ECRH power than when 180 kW is supplied. At lower densities no

experiments were yet undertaken.

i
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6.4 The effects of MHD activity on the density.

6.4.1 Introduction

Thanks to the high time resolution (10 us), the good spatial resolution, and

the high sensitivity of the interferometer, the effects of MHD activity on the density

can be studied in detail. An MHD mode is identified by die two mode numbers m

and n. The mode number m represents the number of toroidal turns after which the

magnetic field line returns to its initial starting point, whereas n is the number of

poloidal turns. The mode therefore occurs on surfaces with q being the ratio of two

integer numbers, the so-called rational q-surfaces. With the interferometer at RTP

only information about the mode number m can be obtained.

To identify the different MHD modes the data are plotted in an illustrative

way. Variations in the line density profile are plotted with respect to the average

value of the line density in a three-dimensional plot. The lower m-modes can now be

distinguished. A simulation code is used to estimate the size, topology and relative

strength of the density distortions. In this simulation, the magnetic islands are

represented by gaussian-shaped distortions in the poloidal as well as in the radial

direction.

In the following section measurements on die sawtooth instability will be

presented. Sawteeth induced density pulses are analysed to determine the particle

diffusion coefficient DdP. Density pulses which propagated to the high- and low-

field side direction were measured simultaneously. Also some results about the m=l

precursor, which is observed shortly before the sawtooth crash, will be shown.

The tn=2 instability, localized at the q=2 surface, is used to determine the

position of this surface. Also information about the size, die density and the

positions of the islands is derived.

Measurements of the change of the density profile during a disruption were

also possible thanks to the high time resolution. To our knowledge this is the first

time that density profiles are measured during the energy quench phase.

One example of the influence on the density of MHD activity with a

combination of m-modes will be discussed.

I The main part of the data in this section will be published in Plasma Phys. and Contr. Fus.
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6.4.2 Sawtooth measurements

rinv 'mix

Fig. 13 Behaviour of the electron density profile during the sawtooth instability.

( ) and ( ) represent the density profile just before and just after the

sawtooth collapse, respectively. The insert shows the evolution of the

electron density at three locations in the plasma.

When the current density in a tokamak reaches a value such that a q=l

surface is created in the plasma, an instability, known as the sawtooth instability,

develops. The sawtooth instability is observed in all tokamaks. The name 'sawtooth1

stems from the characteristic time development of the different plasma parameters. In

the case of the electron density, the central electron density gradually increases. At a

certain moment the density profile suddenly flattens and a rapid decrease of the

central density is observed. This is referred to as the sawtooth collapse which, in the

case of RTP, takes typically 10 - 60 us. The radius to which the flattening of the
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profile extends is called the mixing radius, rmjx. The inversion radius, rinv, is the

radius at which the profile does not show any change during the collapse. Normally

rinv is taken to be the radius of the q=l surface. The evolution of the profile and the

position of the inversion and mixing radii are shown in Fig. 13. Following the

sudden density decrease in the centre, a density pulse is observed which propagates

outwards. The delay of the arrival of this density pulse at different positions outside

the mixing radius may be used to derive transport coefficients for tokamak plasmas

[11]. The temperature profile shows a time behaviour similar to the density profile.

Just before the sawtooth crash, an m=l mode is observed to grow. In

Fig. 14a the density perturbation due to this m=l mode is shown for several central

channels, after averaging over 10 sawtooth periods in the flat top time of the

discharge (Ipi = 120 kA, B<,> = 2.14 T, ne(0) = 9 x l 0 1 9 nr3) and after subtraction of

the time-averaged profile. The times at which the sawtooth collapses take place are

determined from the soft X-ray signal. The m=l precursor is mainly present at the

central channels. The clear presence of die m=l precursor on the signals even after

averaging over several sawteeth, although somewhat smaller than observed for an

individual crash, indicates that the crash always takes place at almost the same phase

of the m=l oscillation. The data of Fig. 14a are plotted three-dimensionally in Fig.

14b. The onset and the growth of the m=l mode can clearly be seen. In Fig. 14c the

position of the maximum line density disturbance is shown as a function of time.

The position of maximum line density of the m=l oscillation moves from r = 4 cm

(300 |xs before the crash) to r = 5.5 cm (at the moment of the crash). Because the

m=l mode is thought to be located at the q=l surface, this gives an indication of the

growth of the q=l surface before the crash. However, the mode topology is known

to be asymmetric in radial direction. Therefore, this apparent change of position

might be related to the growth of the amplitude of the m=l mode. It should be noted

that in JET some growth of the q=l surface has been observed by measuring the

position of the so called snake using soft X-ray data, during several sawtooth

periods [12]. No polarimeter measurements have been reported which confirm these

observations.
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, Fig. 14 a) Time traces of the line density for three central channels (R = 0.684,

0.72 and 0.76 m) after averaging over ten sawtooth periods. The

sawtooth crash takes place at t =0ms.

, b) Three-dimensional plot of the m=l precursor for the same data as a). The

time interval ranges from t = -0.3 to 0.1 ms.

i c) The position of maximum line density for the same data as a).

1

The observed divergence after the crash at t = 0 ms results from the two

density pulses which propagate toward the high- and low-field side, respectively.

From the measurements a remarkable difference between the shape of the

density pulses propagating towards the high- and the low-field side was observed.

At the high-field side the duration of the density pulse is longer than at the low-field

side (Fig. IS). It appears as if the density pulse at the high-field side consists of two

partially overlapping density pulses.
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time (ms)

. 75 The density pulse as observed with the outermost channels at the high-field

side at r = -0.15 m ( ) and at the low-field side at r = 0./6 m (•••).

The crash takes place att — 0 ms.

The density pulse propagation was analysed with the ACCEPT-code as

used for JET [13]. This code describes the temperature and density pulses with a

coupled system of diffusion equations, i.e. a 2x2 transport matrix [14]. The

eigenvectors of the matrix represent a rapidly and slowly propagating pulse. An

initial perturbation is decomposed into components of the two eigenvectors. The

diagonal terms of the transport matrix are directly related to the temperature and

density transport coefficients. The off-diagonal terms represent the coupling between

the heat and density perturbation.

The negative density pulse, which was observed for a short time

immediately after a sawtooth collapse at JET, is correctly described by the model. It

also explains the factor of 10 difference between the heat and density diffusion

coefficients at JET [15]. Furthermore, a satisfactory explanation of the TEXT

measurements could be given, where the temperature and density pulses were

observed to propagate at the same speed [16].

It was not possible to simulate the observed density pulse for all channels at

the same time. This can be expected because poloidal asymmetries are not included
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in the ACCEPT-code. The channels were separated into two sets, one for the low-

field side and one for the high-field side. From the low-field side detectors, a DdP =

1.0 ± 0.3 m2/s was derived. Another major problem of the simulations was that the

measured amplitude of the density pulse at the high-field channels was much higher

than the simulated data.

The data as presented above were measured in a hydrogen plasma. In

helium plasmas the poloidal asymmetry was no longer observed. We were able to

simulate the signals of the detectors on both the high- and low-field side outside the

mixing radius quite satisfactorily with the ACCEPT model The example shown in

Fig. 16 was simulated with DdP = 3.5 ± 0.5 m2/s. It appeared that for these helium

discharges the density and temperature pulses propagate at the same speed.

In terms of eigenvectors, this means that only one eigenmode of the system

is excited. The rather high value of 3.5 m2/s strongly suggests that this is the fast

eigenmode. One should therefore not identify this value with the particle diffusion

coefficient.

To explain the observed poloidal asymmetry one can assume a poloidal

dependence of the transport matrix. This has to be worked out in more detail to see

the effect of this on the propagation of the heat pulse.

Another possible explanation of the observed poloidal asymmetry is the

presence of a particle source at the high-field side. This can be due to a larger heat

load to the wall after the crash at the high-field side, because of the toroidal

. geometry. In the case of a helium discharge the recycling of the wall is smaller

anyhow, so no poloidal asymmetry is expected due to this effect.

;: More detailed analysis, in which also the temperature pulse propagation has

r to be included, is necessary to reveal the cause of the measured poloidal asymmetry

{. of the density pulse propagation.

I Another difference between a hydrogen and a helium plasma is the absence
1 of the m=l precursor before the sawtooth collapse. It is possible that differences in

I the electron temperature profiles of a hydrogen and helium discharge can destabilize

I or stabilize this mode.
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Fig. 16 The measured density pulse in a helium discharge for several channels at

the high- and low-field side of the plasma. The broken line ( ) is a

spline fit through the measured data. The simulated pulses are indicated by
the dotted line (• • •).
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6.4.3 m=2 activity and disruptions

Some discharges showed strong m=2 activity. In Fig. 17a, a three-

dimensional plot of the variations in respect to the averaged electron density profile

of a measured m=2 activity is shown. The characteristic shapes of the m=2 mode are

easily recognized, the signals of the outer channels at the high- and low-field side are

in phase, while they are out of phase with the signal of the central channel. A

simulation code was used to determine the topology of the islands. In this model the

islands are represented by gaussian-shaped distortions in the radial and poloidal

direction. The islands are rotated in the model and the corresponding signals as they

would have to appear on the interferometer channels are calculated. The simulated

data are plotted in the same way as the measurements. The simulations that show the

best resemblance to the measurements is taken as the best fit. For example a

simulation of a strong m=2 mode with a small m=3 contribution is shown in

Fig. 17b. The characteristic figures in the model for the m=2 islands are:

(Ane/ne)iocal ~ 40%. the radial 1/e-width Ar = 13 mm, the poloidal angle 1/e-width

A<p - 1 rad. A contour plot of the islands is shown in Fig. 17c. The m=3 mode may

be taken to be responsible for the observed activity at the outer channels; it is a factor

of five smaller in magnitude.

As soon as the temperature measurements for a magnetic island are

v available the local pressure in an island can be calculated. It is an interesting question

;• whether the pressure in an island is higher, equal or lower than the pressure outside

k the island.

V: From the simulations it was clear that the lateral positions at which

I maximum density was measured corresponded with the radial position of the

| islands. Other trial functions then gaussians did not change the results significantly.

S
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Fig. 17 a) Three-dimensional plot of a measured m=2 instability.

b) Simulation of the measurements.

c) Contour plot of the islands which were used for the simulation. The

dashed line indicates the limiter position.
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From the location of the top density of the distortions, the position of the

q=2 surface is determined. This has been done for several values of qa. The results

are shown in Fig. 18a. Hitherto, the q-profile in RTP cannot be measured directly.

If the empirical scaling, which is found in nearly every tokamak is used [17]

iL (6.3)
4a

qo can be derived from Eq. (6.2) and is given by

( 6 ' 4 )

Combination of Eqs. (6.2) and (6.4) gives

The position of the q=2 surface, rK(q=2), can be derived from Eq. (6.5) and is

given by

(6.6)

The index K indicates that the position is derived from Kadomtsev's current density

profile. The positions as derived from Eq. (6.6) are indicated by the line in Fig. 18a.

The measurements do not agree exactly with the model. However, the measured

positions are proportional to the expected positions as can be seen from Fig. 18b,

indicating that the measured points have the same qa-dependence as derived from the

Kadomtsev profiles. In conclusion, the measured position of the q=2 flux surface in

the RTP tokamak is given by

r(q=2) = 0.75 r*(q=2) + 0.039 m. (6.7)
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Fig. 18 a) Measured positions of the q=2 surface (*)for several values ofqa. The

line indicates the calculated positions as derived from Kadomtsev's

formula for the current density profile (rK(g=2)).

b) Measured positions plotted against the expected positions.

Part of the offset can be explained by the fact that, due to a toroidal effect, the

maximum density variations are not located exactly at the q=2 surface. Furthermore,

it is possible that the assumption for q0, as stated in 6.4, is not valid for all values of

qa. This will be checked as soon as the polarimeter becomes available.
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Some of the discharges with strong m=2 activity ended with a disruption.

The discharge which is presented in Fig. 2 is an example. Here the m=2 mode

locks, which results in a fast change of the density profile. During the disruption a

massive particle influx is observed. In Fig. 19 the development of the line density

profile is shown for an ECRH (180 kW) heated plasma (Bq> = 1.96 T). The effect of

the m=2 activity can be seen on the line density profiles. The large density increase

and inward movement of the plasma are clearly visible. In Fig. 20a, three line

density profiles are shown which were measured during the first part of the

disruption. The time difference between the subsequent density profiles is 20 |is.

The positions of the interferometer channels are indicated by the black bars. The

hatched area corresponds to the variations of the line density profile as a result of the

m=2 mode. During the disruption the central density decreases rapidly and a

broadening of the line density profile is observed. After this, the line density profile

increases over the whole cross-section and peaks at the high-field side of the torus.

In Fig. 20b, the electron density profiles are shown which are obtained after Abel

inversion of the line density profiles. The hatched area again represents the

variations in the density profile induced by the m=2 mode. During the disruption the
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Fig. 19 Measured density development during a disruption of an ECRH heated
plasma <B<p=l.96 T).
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20 oj Z-me density profiles during the disruption of the same discharge as

Fig. 19. The hatched area indicates the variations of the line density

profile due to m-2 activity. The line density profiles are measured att =

118.80 ms ( )t= 118.82 ms ( ) and t = 118.84 ms (•-).

The black bars indicate the positions of the detectors,

b) Density profiles corresponding to the line density profiles in a), as

obtained by Abel-inversion.

115



electron density profile becomes hollow. After the initial density decrease additional

density is created at the high-field side of the plasma.

An Abel inversion of the line density profiles is, strictly speaking, not

allowed. It is very likely that during a disruption the flux surfaces are no longer

circular and thus there is no cylindrical symmetry, which is a necessary condition for

performing an inversion. The non-cylindrical geometry of the m=2 mode is also the

reason of the large central density variation indicated in Fig. 20b. Despite these

objections the profiles are shown because they still give an indication of the character

of the changes in the density profile.

In Fig. 21 the central density, the total density, the plasma current and the

loop voltage at the high- and the low-field side are shown. Unfortunately, no

information about the development of the electron temperature during this disruption

is available.

The current increase is also observed in other tokamaks and an explanation

is given by Wesson et al. [18,19]. They suggest that during the first phase of a

disruption tearing instabilities flatten the electron temperature and the current density

profile in the centre. Unlike a purely diffusive flattening, the released energy is not

entirely dissipated by ohmic heating. Part of the energy is taken up as a current

increase. It was shown that this current increase is coupled to a negative spike on the

loop voltage. The current decrease in the plasma centre is not directly observed as an

increase at the plasma edge. There is a delay because the outer plasma region acts as

an electromagnetic shield with negative current density. The behaviour of the plasma

outside the centre is resistive and can be described by a diffusion equation. So, a

delay exists between the initial current redistribution, which is observed as a

decrease of the central electron temperature, and the observed plasma current

increase. This delay has been observed in JET and other tokamaks. The second

phase, during which the plasma looses its energy rapidly, is referred to as the energy

quench phase.

In tokamak plasmas the maximum electron density which can be obtained is

limited. If the density increases above a critical value, a high-density disruption

| occurs. In general the maximum density scales linearly with the plasma current.
| High-density disruptions are often preceded by one or more minor disruptions, from
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which the plasma usually recovers. In other tokamaks it is observed that a minor

disruption occurs when the power radiated by the plasma equals the ohmic input

power. At that moment a contraction of the electron temperature and density profiles

is observed [20]. The density profiles in RTP were measured during several high-

density disruptions.
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• Fig. 21 Development of several parameters for the same discharge as Fig. 20.

\ a) Central density (—) and total density ( ) .

b) Plasma current.

c) Loop voltage at the high-field side ( ) and low-field side (—).
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In Fig. 22 the development of several parameters is shown for a series oi

minor disruptions for a high-density discharge (B<p = 2.14 T). The parameters are

derived from the line density profiles. From the maximum line density trace it is seen

that a large burst of MHD activity precedes a minor disruption [21]. It has been

checked that the MHD modes are a combination of several m-modes with a strong

m=l component just before and shortly after the minor disruption. After each minor

disruption the density profile broadens. After that, the width of the line density

profile gradually decreases but, before it reaches again its value from before the

minor disruption, the next minor disruption occurs. Furthermore, each minor

disruption increases the total density a little, but the total density decreases during the

whole series of minor disruptions. Each minor disruption induces a temporary

increase of the plasma current. The changes in the line density profiles are

comparable to the changes during the energy quench phase. There is one important

difference with a major disruption, however, the profiles recover from a minor

disruption and peak again.
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a) Maximum line density.
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d) Plasma current.
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Fig. 23 Development of the line density profile during a high-density disruption.

The profiles are shown from t = 106.4 mstot= 106.7 ms.

The development of the line density profile during a high-density disruption

is shown in Fig. 23. At these high densities one has to keep in mind that, because of

refraction effects, die real density profiles are in reality more peaked than observed.

The maximum lateral beam displacement at the detector positions will be 2 cm at a

central density of lxlO2 0 nr3. These refraction effects do influence the exact profiles

which are presented in this section but have no effect on the conclusions.

In Fig. 24 the time traces of several parameters are shown. At

t - 106.55 ms the line density profile changes rapidly. A drop in the central

density is observed along with a broadening of the line density profile while the total

density remains almost constant The increase of the total density starts after the

central density decrease. It is hard to determine when the initial current redistribution

in the plasma takes place. The ECE signals could not be used because the electron

density was higher than the cut-off density for the ECE frequencies. The soft X-ray

signal, which is shown in Fig. 24e, is measured over a chord through the centre of

the plasma.
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Fig. 24 Development of several parameters for the same discharge as in Fig. 23.

a) Maximum line density.

b) Width of the line density profile at half the maximum value.

c) Total density.

d) Plasma current.

e) Soft X-ray signal of chord through the plasma centre.
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If the soft X-ray signal may be used as a measure of the central electron tempera-

ture, it is clear that the initial temperature decrease is 400 us earlier than the changes

in the density profile. This observation is supported by the data of another high-

density disruption, during which the central density was low enough so that the ECE

data could be used. A time delay of 100 |xs was measured between the initial

temperature drop and the changes in the electron density profile. The central current

density evolution could not be measured.
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: 6.4.4 Mixed m-modes

The interferometer proved to be a useful instrument for obtaining

information about the effects of MHD modes on the density. An example is shown

in Fig. 25. Here the signal is plotted for a discharge with qa=3.3 with strong MHD

activity. The exact mixture of m-modes is hard to determine, but it appears to be a

combination of an m=2 and an m=3 mode. From the position of the maxima together

with Kadomtsev's q profile (Eq. 6.5), the most likely explanation is an m=3/n=2

mode on q=1.5 coupled to an m=2/n=l mode on q=2. The structure as shown in

Fig. 25 did not change over a long period, which indicates the existence of a fixed

frequency relation between the different modes. In combination with the soft X-ray

tomography, which will be available at RTP shortly, the structure of the islands can

be analysed in detail.
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Fig. 25 Measured MHD activity with qa = 3.3.

(ms)

123



6.5 Polarimeter results

With the INTERPOL set-up at RIP it is possible to compare the different

polarimeter schemes which are proposed by various authors (Soltwisch [22], Dodel

and Kunz [23], and by the author of this thesis see section 5.7). After testing the

different polarimeter schemes, the most suitable one for RTP will be selected.

Only a minor modification of the already operational interferometer set-up

was needed to test the polarimeter scheme as proposed by Dodel and Kunz, which is

described in section 4.3. A right- and a left-hand circularly polarized beam propagate

along the same beam path through the plasma. The phase difference between the two

beams is a direct measure for the Faraday rotation angle, a. The scheme has been

tried for a small number of discharges only.
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Fig. 26 Measured Faraday rotation profile (^for a lp\ = 60 kA discharge. The

dashed line is a calculated Faraday rotation angle profile. Electron- and

current-density profiles are assumed to be parabolic.
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When the polarimeter was operational, no interferometer data were

available. For these first test measurements only eight channels were operational. In

Fig. 26 a normalised measured Faraday rotation profile is shown for a 60 kA

discharge. The characteristic shape of the profile is clearly present. The expected

maximum rotation angle for a discharge with a total plasma current of Ipi = 60 kA

and with parabolic electron- and current-density profiles is 1° (this curve is shown as

a reference in Fig. 26).

Although the measured profile shape is as expected, the measured

maximum rotation angle was more than a factor two larger than calculated for this

discharge. This factor is somewhat reduced by taking other then parabolic profiles

for the simulations. Accurate analysis of the whole set-up will be performed to find

the source of this discrepancy.
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6.6 Conclusions

The multi-channel interferometer has been operated routinely. For each

discharge, line density profiles are automatically Abel-inverted and the density

parameters are stored in the main RTP data-base system. In this way, the density

data are routinely available.

The interferometer proved to be a powerful instrument for diagnosing the

initial plasma build-up phase. Thanks to the high time resolution the ECRH break-

down of a plasma can be studied in detail. From this study it may be concluded that

the density is at first created at the ECRH resonance layer position. From there the

torus is filled with plasma by motion, mainly towards the low-field side direction.

Although ECRH mainly influences the electron temperature, an effect on

the electron density profile is also clearly present. Shortly after ECRH is switched

on, the central electron density decreases and the density profile broadens. The

profile changes can, at least qualitively, be explained by the model of profile

consistency between the current density and pressure profile. The observed fast

increase in the central density and peaking of the density profiles after ECRH is

switched off can be explained by the same model.

It seems that the relative central electron density decrease, after ECRH is

switched on, is directly related to the temperature increase. It has been observed that

the central density decrease is larger when the electron density before switching on

ECRH is lower. Furthermore, a scaling of the central density decrease with the total

current is obtained. At higher plasma currents the effect of ECRH on the density

gradually decreases. It was also observed that the profile changes were smaller at

lower ECRH power.

The total particle content increases when ECRH is switched on. This

increase is probably related to the higher heat load to the wall which causes a higher

recycling. The measured outward and inward movements of the plasma column

when ECRH is switched on or off, respectively, corresponds well with the

measured displacement of the outer magnetic flux surface.

126



The effect of the different MHD modes on the density has been studied in

detail. In hydrogen plasmas the sawtooth collapse is preceded by an m=l precursor

which grows rapidly. The position of this m=l mode moves 1.5 cm outwards

during the last 300 jis before a crash. The fact that the m=l precursor is still clearly

present, even after averaging over a number of sawteeth, indicates that the sawtooth

crash always takes place at the same phase of the m=l instability.

The observed density pulse, which is induced by the sawtooth collapse, is

different for channels at the low- and high-field side. The duration of the density

pulse seems to be longer at the high-field side than at the low-field side. This can be

due to a poloidal asymmetry of the transport coefficients or by the presence of a

particle source at the high-field side of the torus. More analysis is needed to reveal

the exact cause.

In pure helium discharges the asymmetry was no longer observed. Also the

m=l precursor just before a sawtooth collapse was no longer present.

From the location of the maximum density variations during an m=2 mode,

the position of the q=2 surface could be derived. The measured q=2 position is

proportional to the position as predicted from Kadomtsev's current density profile

with an offset of 0.039 m. By comparing experimental data with simulations it is

possible to estimate the size and topology of the islands.

Thanks to the high time resolution of the interferometer it is possible to

measure the electron density profile during the energy quench phase of disruptions.

Also the minor disruptions which precede the energy quench phase in a high-density

disruption are studied. A fast flattening and broadening of the density profile is

observed. This density redistribution seems to take place after the initial temperature

redistribution in the centre of the plasma, ECE measurements, however, were not

available for these discharges. Temperature information could only be derived from

the soft X-ray signal measured over a chord through the centre of the plasma. More

experiments are needed to determine the evolution of the various plasma parameters

in more detail during the fast energy quench phase of a disruption.

Only a few experiments with a polarimeter set-up, as proposed by Dodel

and Kunz, were performed. The results look promising.
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I
De bewering van H. Saltzmann dat de partiële dichtheid van een bundel
elektronen in een thermonucleair plasma meer dan 6% moet bedragen alvorens
deze met Thomson scattering kan worden gedetecteerd, is onjuist

H. Saltzmann, 'Thomson Scattering", Proceedings Workshop on Basic and
Advanced Diagnostic Techniques for Fusion Plasmas, Vol. II, p. 477,
Varenna(1986).
Dit proef schift Hoofdstuk 2.

II

Thomson verstrooiing aan de vrije elktronen in een thermonucleair plasma is
een krachtige diagnostiek voor het bepalen van de bulk van de drie-dimensionale
elektronensnelheidsverdeling.

Dit proefschrift Hoofdstuk 3.

m
Interferometrie en reflectometrie zijn geen concurrerende maar elkaar
complementerende diagnosüeken.

IV
Ondanks het één-dimensionale en lijngeïntegreerde karakter van interferometrie
kan hiermee toch de topologie van dichtheidsverstoringen bestudeerd worden.

Dit proefschrift Hoofdstuk 6.

V
De door D. Ward en J. Wesson voorspelde toename van de elektronendichtheid
bij een hoge-dichtheidsdisruptie van 500% is niet in overeenstemming met de
waargenomen toename van 35%.

DJ. Ward, JA.Wesson, "Impurity Influx Aiodel of Fast Tokamak

Disruptions", JET-P(91)10.
Dit proefschrift Hoofdstuk 6.



VI
Het receptor model voor de histamine H2-agonist en ^-antagonist
landingsplaats wordt door gegevens omtrent niet in het model meegenomen
(partiële) agonisten ongeloofwaardig.

H.-D. Höltje and A. Batzenshlager, J. CompuL Aided Mol. Design, 4,

p. 391(1990).

VII
Het toekennen van te grote belangen aan het aantal publicaties kan leiden tot
een uitholling van de wetenschap.

vin
De huidige tendens in het belonen van de prestaties van een promovendus zal er
binnen afzienbare tijd toe leiden dat hij alleen nog een studiebeurs ontvangt.

IX
Een miskende vorm van ongelijke man/vrouw behandeling is het bestaan van
een onjuiste verhouding van toiletfaciliteiten voor mannen en vrouwen in
drukke gelegenheden.

X
Onnauwkeurige arbeidstijdregistratie zal voor zowel de werknemer als de
werkgever meer nadelen dan voordelen opleveren.

XI
De nog onbekende invloed van het broeikaseffect op de bewolking maakt dat de
door modellen voorspelde klimaatveranderingen ten gevolge van dit
broeikaseffect met de nodige voorzichtigheid moeten worden gehanteerd.
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