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Summary

Nuclear fusion is a promising candidate for future energy supply. It is the process in
which two light nuclei melt together and an enormous amount of energy is produced. In
a thermonuclear reactor the burning temperature is 200 million °C. A tokamak is a device
in which a thermonuclear plasma is confined by means of a magnetic field. It is currently
the best option for a future nuclear fusion reactor.

In the ideal case the topology of the magnetic field in a tokamak consists of nested
toroidal flux surfaces in which the plasma is well confined. However, small perturbations
are sufficient to break the symmetry of the flux surfaces, and to disturb the confinement.
Perturbations of the magnetic topology might be the reason for the anomalously high heat
transport observed in tokamaks, which is 1-2 orders of magnitudes larger than expected.
The smallest scale of magnetic structures expected to be of importance for heat transport
in a tokamak like RTP (Rijnhuizen Tokamak Project) have a size of 1 mm, i.e. <1% of
the minor radius of RTP.

The most spectacular small scale structures observed in RTP are plasma filaments.
These are observed as multiple peaks in electron temperature (T.) and pressure (p,) with
a typical width of 5-10mm and an amplitude up to 1.5keV in a 2keV ambient plasma.
They occur in the central region of plasmas that are heated by Electron Cyclotron Heating
(ECH). The central issue in this thesis is the study of these filaments. Questions that are
posed concern their statistical significance, their topology, conditions for their occurrence
and their dynamics.

The filaments have been observed with a high spatial resolution Thomson scattering
diagnostic, which measures T, and electron density (n.). In order to study the dynam-
ics of the filaments, a double pulse high resolution Thomson scattering diagnostic has
been developed. Much effort is put in accurate calibration and testing of the diagnostic.
Furthermore, an extensive error analysis of the T, and n. measurements is performed to
ensure the statistical significance of the observed small scale structures. The specifications
of the diagnostic are the following:

e It measures two almost full profiles of T, and n. along a vertical chord with a range
of 2=[-125, 165 mm. A ruby laser is fired twice and the scattered light is recorded
by a double detection system containing 2 Intensified-CCD (ICCD) cameras.

e The spatial resolution of the measurements is 3mm full width at half maximum
over the full z-range. This is 2% of the RTP minor radius.

e The time separation Atrg between the two measurements can be tuned in the range
AtT5=[20, 800] MUS.

o The relative statistical error of a single measurement is 3-5 % of T, and 2-4 % of n,.
This is for the full T,-range of T.= {50V, 6keV], and a typical n, of 5x10°m=3.
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The measurements performed with this diagnostic have added to the understanding of the
nature of filaments. First, it is shown that filaments are not due to a diagnostic artefact.
A statistical test shows that their amplitude and power spectrum are well above the noise
level. Moreover the fact that filaments show dynamic behaviour proves that they are a
plasma physical phenomenon: they are wiped out in a sawtooth crash, they take several
milliseconds to develop after switching on ECH, and persist for hundreds of microseconds
after ECH is switched off.

It is argued that fillaments are independent tube-like structures. The fact that filaments
are separate entities is determined in an experiment where different cuts through the
plasma center are made. Single peaks are found in all cross-sections. It is shown that the
filament amplitude is independent of the amplitude of a large m=1 island present as a
sawtooth precursor.

The filament must be closed tubes to sustain the measured high T, gradients. Their
toroidal mode number could not be determined. Most likely they have a n=1 periodicity
when they occur in the center of the plasma.

The amplitude of central filaments shows a weak dependence on the edge safety factor
ga- The electron density n, has a strong effect on the filament amplitude. The filament
amplitude scales with n;15. The strong dependence can be understood when assuming
neo-classical confinement inside filaments. Indeed, the value of the experimentally found
heat diffusivity inside a filament is close to the neo-classical value.

Filaments occur inside the g=1 surface in plasmas with central ECH. However, they
have also been observed in off-axis heated discharges in the off-axis maximum of the T.
profile. These plasmas did not have a g=1 surface, but the filaments did occur in the
low shear area of the plasma, i.e. at the off-axis minimum of the ¢ profile. It is inferred
that very low or vanishing magnetic shear is a required condition for the occurrence of
filamentation.

The majority of observations of filamentation have been done in plasmas with ECH,
but filaments were also observed during the so-called non-local heating effect, when no
additional heating was applied. These observations show that filaments are not ECH
specific.

Next to the study of filamentation, the double pulse Thomson scattering diagnostic
has been used in many other experiments. The results of these are not included in this
thesis, but are published elsewhere. The topics of research were: electron heat transport
barriers; off-axis sawtooth activity; profiles during pellet ablation; profiles during major
and minor disruptions; and the measurement of current density profiles with tangential
Thomson scattering.

12



Samenvatting

Kernfusie is een veelbelovende kandidaat voor levering van energie in de toekomst. Het is
een proces waarin twee lichte atoomkernen samensmelten en waarbij een enorme hoeveel-
heid energie vrijkomt. Een thermonucleaire reactor wordt bedreven bij een temperatuur
van 200 miljoen °C. Een tokamak is een apparaat waarin een thermonucleair plasma
opgesloten wordt door middel van een magnetisch veld. Momenteel is het de beste optie
voor een toekomstige kernfusiereactor.

In het ideale geval bestaat de topologie van het magnetische veld in een tokamak uit
geneste toroidale flux-oppervlakken, waarin het plasma goed wordt opgesloten. Kleine
verstoringen kunnen echter de symmetrie van de flux-oppervlakken breken en de opsluit-
ing verslechteren. Verstoringen van de magnetische topologie zouden verantwoordelijk
kunnen zijn voor het anomale warmtetransport dat wordt waargenomen in tokamaks (1-
2 orden van grootte belangrijker dan verwacht). De kleinste structuren waarvan wordt
verwacht dat ze invloed hebben op het warmtetransport in een tokamak als RTP (Rijn-
huizen Tokamak Project) hebben afmetingen in de orde van 1mm, d.w.z. < 1 % van de
kleine straal van RTP.

De meest in het oog springende kleine structuren die in RTP-plasma’s geobserveerd
zijn, zijn de filamenten. Deze worden waargenomen als meervoudige pieken in de tem-
peratuur (7;) en druk (p.) van de elektronen met een typische afmeting van 5-10mm
en een amplitude van maximaal 1.5keV in een omringend plasma met een temperatuur
van2 keV. Ze komen voor in het centrale deel van het plasma onder Elektronen Cy-
clotron verhitting (ECH). Dit proefschrift gaat over de bestudering van deze filamenten.
De statistische significantie, de topologie, condities voor hun bestaan en het dynamische
gedrag van de filamenten worden behandeld.

De filamenten werden bestudeerd door meting met hoge resolutie van T, en dichtheid
(ne) van de elektronen. Deze meting was gebaseerd op Thomsonverstrooiing. Om het dy-
namische gedrag van de filamenten te kunnen bestuderen, is een dubbel puls Thomsonver-
strooiingssysteem ontwikkeld. Het systeem is uitvoerig getest, en nauwkeurig gekalibreerd.
Bovendien is een uitgebreide analyse uitgevoerd van de foutbronnen in het systeem, zodat
de statistische significantie van de filamenten gegarandeerd kan worden. De specificaties
van de diagnostiek zijn als volgt:

e Het systeem meet twee bijna gehele profielen van 7T, en n, langs een verticaal koord
met een bereik van z = [—125, 165] mm. Een robijnlaser wordt tweemaal gevuurd en
het verstrooide licht wordt gedetecteerd door een dubbel detectiesysteem, bestaande
uit twee 'Intensified-CCD’ (ICCD) camera’s.

¢ De ruimtelijke resolutie van de metingen is 3mm breedte op halve hoogte in de
z-richting. Dit is 2% van de kleine straal van RTP.

13



o De tijdseparatie Atrs van de twee laserpulsen kan worden ingesteld tussen de 20 en
800 s.

¢ De statistische relatieve fout in een enkele meting is 3-5% in 7, en 2-4% in n,.
Dit geldt voor het gehele bereik in T, van [50eV, 6keV], bij een typische dichtheid
ne = 5 x 10¥m™3.

De metingen die zijn uitgevoerd met deze diagnostiek hebben bijgedragen aan het inzicht
in de aard van de filamenten. Ten eerste is aangetoond dat de filamenten geen artefact
van het instrument zijn. Een statistische analyse toont aan dat hun amplituden en ver-
mogensspectrum uitsteken boven de ruis. Het dynamische gedrag van de filamenten toont
aan dat ze een plasmafysisch fenomeen zijn: tijdens de neergaande flank van de zaagtand
oscillatie worden de filamenten vernietigd; het duurt enkele milliseconden na inschakeling
van ECH voordat ze zich ontwikkelen; en ze blijven honderden microseconden zichtbaar
na afschakeling van ECH.

Het wordt beargumenteerd dat filamenten buis-achtige structuren zijn. Dat de fila-
menten onafhankelijke structuren zijn is geverifieerd in een experiment waarin verschil-
lende doorsneden van het plasma zijn gemaakt. Smalle pieken werden gevonden in alle
doorsneden. In een ander experiment is aangetoond dat de amplitude van de filamenten
onafhankelijk is van de amplitude van de zaagtand precursor.

De filamenten moeten gesloten buizen zijn om de gemeten hoge T, gradiént in stand
te houden. De periodiciteit van de filamenten kon niet bepaald worden. Hoogst waar-
schijnlijk hebben filamenten die in het centrum binnen q=1 gevonden worden een m=n=1
periodiciteit.

De amplitude van de centrale filamenten vertoont een kleine afhankelijkheid van de
totale stroom (g,) in het plasma. De elektronendichtheid n. heeft een sterk effect op
de amplitude van de filamenten, die schaalt als n;!®. Deze sterke afhankelijkheid kan
worden begrepen indien binnen de filamenten neo-klassieke waarden voor de opsluiting
worden verondersteld. De experimenteel bepaalde waarde van de warmtediffusiviteit in
de filamenten is inderdaad dicht bij de neo-klassieke voorspelling.

Filamenten komen voor binnen het g=1 oppervlak in centraal verhitte plasma’s onder
centrale ECH. Ze zijn echter ook geobserveerd in ontlading waarbij het ECH-vermogen
halverwege de rand en de as van het plasma is gedeponeerd. In deze plasma’s bestaat geen
g=1 oppervlak, maar de filamenten werden geobserveerd in de nabijheid van de vermogens
depositie, in het gebied in het plasma met geringe magnetische afschuiving. We leiden
hieruit af dat lage magnetische afschuiving een noodzakelijke conditie is voor filamentatie.

De meeste observaties aan gefilamenteerde plasma’s werden gedaan gedurende ECH,
maar filamentatie is ook geobserveerd tijdens het zogenaamde niet lokale verhittingseffect,
waarbij geen additioneel vermogen werd toegevoegd. Deze observaties tonen aan dat
filamentatie geen ECH-specifiek proces is.

Het dubbel puls systeem voor Thomsonverstrooiing is ook ingezet bij vele andere
experimentele programma’s. De resultaten van deze programma’s worden niet in dit
proefschrift beschreven, maar zijn elders gepubliceerd. De onderwerpen waren onder
meer transportbarrieres in het elektronenverlieskanaal, niet-centrale zaagtandactiviteit,
profielvormen gedurende pelletablatie, profielvormen tijdens grote en kleine plasmadisrup-
ties en de metingen van het stroomdichtheidsprofiel met tangentiéle Thomsonverstrooiing.
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Chapter 1

Introduction

1.1 Nuclear fusion research

In this era with a threatening shortage of energy supplies, it is important to look for long
term alternative sources. Nuclear fusion is one of these. Fusion is the process in which
two light nuclei melt together. In the fusion process an enormous amount of energy is
released. It is the process that provides the stars, like our sun, with energy.

The reaction with the highest cross section is the fusion of two hydrogen isotopes,
deuterium (D) and tritium (7):

D+T — }He+n+17.6 MeV, (1.1)

in which 4He is the element helium and n° an energetic neutron. D is abundantly present

in sea water, and T can be gained from L3, which can be mined and is also present in sea

water. In a thermonuclear reactor the burn temperature is 20keV, which is equivalent to

approximately 200 million °C. The pressure of the fuel in the reactor is about 10 atm.
Forty years of fusion research have led to the following achievements:

¢ Maximum produced fusion power of 16.1 MW,

e Maximum -produced fusion energy of 21 MJ, produced in quasi-steady state in 3
seconds,

o Best ratio between fusion and input power: Py, /P = 0.65,

These have been obtained in a test-reactor of the type ‘tokamak’ [1]. In such a device
the hot fuel, which is fully ionised and thus in the plasma state, is confined by means of
a magnetic field as sketched in Fig. 1.1. The magnetic field consists of a toroidal feld By
induced by coils, and a poloidal field By induced by a plasma current. The plasma current
in its turn is generated by using the plasma as the secondary winding of a transformer.
Thus a helical magnetic field is generated. The helicity of the field is quantified by the
magnetic winding number g = rB;/Ry By (for r and Ry see Fig. 1.1), which indicates the
number of toroidal turns a field line makes before a poloidal turn is completed. Under
normal operation ¢ varies from about 1 on the magnetic axis to 3-6 at the periphery of
the plasma. .

No net energy production has been achieved yet by means of nuclear fusion. Existing
tokamaks are too small to achieve ignition of the fusion fuel. To obtain a burning fusion
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16 Chapter 1. Introduction

main axis
|
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magnetic field
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') (pnmary circuit)
lasma current |
poloidal — N Bsecondary circuit)
magnetic field
Be iron transformer core
toroidal field
magnetic fiel : . .
g C I plasma particles contained by
¢ helical field |  magnetic field

Figure 1.1: The tokamak, its magnetic fields and some of its subsystems. The major
radius is indicated by R, and the minor radius by r.

plasma the linear dimensions of JET, currently the largest tokamak, need to be increased
by a factor of two. Such a machine would still be smaller than a conventional electricity
plant running on fossil fuel. It is expected that such a fusion reactor will produce ~1 GW
electric power. However, many technical issues that are associated with the development
of such a device need further research. These issues include: the development of huge
superconducting coils; the research on materials for the vessel wall and divertor plates that
do not suffer fast deterioration due to high thermal energy loads and nuclear reactions
with neutrons from the fusion reaction; and the exhaust of thermalised 4He from the
plasma.

An issue which requires fundamental research is the anomalous transport of heat in
the plasma. The transport of heat along magnetic field lines is very large, and ‘end’ losses
are prevented by the toroidal shape of the field configuration. Perpendicular transport
should be very slow, assuming that radial heat transport is due to Coulomb collisions
only. However, in tokamaks it is found that heat transport, mainly via the electrons, is 10
to 100 times larger than predicted by this so-called ‘neo-classical’ theory. Imperfections
of the magnetic field configuration, which confines the electrons, could play an important
role in this anomalous heat transport.

It is generally assumed that the magnetic field in a tokamak forms a nest of perfect
toroidal flux surfaces, as is indicated in Fig.1.2(a). Due to the good transport along the
field lines, plasma parameters like temperature and density are constant on a flux surface
under this assumption and show poloidal symmetry. The temperature and density are a
smooth function of the minor radius as shown in Fig. 1.3(a). However, a small perturbation
of the order of 107° to 10™* of the toroidal magnetic field B, is sufficient to break the
symmetry, and to influence the transport properties of the plasma. Especially surfaces
with simple rational values of the winding number g are sensitive to these perturbations.
In this perturbed case, the topology changes in a mixture of 'good’ surfaces, magnetic
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Figure 1.2: The standard theory of a tokamak plasma assumes a simple magnetic topology:
perfect flur surfaces which form a nested set. Under perturbation, the flur surfaces at
which q is rational degenerate to form magnetic islands embedded in a region of stochastic
field.
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Figure 1.3: Ezample of a (a) smooth temperature profile and (b) a profile showing a lot of
small scale structure.

islands, and layers of stochastic field, see Fig 1.2(b). Regions of good confinement alternate
with regions of worse confinement. In this case the profile of the temperature is not a
smooth function of r anymore, as indicated in Fig1.3(b).

Although magnetic perturbations may be arbitrarily small, the smallest scale of impor-
tance for electron heat transport is expected to be of the size of the ion Larmor radius.
In a tokamak like RTP (Rijnhuizen tokamak project), this radius is ~ 1mm. This is
the smallest scale of structures to be expected in the temperature and density profiles.
For RTP with a minor radius of 165 mm, the spatial resolution required to resolve these
structures should be better than 1% of the minor radius.

1.2 Experimental evidence for small scale magnetic
structures

Fluctuation levels of the magnetic field of 1075 to 10™* have indeed been observed in a
tokamak [2]. Furthermore, evidence for the footprint of magnetic structures, like magnetic
islands, in electron temperature (T.) and density (n.) profiles have been reported [4, 5, 6,
7]. Measurements of T, and n, with high spatial resolution are very difficult to perform in
a tokamak. Mostly, the spatial resolution is 5-10 % of the minor radius, and the minimum
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Figure 1.4: Ezample of filaments in the T, Figure 1.5: Ezample of a T, profile of an
profile of an ECH plasma. They occur in- Ohmic discharge showing the quasi-periodic
side the steep gradients. Qutside these gra- structures. Their amplitude is typically 50—
dients quasi-periodic structures are present. 100eV.

size of observed structures therefore is limited to 10-20 % of the minor radius.

An exception is the high spatial resolution Thomson scattering diagnostic at RTP [3],
which measures T, and n, with a spatial resolution of 2% of the minor radius. Further-
more, next to the Ohmic heating by the plasma current, at RTP strong additional heating
is available in RTP by means of Electron Cyclotron Heating (ECH), which enhances the
amplitude of structures in T,. Appart from large magnetic islands with a size of 10-20 %
of the minor radius, also small scale structures have been observed with this Thomson
scattering diagnostic. The most striking observations in RTP are the plasma filaments.
These are observed as multiple peaks in T, with a width of 5-10 mm, i.e 3-6 % of the minor
radius. Their amplitude can be up to 1-1.5keV in a 2keV ambient plasma. An example
is given in Fig.1.4. The peaks do not show up in n.. The filaments were first reported in
[8]. These were measurements with a single pulse high resolution Thomson scattering di-
agnostic. Thus only one measurement per discharge could be performed. It was reported
that filaments occur in the central region inside the steep gradients near the ¢ = 1 surface
of plasmas with ECH. Furthermore, outside these steep gradients quasi-periodic struc-
tures were observed with similar dimensions as the filaments, but much lower amplitudes;
50-100eV. These quasi-periodic structures are also observed throughout the full profile
in plasmas without ECH, e.g. Fig. 1.5.

1.3 This thesis

This thesis contains a further study of filamentation, and the diagnostic development
required to perform this study. Open questions concerning filaments are:

o The topology of the filaments: Are the observed peaks a cross section of toroidally
extended structures or are they local T, fluctuations? If they are spatial structures,
are they closed flux loops? Or could the very localised heating of a population of
electrons connected to a bundle of field lines give rise to the observations?
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o Their relation with MHD activity: What is their relation with the central sawtooth
crash and the sawtooth precursor? Are the filaments part of a single large magnetic
island or are they separate structures?

o Their occurrence: Are filaments ECH induced or do they pre-exist in Ohmic dis-
charges? Are the peaks also observed in discharges without ECH? Is their occurrence
restricted to the central g=1 region in the plasma?

o Their lifetime: Are correlation studies feasible for giving an indication of the lifetime
of the filaments?

¢ The time scale of filament creation: What is the connection with other typical time
scales such as the energy confinement time and current diffusion?

To answer some of these questions, measurements of the dynamics of the filaments are
required. The temporal resolution that is required is determined by the toroidal plasma
rotation time and the time scale of MHD phenomena like the sawtooth crash. The plasma
rotation in RTP has a typical period of 100 us, and a sawtooth cycle takes 0.5-1.5 ms.

No diagnostic method other than Thomson scattering yields the required spatial res-
olution of 2% of the minor radius. However, to design a multi pulse high resolution
Thomson scattering diagnostic to obtain time information on the small scale structures
is no sinecure. The problem lies in the trade off between laser power and high repetition
rates. High laser power is required to obtain high enough signal to noise ratio to resolve
the small structures.

At RTP a double pulse Thomson scattering diagnostic has been constructed. A high
power ruby laser was available that could yield two laser pulses with a tunable time
separation of 20-800 us, which is in the range of the typical time scales in the plasma.
However the detection system of the old single pulse diagnostic contained only one CCD
camera. The readout time of this camera is in the range a few seconds, and this is not
fast enough to separate the two laser pulses. Therefore a new detection branch has been
developed containing two CCD cameras and two additional image intensifiers that act as
fast electronic shutters to separate the two laser pulses.

This way a double pulse Thomson scattering diagnostic is obtained. With this diag-
nostic dynamic studies like the study of the effect of sawteeth on filaments, and of profile
reproduction after a single toroidal turn of the plasma are feasible.

This thesis describes the new double pulse high resolution Thomson scattering di-
agnostic and its instrumental properties. A large effort is put in testing the system on
consistency between the measurements of two CCD cameras. Furthermore, an extensive
study of the error of the measurements is performed to ensure the significance of the
measured structures. Next to the instrumental part of this thesis an extensive study of
the plasma filaments using the double pulse diagnostic is performed that answers many
of the questions on filaments posed above. The layout of the thesis is as follows:

o Chapter 2 deals with the theory of Thomson scattering. An expression is given for
the relativistic Thomson scattering spectrum, which will be used to fit the experi-
mental spectra.

e Chapter 3 describes the Rijnhuizen Tokamak Project (RTP), its heating system and
diagnostic tools.

o Chapter 4 gives an extensive description and test of the RTP double pulse Thomson
scattering diagnostic, and some examples of its application.
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e Chapter 5 analyses both the statistical and systematic error on the double pulse
Thomson scattering measurements.

o Chapter 6 is the study of plasma filamentation. The above addressed questions are
discussed. Theoretical considerations together with experimental observations will
give an indication of the nature of filaments

o Chapter 7 gives an evaluation of the work performed, suggestions for future devel-
opments on high resolution Thomson scattering and future experiments on filamen-
tation.

1.4 Publications,

The work on the double pulse Thomson scattering diagnostic has yielded many results. In
this thesis only the work dealing with the diagnostic development and the study on plasma
filamentation is described. The rest is published elsewhere. Below a list of publications
is given. The publications marked with a & are included as chapters 4, 5 and 6 in this
thesis.
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1. & (chapter 5) "Error analysis of RTP Thomson scattering data.’
M.N.A. Beurskens, C.J. Barth, C.C. Chu, and N.J. Lopes Cardozo. Accepted for

publication in Rev. Sci. Instrum.
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Sci. Instrum. 70 (1) (1999) 995-997
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F.J. Pijper, Rev. Sci. Instrum. 68 (1),(1997) 721-724.
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C.J. Barth, M.N.A. Beurskens, C.C. Chu, A.J.H. Donné, N.J. Lopes Cardozo, J.
Herranz, H.J. van der Meiden, and F.J. Pijper Rev. sci. Instrum. 68 (9), (1997)
3380-3392.
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6. 'Steady-state hollow electron temperature profiles in the Rijnhuizen tokamak project’.
G.M.D. Hogeweij, et al., among them M.N.A. Beurskens, Phys Rev. Letters 76
(1996) 632-635.

7. & (chapter 4) 'Double pulse multiposition Thomson scattering and dynamics of
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M.N.A. Beurskens, C.J. Barth, N.J. Lopes Cardozo, and H.J. van der Meiden. Sub-
mitted to Rev. Sci. Instrum.
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11.

& (chapter 6) 'Filamentation in the RTP tokamak’
M.N.A. Beurskens, E.R. Arends , C.J. Barth, N.J. Lopes Cardozo and H.J. van der
Meiden. Submitted to Nucl. Fusion.

. 'Steady state off-axis sawtoothing near q=3/2, 2 and 3 in a Tokamak’
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G.M.D. Hogeweij, N.J. Lopes Cardozo, A. Montvai, Th. Oyevaar and the RTP-
team. submitted to Phys rev. lett.
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Chapter 2

Thomson scattering Theory

Thomson scattering is one of the available methods to measure the electron temperature
(T.) and density (ne) in thermonuclear fusion devices. It is based on a measurement
of the spectrum of photons that are scattered by the free electrons in the plasma. It is
characterised by poor time resolution, but offers excellent accuracy and spatial resolution,
can be calibrated absolutely and is completely independent of any other measurement.
Since T, is in the order of 1keV and higher, relativistic effects need to be taken into
account in the determination of the scattering spectrum.

In this chapter only incoherent Thomson scattering is considered. Correlated scat-
tering of light on the electrons in the plasma can only take place above a certain scale
length, the Debye length Ap. If the wavelength of the applied light source is well below
this length than the Thomson scattering process is incoherent. In a thermonuclear plasma
Ap ~3x1072 mm, while the wavelength of the applied light is 694.3 nm.

Mattioli obtained an analytical expression for the relativistic incoherent scattering
spectrum assuming a relativistic, isotropic electron velocity distribution [1]. In principle
the electron velocity distribution in a tokamak plasma, i.e. a magnetised plasma, need not
be isotropic. However, deviations of the scattering spectrum due to the electron cyclotron
motion can not be resolved in such plasmas in the case of incoherent Thomson scattering
at the ruby laser wavelength (694.3nm) [2, 3]. For this reason the velocity distribution is
assumed to be isotropic in the plane perpendicular to the magnetic field.

Mattioli did not restrict himself to terms of the first order in 8 = v/c (v is the electron
velocity and ¢ the speed of light) in his derivation. He also took the ’finite transit time
correction’ into account. In a laboratory plasma the electrons cross the scattering volume
and scatter the incident wave in a time shorter than the duration of the laser pulse, but
much longer than the wave period. This gives rise to an additional correction compared
to the case where the electron remains in the scattering volume during the laser pulse
length.

The derivations and final formulas in this chapter are obtained from Mattioli [1). The
scattering geometry and definition of parameters used in this chapter are given in Fig. 2.1.
The electric field of a polarised incident (i) electromagnetic wave is given by:

Ez'(F, t) = =0 exp [](E, 7= Wi t)] y (21)
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scattering
electron

origin

Figure 2.1: Scattering geometry and definition of parameters.

where j indicates the imaginary numbers. The acceleration of a single electron under the
action of such a wave is:

B ¢) = ——— B+ Fx (i x B) - B3 - Ey)) (2.2)

cmy Y

where v = (1 - [5’2)_%. The electric field E,, at a fixed position E and at the time
t, scattered by an electron which is accelerated, at the position 7 at the time ¢, by
an electromagnetic wave is given by the formula obtained from the Lienard-Wiechert
potentials in the far field region:

3 (2.3)

ret

The label 'ret’ means that the expression within brackets must be evaluated at the re-
tarded time:

_B=7) oy B8

c c

t'=t (2.4)

Substituting (2.1) and (2.2) into (2.3), and limiting the incident power to values such that
the induced velocity is lower than the thermal velocity, we can derive:
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e
= 2.6
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the classical electron radius, and where
w:=wi1_z'ﬁ_‘:—_wi+cg'ﬁ (27)
1-5-8
and
PR ¥ (2.8)
=K — k= —8— — .
c c

The power P; received at a detector placed at R which subtends the solid angle AQ during
a certain large time interval —T/2 <t < T/2 is:

T/2
. 1 - 2
P, = lim = ceo B AQ // |E, ()| dt (2.9)
-T/2

Including the finite transit time correction and performing a Fourier analysis one arrives
at:

0607'3 AQ [g X {(§ —E) x (E0i+ﬁx (2 X EOz) _E(E EOZ))}]z 6(&) _ w*)
272 [1-35-4] " (2.10)

We now consider the most common application of a plane polarised wave with the
scattering plane perpendicular to the incident electric field E; (¢ = 90° in Fig.2.1), and
a polariser selecting only the scattered light polarised parallel to E;. The scattering cross
section dos,(w,)/dS2 per unit solid angle and unit frequency for a single electron is defined
by:

Py(w,) =

dosw,  _ Palws)
g W) = S, AQ

(2.11)
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with 5; = £ cep E_"f the incident Poynting vector, and the index v indicating a particular
electron with velocity v . o4 (ws) can then be expressed as:

dog, 2w 1 20%(1 — cos¥§)

mﬂ%*=?zﬂ—m>P_u—Mﬂ~@>

S(ws — w?) (2.12)

with B;, Bs and (g the components of 5 in the direction of the unit vectors 2,3 and Z;.

In the case of incoherent Thomson scattering the power scattered by the plasma is
obtained by adding the powers scattered by the individual electrons. The scattering
cross section oy(ws,6) of the plasma is obtained by averaging o,,(w;) over the electron
velocity distribution function. In the case of a relativistic isotropic plasma with electron
temperature T, and density n. the distribution function will be:

2 2 2 2
f(8) = 57&(2(21]—;;/1)3,,) 7° exp (—év) (2.13)

with K, the modified Bessel function of the second kind of order two, and v, the electron
thermal velocity:

Vi = 4/ 2kae/m (214)

For the scattering angle § the scattering cross section per unit solid angle and unit fre-
quency interval is:

do,
a? =

dog,

= (ws) (6) £ a5 (215)

L~

The power scattered from a volume V now is:

Py(ws,0) = 1. S; V AQ— (w,,6) (2.16)

By substituting P; AL=S;V, with AL the length of the scattering volume and P; the
incident laser power, (2.16) becomes:

do,

P, 5:0) = ne P A
(ws,8) = n. P; LAQdQ

(ws,8) (2.17)

Mattioli [1] has performed the integration 2.15. As a function of the scattering wavelength
As and for T, < 25keV 0,(),60) is (under the transformation w, — ),) given by:
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998 (A,6) = o0 wmwwfg

th

do,

L 2050 (218)

with:

2
U c 1

2¢/7 sin (6/2) A; vy, X (v /c)

Jg = (2 19)

0o is the scattering cross section at the incident wavelength ),

Nk
‘ = 2 (Xi/Xs)* sin (8/2)
Y (A/A) VI = 2(0/A) cos(8) + (Ai/A)? (2.21)
; - \/()‘i/’\s) — 2cos(8) + (Mi/X)7
Z(XifAs) = T 6/2) -2 (2.22)

Examples, according to equation (2.18), of relativistic spectra for incoherent Thomson
scattering at the ruby laser wavelength Ag = 694.3 nm, are given in Fig. 2.2. The relativistic
blue shift increases with 7.

For the scattering angle 6 the total scattered power is

P.(6) = n. P, ALAQ / 994 30,8) d, (2.23)
In the classical case this is reduced to:
P, = n. P, ALAQ 72 (2.24)

For a standard experimental Thomson scattering set-up the ratio between incident and
scattered power is P;/P,=10'~10". This gives an indication of the required high laser
power and required high sensitivity of the detection system.

Formula (2.18) will be used as a fitting function in a two-parameter least square fit in
the form:
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) 4 A e | ZOi/A)
FOL0) = @) v X(ar) * ™) p[ a ]

(2.25)

where ag and a; are the fitting parameters. T, can be derived directly from a; = vy,/c and
equation (2.14). To determine T, only a relative calibration of the measured spectrum is
required. To retrieve n, from ay an absolute calibration of the measured data by means
of, for example, Rayleigh scattering is needed.
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Figure 2.2: Ezample of normalised (equal density) relativistic Thomson scattering spectra
for Mazwellian velocity distributions with To= 500eV, 1keV, 2keV and fkeV. Xy =
X =694.83nm, i.e. the ruby laser wavelength.
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Chapter 3

RTP, ECH and diagnostics

The Rijnhuizen Tokamak Project (RTP) is a tokamak dedicated to the study of electron
thermal transport. For this specific task, the tokamak is equipped with high resolution
(both spatial and temporal) diagnostics for 7, and n, [1]. Moreover, RTP features a
system for local electron heating at a level significantly exceeding the Ohmic dissipation,
using Electron Cyclotron Heating (ECH). Furthermore, RTP is equipped with a pellet
injector. In this section, RTP, the 110 GHz ECH system, the pellet injector and the
diagnostics relevant for this thesis are described.

3.1 RTP

RTP (Ro = 0.72m, a = 0.164m) has a circular cross section, a toroidal magnetic field
By < 25T and a plasma current I, < 150kA. Baking, glow discharge cleaning and
boronisation are applied to achieve values of the effective ion charge Z.;; < 2. For all
data in this thesis, either hydrogen or helium is used as a filling gas. The discharge
duration is typically 0.5s. Without additional heating, the Ohmic dissipation typically
results in a central electron temperature of 700 eV. With application of ECH, this can be
increased up to 4 keV. The central density n.(0) is typically in the range of 1x10°m~3
to 1x10%m3.

3.2 Gyrotron for 110 GHz ECH

The discharges presented in this thesis are either Ohmic or heated with 110 GHz mi-
crowaves, injected from the low field side in X-mode, and absorbed at the 2nd harmonic
of the electron cyclotron frequency. The microwave source is a GYCOM gyrotron (pulse
duration < 200 ms, nominal output power 500 kW, but effective maximum output power
300-500 kW at the time of these experiments). For current drive purposes (ECCD), the
system features a tiltable mirror so that co- and counter- (with respect to the plasma
current) drive can be applied. Moreover, the mirror can be used to vary the location of
deposition in vertical direction.

The location of deposition can also be tuned in the horizontal direction. The electron
cyclotron frequency w,, is a function of By:

31
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B
oy = 228 (3.1)

Y

where e is the electron charge, vy the relativistic factor, and m,. the electron mass. In a
tokamak, By decreases with radius as 1/R. Thus, by changing the magnetic field, the
resonance position of the gyrotron electron cyclotron waves can be tuned.

The microwave beam has a waist of = 1.5 cm, the radial localisation of the deposition
is ~ 1cm < a/10. The EC power can exceed the Ohmic heating power up to an order of
magnitude.

3.3 Pellet injector

The RTP pellet injector can inject 6 hydrogen pellets sequentially into the plasma. The
pellet diameter can be either 0.5mm or 2mm. They are injected from the low field side,
perpendicular to the magnetic axis (i.e. in a poloidal plane). The angle with horizontal
can be chosen between 0 and 7°, resulting in an impact parameter (distance of closest
approach to the magnetic axis) of 0 to >10cm. The latter is referred to as so-called
oblique pellet injection.

3.4 Diagnostics

3.4.1 Thomson scattering

The main diagnostic for this thesis is the double pulse high resolution Thomson scattering
diagnostic. The diagnostic is extensively described in chapter 5 and 6 and in 2. It
measures T, and n. with a very high spatial resolution of 2% of the minor radius over the
full cross section of RTP. The double pulse feature enables the study of some dynamics
and reproducibility of small scale structures in T, and n.. The time separation between
the two pulses can be tuned between 20 and 800 us. To make small scale structures with
low amplitudes visible, a high relative accuracy has been achieved; 3-5% of T, and 24 %
of n, for T, in the range of 50eV-6keV, at n.=5x10"m™3.

3.4.2 Magnetics

RTP features 12 coils for poloidal magnetic field (By) component measurements and 12
saddle coils for radial magnetic field component (B;) measurements. The horizontal and
vertical plasma position are determined by combined measurements of two Bs-coils and
six B,-coils. The combined signal is used for feed-back control of the plasma-position. I,
is measured with the coils for Bg. The current through the plasma column and the vessel
is measured by a Rogowski-coil.

3.4.3 Interferometry

Two interferometers are mounted on RTP [3, 4]. First, a single chord interferometer at
a wavelength of 2 mm is used in combination with a gas-feed system for density feed-
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back. It has a time resolution of 10us The 2 mm interferometer is also used for absolute
calibration of the density profiles as measured with Thomson scattering. Second, a 19
channel interferometer is available for measurement of the temporal evolution of the den-
sity profile ne(r,t). A slab beam at a wavelength of 432 um is injected vertically into the
plasma. Phase delays are measured at 19 positions with a time resolution of 2 us.

3.4.4 Heterodyne radiometer for ECE-measurements

As was explained in section 3.2 the frequency of electron cyclotron radiation varies with
position due to the 1/R dependence of By4(R). This leads to the possibility of local
measurements of I, the intensity of electron cyclotron emission. As I, is associated
with T, ECE measurements can be interpreted as measurements of 7,(r, t).

In RTP a 20 channel system for 2nd-harmonic X-mode ECE with a spatial resolution
of & 1.5 cm is installed [5]. The time resolution is 2 us. Measurements are obtained from
the so-called low field side of the tokamak. The ECE-radiation is collected in a high gain
antenna, and fed into a broad-band detector. In two steps, the original frequency band
of 86 - 146 GHz is down-converted to 0 - 1.5 GHz, at which it can be processed. In the
poloidal section of the antenna, absorbing Macor is mounted on the vessel wall to damp
spurious reflections. In this set-up, assuming a Maxwellian velocity distribution, the ECE
intensity is given by:

Ie(R) ~wi(R) - T.(R) - (1-¢7), (3:2)

where 7 is the optical thickness. The optical thickness 7 in 2nd-harmonic X-mode is
proportional to the electron pressure. In RTP 7 is in the range of 1-3.
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Chapter 4

Double pulse multiposition Thomson
scattering

Authors: M.N.A. Beurskens, C.J. Barth, N.J. Lopes Cardozo, H.J. van der Meiden.

Abstract

A high resolution (3mm FWHM, i.e. 2% of the minor radius) double pulse multiposition
Thomson scattering system is in operation at the Rijnhuizen tokamak project RTP since
1996. It upgrades the previously installed single pulse Thomson scattering system. Two
measurements of full electron temperature, 7, and density, n., profiles can be done during
one plasma discharge. Typical experimental errors are 3-5% for T, and 2-4% for n. at
ne = 5x 10" m=3, The separation time between the two pulses can be tuned in the
range 20~-800 us. Double pulse Thomson scattering measurements have been performed on
high n, Ohmic plasmas with large m/n=2/1 MHD activity, centrally heated plasmas with
filaments applying electron cyclotron heating (ECH), plasmas with a transient central 7-
rise after oblique pellet injection showing central filaments, and off-axis heated plasmas
with off-axis sawtooth activity. The double pulse feature of the Thomson scattering
diagnostic enables the study of dynamics of the 7, and n, profiles in these plasmas.

4.1 Introduction

The research program of the Rijnhuizen Tokamak Project (RTP; R/a = 0.72/0.165m,
Br <2.5T, I, < 150kA, g, > 2) is concentrated on the physics of electron heat transport
in tokamak plasmas, one of the areas in tokamak physics which is least understood. To
study electron heat transport, RTP is equipped with a high power, <500kW, Electron
Cyclotron Heating (ECH) system. The deposition of heat can be concentrated within a
radial range of 10% of the minor radius. The ECH can be the dominant heat source,
exceeding the Ohmic power by up to a factor of 10. In a typical Ohmic plasma, the central
electron temperature (T.) reaches 0.7 keV, with central ECH T, up to 4keV is reached at
an electron density (n.) of 2x 10'°m=3. The ECH power can be modulated to induce heat
waves in the plasma, which are used in heat conduction studies. A comprehensive set of
high resolution electron diagnostics [1] is used to measure transport phenomena. These
include a 20 channel ECE radiometer, a 19 channel FIR interferometer, an 80 channel 5
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camera soft X-ray tomographic system, and the Thomson scattering diagnostic described
in the present paper.

Transport studies at RTP can be divided into two categories. In the first, transport
is studied on a macroscopic scale, e.g. by performing a power balance analysis or by
following the propagation of heat pulses through the plasma [2]. In the second, the effect
of small scale structures on T, n. and electron pressure, p,, on heat transport is analysed.
On the basis of measurements of density fluctuations in many tokamaks (see e.g. [3]) as
well as theoretical considerations of magnetic islands (e.g. [4]) it may be expected that
structures in T, or n, with a size down to the ion Larmor radius (p;) could be expected
in tokamak plasmas. To see such structures, a spatial resolution of p; (~1mm in RTP)
is required.

At RTP a TV TS ! system is operational which combines excellent spatial resolution
with high measurement accuracy [10]. The spatial resolution is 2% of the minor radius
a, i.e. ~3mm, and thus approaches the required resolution of p;. Thanks to the powerful
laser, the high system sensitivity and the good resolution of the spectra (88 spectral
channels), the measurement accuracy is typically 3-5 % of T, and 2-4 % of n. in the range
of 50eV-6keV for a density of n, = 5 x 10!® m~3 [21]. In 1996 the system has been
upgraded from a single pulse to a double pulse system. In each plasma discharge two T,
and n, profiles can be measured with a separation time At, which can be varied from
20-800 us. Each profile is measured at 350 points along a vertical chord of 300 mm. i.e.
0.86 mm per point. The possible separation times between two profile measurements are
in the range of periodic processes in RTP, such as the MHD rotation time (~ 50-200us)
and the sawtooth period (~ 500 ps—2 ms).
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Figure 4.1: Ezample of a T, profile during ECH. Thanks to the high spatial resolution of
TS, the filamented character of the plasma can be observed.

Figure 4.1 shows one example of a multiposition TS measurement at RTP. The figure
shows a filamented T, profile during additional heating by means of ECH. Filaments with
an amplitude up to ~1 keV and a size down to ~5mm can be observed thanks to the
high spatial resolution, [14].

Compared to existing systems only TV TS can achieve the required spatial resolution
(8, 9, 10]. Of the other types, LIDAR at JET [5], has been used to look at small MHD

LTV stands for applying a ‘television’ CCD detector



4.2. System set-up and instrumental properties 37

structures [11], at a resolution of 10% of a. Systems featuring photodiode detectors and
Nd:YAG lasers, like at DIII-D [6], and ASDEX [7], have a higher repetition rate, (>20 Hz)
than TV TS systems but the spatial resolution is restricted to > 5% of a. An extensive
comparison of TS systems applied in fusion devices is given in [13].

In this paper the double pulse T'S diagnostic at RTP and examples of its application
are described. In section 4.2 the set-up of the system and the principle of double pulse
operation is explained. Furthermore this section discusses the resolution of the measure-
ments and briefly describes the calibration techniques. Section 4.3 describes the analysis
method to obtain T, and n. from the raw TS data, and briefly discusses the measure-
ment accuracy. The double detection system is tested in section4.4. Section 4.5 shows
a few examples of measurements. These examples serve to illustrate the possibilities of
the diagnostic. In depth analysis of these and similar measurements will be presented in
forthcoming papers. The paper ends with summary and discussion.

4.2 System set-up and instrumental properties

4.2.1 Overview of the Thomson scattering system at RTP

In this section the RTP TS system is described. An extensive description of the former
single pulse diagnostic is given in [10]. The new TS system features a double profile
measurement during one discharge. The beam of a ruby laser, $=25mm diameter, is
guided to the input window of the tokamak by means of two mirrors in a periscope set-
up. In single pulse mode the laser energy can be up to 25J in a 15ns FWHM pulse. The
double pulse mode features 2 laser pulses of < 12.5J each and a pulse width of ~40ns.
An f=3m telescope guides the beam vertically through the torus and focuses it in the
center of the plasma to a waist of ~ 1.5mm. Because of the small beam divergence in
the vacuum system (8.3 mrad) the beam diameter at the plasma edge is <2.5 mm.

Figure 4.2 shows the layout of the double pulse TS system. The observational chord
of 300mm length is imaged onto the entrance slit (height =200 mm, width=2mm) of
the polychromator by means of an f=1000mm achromatic doublet (item 3). Spectral
analysis is performed by a flat grating in the Littrow set-up (item 7). The entrance slit
of the polychromator is located just behind the two-part spectral mirror. Collimation
of incoming light and focusing of diffracted light is performed by an achromatic doublet
(item 6). The grating is oriented such that the laser wavelength returns along its original
path through the gap in the spectral mirror. In this way vessel stray light is filtered
out, resulting in a stray light ratio of < 5 x 107 for each spatial element when the full
slit height is homogeneously illuminated. The spectrum is projected onto the two-part
spherical mirror (item 8) which serves for pupil imaging. The spectral image of 200x
200mm? is further projected onto the detector surface , i.e. the photo cathode of an
image intensifier (item 10), by an f=50mm/0.95 TV objective using a demagnification
of 11.3. Fast electronic gating (100ns) of the image intensifier suppresses background
sources such as H, line emission and plasma continuum emission. The detected H, line
emission is of the order 8x10~2 of the total scattered light, and is cut out by means of
software. The plasma continuum is < 1072 of the scattered light per wavelength channel
and is negligibly small.
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Figure 4.2: Layout of the double pulse TS diagnostic.

4.2.2 Double detection system

The double detection system has been developed in order to be able to detect two laser
pulses 20-800 us separated in time. The system (see Fig. 4.2) consists of a GEN III image
intensifier (item 10), a lens coupling system (items 11), a 50-50 % beamsplitter (item 12)
and two 16 bit ICCD cameras. The GEN III image intensifier is equipped with a GaAsP
cathode {¢25mm) giving a net quantum efficiency of 18% including the MCP (Micro
Channel Plate) noise [10]. The MCP-voltage of this intensifier is adjusted such that a
photon gain of ~ 2500 is reached at the laser wavelength. Light of its P20 phosphor is
coupled (1:1 imaging) to the cathodes of both ICCD cameras by Rodenstock f=95 mm/1.2
objectives with a coupling efficiency of ~ 6% including the beam splitter. Each camera
has a 25 mm image intensifier with an S25 cathode (~ 3 and 8 % quantum efficiency, for
camera 1 and 2 respectively, at the P20 emission wavelength). The ICCD intensifiers are
fiber-optically coupled (2.22:1) to the CCD chips (385x576 pixels at 22um pixel size,
i.e. ~8.5%12.7mm?). Thus the 200200 mm? spectral image at the spherical mirror is
reduced to ~ 8 x 8mm? at the CCD chip, corresponding to 350x350 pixels.

4.2.3 Double pulse operation

The system contains two CCD cameras because the typical read-out time of a high dy-
namic range (i.e. 16 bit) CCD camera is ~4s, i.e. much longer than the separation At
between the two laser pulses. To obtain two laser pulses, the Pockel’s cell of the laser
is triggered twice during the flash-light period(~ 2-3ms) with At tunable between 20
and 800 us. Two laser pulses are obtained of < 12.5J energy and 40ns FWHM. Figure
4.3 shows the timing scheme of the detector branch for an example in which the pulse
separation is 50 us. The first image intensifier (Fig.4.2, item 10) is triggered by laser
light picked up at the laser and led to the gate circuit by a quartz fiber. The gate of this
intensifier is set to 100ns in order to collect almost the full laser pulse of 40 ns FWHM.
This intensifier is gated at both laser pulses, Fig. 4.3 (a). To distinguish between the two
laser pulses, the image intensifiers of the ICCD cameras are used as fast electronic shut-
ters; camera 1 records the first laser pulse and camera 2 the second, Fig.4.3(c) and (d).
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Both cameras are gated open for 20 us, i.e. set to the minimum separation time between
the two laser pulses. The measurements of the two pulses are now separated. Yet, one
problem remains. The P20 phosphor of the first (GEN III) image intensifier has a rather
long decay time (~ 3ms to a level of <1 %), Fig.4.3 (b). This long emission decay causes
an overlap of the first into the second recording, indicated by the filled area inside the
20 us gate of the second camera. In this example of At=>50pus the overlap is 14.2%.
Fig.4.4 gives the overlap as a function of At. At 100 us separation the overlap is 7.1 %.
The signal of camera 2 can be corrected by subtracting the appropriate part of the first
recording from the second. The additional noise generated in this operation is negligible
since the system is designed such that the dominant noise source is at the cathode of the
first image intensifier (see section 4.3.2). The effect of the overlap on the systematic and
statistical error is described in [19].
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Figure 4.3: Detector timing scheme for Figure 4.4: Measured overlap of slow P20
At=50ps. (a) The first image intensi- phosphor emission from the first into the

fier (I.1) is gated (100ns) at each laser second recording as a function of the sep-
pulse. (b) The P20 phosphor of the LI aration time. It is determined during
emits light at both pulses. It has a long the 20 us integrating window of the second

decay time due to which an overlap occurs triggering as indicated in Fig. 4.3(b). At
at the second pulse. Camera 1 is gated 50 s separation the overlap is 14.2 % and
open for 20us at the first (c), and cam- at 100 us it is only 7%.

era 2 for 20us at the second laser pulse
(d). The overlap of the first into the sec-
ond recording is indicated by the grey area

in (b).

4.2.4 Resolution

The highest resolution possible with the ICCD cameras is 1 pixel, corresponding to 0.8 mm
in the plasma and a spectral resolution of 0.9 nm. However, the instrument profiles of the
system are wider, as is shown in Fig.4.5. The figure is obtained from Rayleigh scattering
on Hy gas. It represents the symmetrized instrument function at z=0mm for the laser
wavelength, i.e. 694.3nm, when the full slit height is illuminated. Next to a sharp peak
of ~3nm FWHM, the profile also shows a low broad tail. The broadening of the single
wavelength input into a 3nm wide peak is caused by the resolution of different optical
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and electro-optical components of the system, [10]. The halo of the phosphor of the image
intensifiers is the cause of the broad tail.
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Figure 4.5: Logarithmic plot of the symmetrised instrument function of camera 1 for the
laser wavelength (694.3nm) at z=0mm, obtained from Rayleigh scattering on Hy gas. It
can be divided into a peak with ~ 3nm FWHM, and a very broad tail at the sub 1 % level.

The resolution of the total TS system as discussed in this section is defined as the
FWHM width of the instrument function. The broad tail is so low that it does not affect
the resolution but is important for the final data interpretation, as it gives an off-set to
the signal. The effect of the broad tail and the correction for it is discussed in [21].
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Figure 4.6: Spatial resolution of the system for (a) camera 1 and (b) camera 2. Note that
the resolution is ~ 3mm for almost the full z-range for both cameras.

Figure 4.6 shows the spatial resolution for both cameras as a function of wavelength
for different positions. The results are obtained from a measurement using a vertical
array of pinholes at the laser beam position, also used for position calibration [16]. The
figures show that the resolution is below 4mm FWHM everywhere, and generally below
3mm FWHM. The optical system is tuned such that a uniform resolution is obtained.
In principle it is possible to achieve a FWHM of <2.5mm in the plasma center and for
central wavelengths, at the price of an increase of the FWHM at the egdes of the CCD.
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The spectral resolution, Fig. 4.7, has been obtained by homogeneously illuminating the
entrance slit, item 5. Fig. 4.2, of the polychromator with light from three spectral lamps,
He, Ar and Hg. The width of the polychromator’s entrance slit was set to 0.5 mm in this
case. The homogeneity of the light distribution is obtained by illuminating the entrance
slit of an integrating sphere with a highly reflective inner wall, in front of the viewing
doublet (Fig.4.2, item 3). This measurement is also used for wavelength calibration [16].
The spectral resolution is below 3.2nm FWHM for all wavelengths and at all positions
for both cameras.
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Figure 4.7: Spectral resolution of the system for (a) camera 1 and (b) camera 2. The
spectral resolution < 3.2nm for the full A-range.

The spatial resolution of about 3mm is < 1% of the plasma diameter, i.e. 330 mm.
This is of the order of the smallest scale expected for structures, as was discussed in
the introduction. For the presentation and calculation of T,, n, and p, the full pixel
resolution of the CCD’s will be used. In this way the smallest structure that can be
resolved is &3 pixels wide. The advantage of using the full pixel resolution is that the
instrument profile is resolved in the T, n. and p, profiles. It offers the possibility of a
first check on the statistical significance of structures observed in the measured profiles;
any structure should involve at least 3 data points.

4.2.5 Calibration

The calibration procedure is described extensively in [16] and will be briefly explained
here. Four calibrations are needed in order to calibrate the system; a relative, an absolute,
a wavelength and a position calibration. The wavelength and position calibration are
performed with the spectral lamps and the vertical array of pinholes, respectively, as
discussed in the previous section.

For the relative calibration a tungsten ribbon lamp is used. The emission is calculated
using the black body formula and the emissivity of tungsten according to the measure-
ments of De Vos, [17]. In order to get an isotropic light source which illuminates the
whole entrance slit of the spectrometer an integrating sphere in front of the viewing dou-
blet (Fig.4.2, item 3) is applied. This way the relative sensitivity for all pixels can be
determined in one measurement. Figure 4.8 shows the spectral sensitivity for one central
slice for both cameras. Since the measurement is not fully in situ, the measurements had
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to be corrected for the wavelength dependent transmission of the sphere, the polarizer and
for that of the quartz viewing window [16]. The central cut in the signal around the ruby
wavelength (694.3 nm) is caused by the gap in the two-part spectral mirror (Fig. 4.2, item
8). Note that both the short and the long wavelengths around the central wavelength are
measured, while most other TS systems only use either the short or the long wavelength
side. The relative sensitivity stays high for the whole spectral range, i.e. over 60 % of the
maximum. The greater part of the reduction at the edges (~ 30%) can be ascribed to
the efficiency of the grating which has a maximum at its blazing wavelength of 656 nm.
Vignetting by the TV objective (Fig. 4.2, item 5) in front the first image intensifier reduces
the sensitivity with another 10 % at the edge.
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Figure 4.8: Relative calibration for (a) camera 1 and (b) camera 2 for a central slice. The
hole around 694.3 nm s the cutting window for the laser wavelength.
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Figure 4.9: Rayleigh signal as a function of radius for (a) camera I and (b) camera 2

The absolute calibration is needed to get an absolute measure for n., and to measure the
z-dependent transmission of the system. It is carried out performing Rayleigh scattering
on H; gas at room temperature. The grating of the spectrometer is rotated such that the
ruby wavelength (694.3 nm) is imaged just next to the gap in the spectral mirror (Fig. 4.2,
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item 8). A second relative calibration is performed with the rotated grating, to correct
for the z-dependence of the relative calibration above. The ratio of the cross sections for
Thomson scattering (o) and Rayleigh scattering on Hy (og z,) is:

UT/UR,Hg = 1769 (4.1)

This ratio is needed to calculate an absolute calibration curve for n, [16]. Figure 4.9 shows
the Rayleigh scattered light for both cameras integrated along the wavelength direction,
expressed in CCD counts. It remains rather flat and stays for the greater part above
75% of the maximum level. Vignetting losses and divergence of the laser beam lead to a
sensitivity loss at the edges. The dips around z=-40 and 60 mm are due to a local decrease
in sensitivity of the first image intensifier at these positions.?

4.3 Data analysis

4.3.1 Fitting function

Assuming a relativistic Maxwellian velocity distribution Mattioli [18] derived an expres-
sion for the spectrum of incoherent TS light. The expression is a Gaussian function of
which the blue wing is somewhat enhanced due to relativistic effects. Figure 4.10 gives a
few examples of spectra for several temperatures. The figure shows that the relativistic
blue-shift becomes larger with higher T,. The expression of the spectrum has two param-
eters: ag the surface of the Gaussian, and a; the width of the Gaussian. The curves are
used as a fitting function for the RTP TS measurements. From a; T, can be determined
directly. n. is obtained from ag, and the absolute calibration discussed in section 4.2.5.
In appendix A the analytical expression for the theoretical TS spectrum is given.

4.3.2 Fitting routine and error estimation

The measured Thomson spectra Syg are fitted with F, the expression for the TS spectrum
by Mattioli, using a non-linear least square fitting routine by Levenberg and Marquardst
[20]. This fitting routine minimizes the x2:

X*(5) = 3 [Srs(is, 5) = F(3)]* - W (in, 5) (4.2)
%
The formula is expressed in CCD-pixels j in the z-direction and i, in the \-direction.
The index b indicates binning of four pixels in the A-direction. Experimental data is also
binned with four pixels in the wavelength to encount for the instrument profile and to
increase the signal to noise ratio per channel. This way 88 wavelength channels remain,
which is sufficient to resolve the spectra.

*Both the relative and the absolute sensitivity curves of camera 2 show more pizel
to pizel variation than camera 1. According to the manufacturer of the ICCD cameras
this is due to fiber optical coupling between the image intensifier and the CCD chip. The
coupling is glued to the CCD chip with an optical gel that is deteriorating in time such that
it becomes less transparent at some places, leading to extra dips in sensitivity. This effect
is accounted for by repeating the calibration measurements regularly (every half year).
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Figure 4.10: Ezample of normalised relativistic Thomson scattering spectra for Mazwellian
velocity distributions with T,= 500eV, 1keV, 2keV and 4 keV. Due to relativistic effects
the blue shift of the spectra becomes higher for higher values of T,. Ao = 694.8nm is the
ruby laser wavelength.

The weight function W (43, j) contains an estimator for the error on the measured spectra,
ors. It smoothes the estimator for o7g over 5 binned pixels:

5

W (i, j) = (4.3)

ip+2 2 4o
,ZZJTS(ZIHJ)

p—

ors is dominated by the photon statistics in the system. An extensive study of the con-
tributions of noise in different stages in the diagnostic is described in [21]. The following
stages are important for detection noise:

e Photon noise at the first image intensifier (item 10 in Fig. 4.2)

e Photon noise at the intensifier of the ICCD, (item 13)

e Photon noise at the CCD-chip.

o CCD read-out noise, with a standard deviation of coep_neise = 2 counts.

At zero signal level the CCD read-out noise is dominant. The relative error, epg =
ors/Sts, on the measurement is the quadratic sum of the contributions:

6'2
intensifier 2 .

A . (zb7j) + EéCD(ifnj) +4- 6‘2CCD—1wise
intensifier 2 (4.4)

2
£% e
2 (s intensifier 1 . .
ers(in, J) = oo (ip, §) +
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representing the contributions listed above. The factors Ajntensifier 1 and Aintensifier 2
correct for the smoothing effect of the instrument profile as discussed in [21], and are
~4.4 and 3.6 respectively. The factor 4 in front of €£cp_,0:e Stems from binning four
pixels in the A-direction. org can be expressed in terms of Srg as:

U{%’S(ibyj) = (Cintenaifier 1+ Oz'ntens'ifier 2+ CCCD) : STS(ib’j) +4- Ug‘CD—noise
Ctotal ' STS(ibsj) +4- OéCD—noz'se (45)
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Here Cintensifier 1, Cintensifier 2 and Cocop are the amplitude of the different contributions
and determined by system parameters only, [21]. The system is designed such that > 90 %
of the noise is determined at the first image intensifier. The values of the amplitudes differ
for the two cameras. For camera 1: Cintensifier 1 = 2.9, Cintensifier 2=0.5, and Cecp=0.1,
thus Ciota1=3.5. For camera 2: Cintensifier 1 = 3.8, Cintensifier 2=0.3, and Ccecp=0.1, thus
Ctotar=4.2. Expression (4.5) is used in (4.3) to determine the weight function for the fit.

In [21], simulations of TS spectra are performed using the theoretical TS spectrum by
Mattioli, and by adding noise according to the separate contributions. Figure 4.11 gives an
example of a fit through such a simulated spectrum with T,=1keV and n,=5x10m=3,
These simulations are performed for a set of T, values in the range of 50 eV—-6keV. From
the fits of these simulated spectra, estimations of the statistical error on 7, and n, are
determined. Fig.4.12 shows the errors on 7, and n, as a function of 7,. The estimations
found by the simulations agree well with the experimental values for errors on 7. and n.
[21]. In the for RTP important range of 0.5 < T. < 3keV ,or,/T. < 4% and o0, /n.=
2.5% at the given density n, = 5x10° m~3.
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Figure 4.11: Fit of a simulated spectrum
with T,=1keV and n.=5x10° m=3. The
cutting window and the region around H,
are left out. The noise is added using a
noise generator.

Figure 4.12: Relative statistical errors on
T, and n. obtained form simulations as a
function of T, for n.=5x10¥°m=3, The
drawn line represents the error on T, and
the dashed line the error on n..

4.3.3 From raw data to 7, n. and p.

Figure 4.13 shows an example of the CCD images of a double pulse measurement of a high
ne plasma, with At =75 us. The raw CCD images contain TS spectra for 350 positions.
The spectra show a dip around the laser wavelength, i.e. 694.3nm. This is caused by the
cutting window in the spectral mirror (Fig. 4.2, item 8). At 656.3nm the H, Balmer line
can be recognized.

Before fitting, the data should undergo corrections and calibrations. A chronological
list of corrections and calibrations is given in appendix B. Figure 4.14 gives an example
of a fit for both the cameras for a calibrated spectrum in the central region of the plasma.
The fit matches the data very well: for camera 1 the reduced x2=0.76 and for camera
2 x2=1.16. The averaged < x? > over all spatial points is 1.0 for both cameras. From
the width a,, T, can be determined directly. In order to derive n. from the surface aq
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of the spectrum fit the absolute calibration performed with Rayleigh scattering (section
4.2.5) and a laser-energy measurement is used. Finally, the electron pressure p. can be
calculated using the ideal gas law. For the determination of the error on p, the covariance
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between the errors on T, and n, has been taken into account.

Figure 4.15 shows T, n., and p, profiles derived from the data in Fig.4.13. Very
conspicuous are the flat areas on the profiles between |z/=100 and 70mm in the first
pulse. They are absent in the second pulse. In section 4.5.1 it will be shown that the flat

areas are the O-points of a rotating m/n=2/1 magnetic island.

(a) pulse 1
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Figure 4.13: Contour plot of CCD-image containing raw Thomson scattering data for (a)
camera 1 and (b) camera 2. The measurements are taken in a high n, Ohmic discharge.
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Figure 4.14: Fitted Thomson spectrum for (a) camera 1 and (b) camera 2. The spectra
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come from a central slice in Fig. 4.13 (a) and (b).
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Figure 4.15: Profiles of T., n., p. obtained from the spectra in Fig. 4.18 with At=75us.
(a) Camera 1 (b) Camera 2. The first pulse shows the footprints of two large m=2 islands.
In the second pulse the m=2 islands have rotated and show the X-points of the islands on
the TS profiles. (see section 4.5.1).
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Figure 4.16: Fit through the average of 85 spectra from one discharge with a flat central
temperature of T, = 1.2 keV. (a) camera 1 and (b) camera 2. Note that the deviations
between the data and the fits are very small.
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To show the good calibration of the system 85 TS spectra of one discharge with a
flat central T, =~ 1.2keV and n, =~ 3.5 x10**m~2 were added to reduce the random error,
and fitted (see Fig.4.16). The discharge used for this purpose is a centrally ECH heated
plasma with a higher T, than the discharge in Fig.4.15. The time separation was set to
At=0upus, i.e. both cameras take a picture of the same image. For both cameras the
fitting function follows the data very well.

4.4 Experiments: measurements with At=0 us

Figure 4.17 and 4.18 show an overplot of the T, and n. profiles of a centrally ECH
heated discharge. Both cameras look at the same laser pulse, i.e. At=0pus. The profiles
measured with both cameras agree very well. This demonstrates the quality of the two
independent calibrations. In order to study the deviations more carefully 15 similar
discharges were used to look at the systematic (br, and b,,) and statistical (¢, and (n,)
deviations between measurements with camera 1 and camera 2. In order to be able
to compare the two measurements a spline interpolation is applied to correct for minor
differences in magnification.
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Figure 4.17: Double detection: two T,
profiles taken at the same time, 1.e.
At=0us, with camera 1 (dots) and 2
(line). The bias by, and the statistical
deviation er, between the profiles lie well
within the error-bars (see Fig. 4.19 and

4.21).

z [mm]

Figure 4.18: Double detection: two n,
profiles taken at the same time, i.e.
At=0ps, with cameras 1 (dots) and 2
(line). The bias b,, and the statistical
deviation €,, between the profiles lie well
within the error-bars (see Fig.4.20 and

4.22).

The definition for the systematic deviation, the bias bz, on T, averaged over 15 discharges
is as follows:

1 15

br, = = D (Teqi—

Te i)y .
P) 2) (46)

where Te1; and T,,; indicate the 15 T, profiles for camera 1 and 2. This bias can be
compared to or,, the quadratic sum of the error bars on T, for both cameras:

oT. =4/ 0%, 1+ 0%, 9 (4.7)
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where o7, ; and or, » represent the average error bars of the 15 discharges for camera 1
and 2. The same expression for the bias, b,,, and o, can be made for n,.
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Figure 4.19: Bias br, of the T, profiles of
camera 1 with respect to camera 2. The
deviations lie well within the error bars.
At the edges the T, determination by cam-
era 2 lies above the determination by cam-

Figure 4.20: Bias b,, of the n, profiles of
camera 1 with respect to camera 2. The
deviations lie within 1 0,,. They are due
to a slight mis-alignment of the laser beam
in relation to the entrance slit.

era 1 by less then 1 o,

Figures 4.19 and 4.20 show the systematic deviations bz, and b,, normalised to o7,
and o,,. In the ideal case the bias is zero, as it is for T, in the central part. The biases
on T, and n, stay within one o7, and o, for the whole z-range.

The shot-to-shot deviations are given by the statistical deviation ¢z, (n=15):

=1

1 15
¢r, = J I S (Tepi—Tepi— br,)? (4.8)

(r, is corrected for the systematic deviation br,. The same definition ¢,, is used for the
statistical deviation on n,.. The statistical deviation between the two cameras should only
be due to noise from the ICCD intensifiers and the CCD chip. Noise at the first intensifier,
Fig4.2, item 10, is correlated in the two measurements with At=0 s and should cancel
out in the comparison. As shown in section 4.3.2 the first intensifier determines over
90 % of the noise on the spectra. In the ideal case the statistical deviation between the
cameras should be ~ 0.1-07, and ~ 0.1-0,,. Fig.4.21 and 4.22 show the relative
statistical deviation on T, and n,. Both curves show a similar behaviour. The minima of
the curves lie close to the optical axis of the system, i.e. z=+25mm (Fig. 4.2). Here ¢z,
and ¢, are ~0.5 o, and ~0.5 0, , respectively. Towards the edge the deviations approach
or, and o,,. Over the whole range the statistical deviations are larger than the expected
0.1-0r, and 0.1 -0, . As mentioned above a spline interpolation is used to match the
z-calibrations of both cameras. A small deviation (~1 pixel) in the match in position
decreases the correlation of the noise on both profiles, and thus increases the statistical
deviation between the two.

To summarize, for settings of At£0 us differences between the profiles of camera 1 and
2 are significant if the deviations on T, and n. are >or, and >o,,, respectively.
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Figure 4.21: Statistical deviation e, of T,
profiles measured by camera 1 and 2. ef,
is below o7, over the whole z-range. The
minimum deviation lies around the center
of the detection system (z=+25mm).

Double pulse multiposition Thomson scattering

2’0 T T T T

-
53]
T
1

stat. deviati
at. deviation (n./on.

(=] —

o =)

T T

1 1

0-0 1 1 1 1 1
-150 -75 0 75 150
z [mm)]

Figure 4.22: Statistical deviation €,, of n.
profiles by camera 1 and 2. ¢, is below
On, over the whole z-range. Also here the
minimum deviation lies around the center
of the detection system (z=+25mm).

4.5 Plasma physical results

In this section, four examples of measurements with the TS diagnostic are given to illus-
trate the possibilities of the diagnostic: (1) Rotating MHD modes in an Ohmic discharge.
(2) Filaments before and after a sawtooth crash in ECH heated plasmas. (3) Transient
heating effect of the plasma center during edge cooling with oblique pellet injection. And
(4), detailed profile information before and after an off-axis sawtooth crash.

4.5.1 Identification of large and small MHD modes using the
plasma rotation

In high density Ohmic discharges, large m=2 activity has been observed in RTP. The
mode is stable for over hundreds of ms, as can be seen on the magnetics. It has a rotation
period of Tprgp of 150 us. Figure 4.15 gives an example of T, n. and p, profiles taken in
such a discharge. The figure shows a m/n=2/1 island turning from showing its O-point
to showing its X-point in the TS measurements. The time separation between the two
pulses was set to At=75us, i.e. %TMHD. As can be seen in Fig. 4.15, the island has a clear
local maximum in n,. The profiles of T, and n. combine to a flat p,-profile inside the
island. Using the plasma rotation and setting At to a fraction of Ty p, allows a mode
analysis of the structures seen on the profiles.
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Figure 4.23: Radiation temperature mea-
sured by ECE taken close to the m=2 is-
land. The vertical lines show the timing of
the two TS pulses for each discharge. (a)
Atx 1.1 X Tyygp. The two laser pulses
are fired at the mazimum of the ECE sig-
nal, i.e. through the O-points of the m=2
island, see Fig. 4.24. (b) Atx § X TymD
and first pulse at mazimum and second at
minimum of the ECE signal. (c) Atm
% X Tyap with the first at the minimum
and the second at the mazimum of the
ECE. Plasma parameters in all three cases
are: g, = 5.2, ne(0)= 6.5x101° m=3
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Figure 4.24: Double pulse TS measure-
ments of the discharges in Fig. 4.23. (a)
pe profiles taken with At~ 1.1 X Tymyp.
The first pulse is plotted as a line, the sec-
ond as dots and error bars. The m/n=2/1
islands around |z|= 80 mm reproduce very
well in the profiles. (b) At~ % X Typp.
Here the O-point of the m/n=2/1 island
rotates from showing its O-point (line)
to showing its X-point (dots) (c) At=
% X Tyup as well. The m/n=2/1 islands
here rotate from showing its X-point (line)
to showing its O-point (dots). All three
discharges show a reproducing odd mode:
(a) and (b) at z=+45mm and (c) at z=-
45mm.
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Figures 4.23 and 4.24 show three examples of double pulse TS measurements in similar
high density plasmas. Figure 4.23 shows the timing of the TS laser in relation to the island
rotation, and Fig.4.24 shows the corresponding p. profiles. In the first discharge the TS
separation time is set to At=1.1XTp i p, and in the second and third to At=%TM up. Inthe
case of At=1.1xTypgp the profiles reproduce very well. Not only the m=2 mode around
|z|=80 mm, are very similar in both profiles, also smaller structures like the odd mode in
the steep gradient at z=4-45 mm, and the complicated p, structures in the center appear
very similar. The central part of the profiles is enlarged in Fig.4.25. The agreement is
not perfect, which may be caused due to the fact that the rotation time 74 5p is not
perfectly matched by At. Of course, also dynamics of the structures may be the cause of
the difference. Still, the fact that many structures appear in the same relative positions
after a single toroidal turn demonstrates that the plasma may be regarded as a rigid
rotator.
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Figure 4.25: Enlargement of the central part of the profiles in Fig.4.24 (a). The first pulse
is shifted up. The vertical lines indicate the mazima of structures that reproduce in both
profiles. Note that the agreement is not perfect (see text). The odd mode (m/n=38/2) at
z=45mm is vistble on both profiles.

Figures 4.24 (b) and (c) show the discharges in which At is set to 27agp. The first of
the two shows the m/n=2/1 island rotating from showing its O-points to showing its X-
points (this is the discharge of Fig. 4.15), while the second shows rotation of the m/n=2/1
island from showing its X-points to showing its O-points (see Fig 4.23 for the timing of the
TS pulses). However in Fig.4.24 (b) the odd mode in the steep gradient, at z=+45mm,
has returned to the same position, demonstrating that this mode must have n=even, with
an n=2, m=3 mode as the most likely candidate. In Fig.4.24 (c) the odd mode sits on
the other side of the profile at z=-45 mm, showing that the structure is not a systematic
deviation in p.. Here it also reproduces after %TMHD, showing the n=even character of
the mode, with again n=2, m=3 as the most likely candidate. In this way an m/n=3/2
mode has been identified using double pulse TS.

4.5.2 TS in plasmas with central sawteeth

In this section two examples are given of TS during a central sawtooth collapse. Both
examples concern Electron Cyclotron Current Driven (ECCD) discharges in which the
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ECH was launched under an angle with the toroidal magnetic field By. A distinction
is made between counter- and and co-ECCD. In the case of counter-ECCD the ECH
is launched in the direction anti-parallel, and in the case of co-ECCD in the direction
parallel to the inductively driven current. In both examples the plasma parameters are
I,=60kA, ¢,=5.8, n.(0)=1.5x10"m™3. The current is kept constant using a current
feedback control system.

The first example deals with a counter-ECCD plasma. ECH was launched under an
angle of -20° in relation with Bz, and the driven current is ~-5kA in the center of the
plasma. The plasma shows large sawtooth activity with a long saturation phase and a
period of ~4ms (see Fig.4.26). Double pulse TS measurements are taken with one pulse
just before and one just after a sawtooth collapse. Figure 4.27 shows the two TS T,
profiles. The profile before the crash is filamented, i.e. it has narrow T, peaks, and has
a high central T,. The crash is ~1keV deep, and the T, profile after the crash is much
flatter. It shows the heat deposition in the outer region of the profile.
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Figure 4.26: Central ECE channel of a
sawtoothing counter-ECCD plasma. The
vertical lines indicate the timing of the TS
laser in relation with the sawtooth phase;
Just before and just after the crash. The
two TS pulse were taken in the same dis-

Figure 4.27: TS profiles before and af-
ter a sawtooth crash in a counter-ECCD
plasma. The crash is as deep as ~ 1keV.
The profile before the crash shows fila-
ments in the center. The lower profile
shows the heat pulse going out.

charge.

For the second example with co-ECCD unfortunately no double pulse measurements
are available. Instead three profiles are shown of well reproducing discharges (see Fig. 4.28).
The plasmas show non-saturated sawteeth with a period of ~ 1.3ms. The EC waves are
launched under an angle of +20° with respect to By, as a consequence of which a current
of roughly 10 kA is driven in the center of the plasma. Figure 4.28 shows the central
ECE channel of one of the discharges. It indicates the timing of the TS laser for the three
discharges, in relation to the sawtooth collapse. Figures 4.28 (a)~(c) show the three 7,
profiles. The profile in Fig.4.28 (a) is taken just before the crash. It has high central
T, and is filamented. The filaments have a width of 5~10 mm each and are 500-700eV
high. Figure 4.28 (b) is measured during the sawtooth crash. The high spatial resolution
of the TS system allows to see the detailed shape of the profile. It shows the spectacular
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displacement of the hot core. The profile of (a) is overplotted for comparison. Figure
4.28 (c) shows the profile just after the crash. This profile is flatter and the amplitude of
the structures in the center is lower than in (a). Outside the inversion radius the profiles
(a) and (c) are very similar. No outward heat pulse is observed. This might be due to
slightly different plasma parameters in the two discharges.
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Figure 4.28: TS profiles in different stages of a sawtooth cycle in well reproducing plasmas
with ECCD. The timing of the pulses in relation to the sawtooth phase is indicated in the
central ECE time trace (top left). (a) Just before the sawtooth crash, with high central T,
and a filamented core. (b) Profile inside the sawtooth crash, showing the displacement of
the hot core. (c) After the sawtooth crash, showing the flattened top of the profile. The
profile of (a) is overplotted in (b) and (c) as a thin line.

4.5.3 Filaments during ’non-local’ heating of an Ohmic plasma,
induced by oblique pellet injection

A clear example of filaments in a non-ECH plasma is given in Fig. 4.30, which shows the T,
profile of a plasma with oblique pellet injection. A small pellet (0.6 mm diameter) is shot
in and passes the plasma center at > 65% of the minor radius. The plasma edge cools,
while in the plasma center a T, rise is observed. This phenomenon has been observed in
several tokamaks and is called 'non-local’ heating, [22, 23, 24]. In RTP, such 'non-local’
heating has been observedin plasmas with 2.5x10'° <n.(0) <4x10m~%. Only at low
densities of n.(0) ~2.5x10' m~® filaments have been observed. Figure 4.29 shows the
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central ECE channel, the central line-averaged density, and the timing of the two TS
pulses of the discharge shown in Fig.4.30. The line averaged 7. increases by a factor of
~1.5 and the increase in central radiation temperature is ~10%. The first pulse of TS is
taken ~ 5.5 ms after the pellet injection and the second pulse 400 us later. The first pulse,
being fired just after a sawtooth-crash, shows a flat 7, profile. However 400 ys later high
1; peaks have developed. It appears, as in section 4.5.2, that the filaments are destroyed
by the sawtooth crash and develop during the 7, rise.
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Figure 4.29: Ezample of transient T, rise after oblique pellet injection. The figure shows
a central ECE trace and the line integrated density from interferometry. A pellet is shot
in obliquely and enters the plasma at 205.4 ms (dotted line). The dashed lie indicates the
timing of the first and the full line the timing of the second laser pulse. Transient heating
of the center occurs after pellet injection, and the sawtooth activity is enhanced.
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Figure 4.30: Two T, profiles after oblique pellet ingection. The Thomson laser was fired
~ 5.5 ms after the pellet (see Fig.{.29). The first laser pulse was shot just after a
sawtooth crash (a) and the second just before the neat crash (b). The first profile after
the crash is nearly flat while the second is filamented. Plasma parameters: qq =4.7,
ne(0) = 2.6x10'° m=3

4.5.4 Off-axis sawteeth during off-axis ECH

In RTP, sawtooth activity has been observed with a distinct off-axis localisation, in plas-
mas with off-axis ECH. These instabilities have been associated with the q=3/2, 2, and
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3 surfaces [15, 25, 26]. Here, examples of sawtooth activity near q=2 and q=3/2 is given.
The q=2 and q=3/2 character is determined from the time evolution of different ECE
channels, as discussed in [26]. Figure 4.31 shows three ECE channels of a discharge with
sawteeth at the q=2 surface. It shows a central channel, a channel at the same radial
position as the ECH deposition (pg,) at |z| =50 mm, and a channel outside the deposition
region. The off-axis character of the sawteeth is illustrated by the fact that the central
ECE-channel is almost silent while the channel at p4, shows strong sawtooth activity.
The outer channel shows inverse sawtoothing. Figure 4.32 shows two T, profiles taken
with the double pulse TS diagnostic with At=400 us. The first profile is taken at the
beginning of the saturation of a sawtooth and the second during its crash (see Fig.4.31).
The profile before the crash has developed sharp ears at the position of the ECH depo-
sition. The crash at this radius is ~ 0.2keV. The second profile shows that during the
crash the central part of T, is hardly affected by the instability. Outside pg, the heat
deposition is clearly visible.
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Figure 4.31: Three ECE channels of a dis-
charge with off-axis sawteeth with a ¢=2
character: one central channel inside the
ECH deposition radius pgep, one channel
at pyep, and one channel outside pge,. The
central channel remains almost unchanged,
while the channel at pge, shows sawtooth
activity. The outer channel shows inverse
sawteeth. The vertical lines at 250.0, and
250.4 ms indicate the timing of the TS
laser.

Figure 4.32: T, profile just before (dots)
and during (line) an off-azis sawtooth
crash with a ¢=2 character. The timing of
the laser pulses is indicated in Fig. 4.31.
The arrows indicate the ECH deposition
region. The profile before the crash has
developed off-axis ears, which occur at the
same radial position as the ECH deposi-
tion. Note that during the crash these ears
are chopped off, while the central T, re-
mains almost unchanged. Outside the de-
position radius the outward heat pulse is
vistble.

For the q=3/2 sawtooth case no double pulse measurements before and after the crash
in a single profile are available. Therefore two well reproducing discharges are used to
show the evolution of the crash. Three ECE channels are given in Fig. 4.33. The central
channel shows less sawtooth activity than the channel at pge,. The outer channel shows
inverse sawtoothing. Three T, profiles are presented in Fig.4.34. The timing of the TS
measurements is given in Fig. 4.33. Figure 4.34 shows that the profile before the crash
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shows steep gradients outside the ECH-deposition radius. The profile right after the crash
shows that the crash is ~ 0.5keV deep. A small central part remains almost unaffected,
indicating the off-axis character of the crash. In fact the area covered by the central ECE
channel (~ 2 cm) is larger than the unaffected central region in Fig. 4.34. Later, i.e. 400 us
after the crash, T, is rising again in the off-axis region where the crash occurred.
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Figure 4.33: Three ECE channels of a
discharge with off-azis sawteeth with a
m/n=3/2 character: one central channel
inside the ECH deposition radius pyep, one
channel at pgep, and one channel outside
Pdep- The region covered by the central
ECE-channel is somewhat larger than the
small center part of the profiles in Fig. 4.3/.

Figure 4.34: Three T, profiles of a dis-
charge with ¢=3/2 sawteeth. The bot-
tom two profiles are taken in the same
discharge, while the top one is from a
well reproducing discharge. The top profile
(dots) is at the beginning of the saturation
phase of the sawtooth (see Fig. {.33). The
deposition radius of the ECH 1s indicated

The period of the instability is longer than
that of ordinary sawteeth. The three verti-
cal lines indicate the timing of the TS laser
relative to the sawtooth cycle. The last two
TS measurements are taken in the same
discharge.

with arrows. The bottom profile(also dots)
18 taken just after the crash and the middle
one (line) 400us later. In the latter pro-
file the area around the ECH deposition is
heating up again. Note that a small cen-
tral part remains unaffected.

4.6 Summary and discussion

A double pulse multiposition TS diagnostic has been constructed and extensively tested.
The aim of this diagnostic is to measure small scale structures in T, and n. profiles with
a size down to a few mm. The double pulse feature enables the study of the dynamics
of these small scale structures. The temporal separation between the two pulses can be
varied from 20 to 800 us, which is of the order of periodic plasma processes such as plasma
rotation, ~50-200us, and sawtooth activity, ~500 mus—2 ms. Almost the full cross section
of 330 mm of the plasma is covered; a laser chord of 300 mm length is viewed. The chord is
covered with 350 points and the spatial resolution is ~3mm, i.e. 3.5 measurement points.
The spatial resolution of the instrument is thus 2% of the plasma minor radius.

The statistical errors on the measured 7, and n, are small, i.e. a relative error of
3-5% on T, in the range of 50eV < T, <6keV at n, = 5 x 101° m~3. The relative error
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on n, in that case is even smaller: 2-4 %.

Measurements with separation time At=0us have been performed. This enables a
comparison of the T, and n. profiles obtained with the two detection branches. Both the
systematic bias and the statistical deviation between the two cameras are below o7, and
On, for T, and n, respectively.

Measurements with At#0 us have been performed in different plasma experiments.
A large m/n=2/1 island of ~3cm wide is visible on the TS profiles (see section 4.5.1).
The resolution of the TS system is so good that a detailed profile inside the island is
resolved. The density n, shows a local maximum inside the island. This maximum in n,
in large m/n=2/1 islands has also been observed by De Vries at the Textor tokamak, [27],
using a pulsed radar diagnostic. Double pulse measurements at At=7ygp and % X TMHD
show the reproduction of the m/n=2/1 island and the island turning from showing its
O-point to showing its X-point, respectively. Using the plasma rotation and setting At
to half integer values of the rotation a much smaller m/n=3/2 mode has been identified.
Identification of MHD modes applying TS has also been performed at other tokamaks;
at JET by Nave [11], and at JFT-2M by Yamauchi [28]. Also at the W VIL-A stellerator
small islands have been observed applying TS [29].

Filaments are seen in centrally heated plasma applying ECH, section 4.5.2, and [14].
After a central sawtooth crash the filaments amplitude has decreased. A TS measurement
inside the sawtooth crash shows the detailed profile of the displacement of the hot core.
This displacement has been observed with lower spatial resolution in tomographic recon-
structions of soft X-ray measurements, e.g. [30]. Filaments have also been observed in
plasmas without ECH heating, section 4.5.3. In these plasmas a transient central T, rise
occurs because of edge cooling with a pellet, [23, 24]. The plasma center is filamented,
indicating that no strong localised heating source is required to induce plasma filaments.
Also in this case the filament amplitude was highly reduced after a sawtooth crash.

Finally, detailed T, profiles before and after off-axis sawtooth crashes with a distinct
off-axis character are given in section 4.5.4. Examples are given of sawtooth crashes with
am/n=2/1 and 3/2 character. At RTP off-axis sawtooth crashes have been observed at
rational values of q of 2, 3/2 and 3 [26]. All these crashes occurred in off-axis heated
discharges. Also at other tokamaks off-axis sawtooth like phenomena have been observed
[31, 32, 33]. None of them has a good profile measurement of the crash. Thanks to the
double pulse multiposition TS, at RTP the topology of the crash can be seen in great
detail.

A TS system similar to the RTP system is currently in operation at the TJ-II steller-
ator. The TJ-II system has been developed at the FOM-Instituut voor Plasmafysica
‘Rijnhuizen’ in the Netherlands and is adapted to specific needs at TJ-II [34]. A new high
resolution multiposition TV TS system is currently under development for the TEXTOR
tokamak, as part of the Trilateral Euregio Cluster (TEC).
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Appendices

4.8 Appendix A: theoretical Thomson scattering spec-
trum

The theoretical TS spectrum according to Mattioli is:

F(\) = W (%;30 2 X(a) Y(A) exp _iéA) (4.9)
with:
Ao
A=3

ap = surface of Gaussian if it were non-relativistic.

1 kaTe Vth
a’l = - — = —
c V me Cc

15 105
X(a) =1+ Eaf B—Ea‘f
2sin (£)A*

Y =
(A) V1 —2Acos8 + A?

VA —-2cosf+ A1 _9

sin (%)

Z(A) =

Here, )y is the ruby laser wavelength at 694.3nm, k; the Bolzmann constant, m, the
electron rest mass, vy, the electron thermal velocity and c the speed of light.

4.9 Appendix B: data correction and calibration

Before fitting the raw measured TS spectra they should undergo a list of corrections and
calibrations. Chronologically correcting and calibrating the data goes as follows:

o Background subtraction: The CCD’s dark-current gives an off-set to the data. A
plane is fitted to the area of the CCD-image where no signal is recorded, and sub-

tracted from the signal.
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Laser energy determination: a small area of the CCD is used to record laser light
picked up with a fiber at the laser-beam exit window of the tokamak. The intensity
of this signal is used to determine the laser pulse energy.

Image tilt correction: The spherical mirror is tilted with respect to the detection
plane, see Fig.4.2. This tilt causes a deformation of the image of the mirror on the
CCD; Horizontal lines on the mirror result into diverging lines in its image on the
CCD. The effect of the tilt of the mirror is corrected by means of software, such
that horizontal lines on the mirror are represented by horizontal lines on the CCD.
The topic is discussed in [16].

Binning: four pixels are binned in the wavelength direction: Transform the CCD-
pixels (7, 7)— (%, J)-

Wavelength and position—calibration: Transform the CCD-pixels (i, 7)— (X, 2),
i.e. (wavelength, position).

Correction for the slow P20 phosphor decay for camera 2 (optionally): The long
tail of the phosphor emission decay causes an overlap of the signals of pulse 1 and
2 in the second recording. the signal of camera 2 is corrected using the phosphor
decay, Fig. 4.4, at the preset separation time At, and the signal of camera 1. Spline
interpolation is applied to correct for a small difference in magnification of the
images.

For separation times >100us this correction is skipped.

CCD-mask: the area of the CCD-image outside the image of the spectral mirror is
set to zero. On top of that line emission from the plasma such as the H, Balmer
line at 656.3nm are cut out of the data by means of software. When He is puffed
in the plasma also the He lines at 587.6 and 667.8 nm are cut out.

Relative calibration: the measurements of the relative spectral sensitivity, of sec-
tion 4.2.5, are used in order to calibrate the pixel sensitivity.

1** order approximation of the instrument profile. The instrument profile of the
diagnostic has a very long tail. This tail causes a more or less homogeneous back-
ground level to the signal. As a 1®* order correction for this background a certain
fraction (4-1076) of the total CCD image is subtracted from the spectra, [21]. The
correction fraction is the same for both cameras, since their instrument profiles are
very similar.

The data is now ready to be fitted. the non-linear least square fitting algorithm and the

weight function of section 4.3.2 are used to fit the theoretical spectral shape equation

(4.9) to the data. The fitting is performed in two iteration loops. In the first iteration
loop the full spectral range from 530 to 840 nm is used. This loop gives a first estimate
for the width and the amplitude of the spectrum. These parameters are used as starting
parameters for the second iteration loop. In this loop only the part of the spectrum within

the 2x1/e width is used, containing >99 % of the recorded photons. This cut-off range

is a trade off between good statistics and minimization of influence of background noise
and signals, and has been determined empirically.
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Abstract

At the Rijnhuizen Tokamak project a double pulse multiposition Thomson scattering
diagnostic has been operational since 1996. It has been installed for the study of small
scale structures in electron temperature (T;) and density (n,). This diagnostic measures
T, and n. with high spatial resolution (3 mm FWHM i.e. 2% of the minor radius) and
high accuracy (3-5% of T, and 2-4% of n, in the range of 50eV-6keV and n, = 5 x
10'® m=3.) In this paper an extensive error analysis is performed on both statistical
and systematic deviations. It is found that the instrument function of the detection
branch has a smoothing effect on the noise. This reduces the statistical error on the 7,
and n. measurements on each spatial position, because the resolution of the instrument is
oversampled. The long tail of the instrument profile of the entire diagnostic has significant
effect on the systematic deviations in the T, and n, determination. However, it does not
affect the relative size of the small scale structures on T, and n., and for this this reason
does not hamper the study of these structures.

63
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5.1 Introduction

The tokamak is considered as one of the most promising devices for future nuclear fusion
electricity plants. In a tokamak a thermonuclear plasma is confined in a helical toroidal
magnetic field configuration. Part of the field is generated by a toroidal electric current
through the plasma, which also heats the plasma (Ohmic heating). An outstanding issue
in the fusion research is the anomalous loss of heat in the plasma which threatens the
economic feasibility of the fusion reactor.

The research program of the Rijnhuizen Tokamak Project (RTP) concentrates on the
anomalous heat conductivity, with emphasis on the role of magnetic structures. For this
reason, the tokamak [R/a = 0.72/0.165m, By < 2.5T,I, < 150kA, q, > 2] is equipped
with strong localised additional heating and high resolution diagnostics. The additional
heating is Electron Cyclotron Heating (ECH) (~350 kW) with localised power deposition
within ~10% of the minor radius a. The additional heating power is an order of mag-
nitude larger than the integrated Ohmic heating power, and locally exceeds the Ohmic
power even by two orders of magnitude. In an additionally heated plasma in RTP, elec-
tron temperatures (7,) are up to 4keV at an electron density (n.) of 2x10"°m™3, while in
a typical Ohmic plasma the central T, reaches 0.7 keV. The ECH power can be modulated
to induce heat waves in the plasma, which are used in heat conduction studies.

A comprehensive set of high resolution electron diagnostics [1] is used to measure transport
phenomena. These include a 20 channel Electron Cyclotron Emission (ECE) radiometer
measuring T, along a horizontal line, a 16 channel ECE imaging diagnostic measuring T,
along a vertical line, a 19 channel FIR interferometer, and an 80 channel 5 camera soft
X-ray tomographic system. Of these, the ECE systems offer the best spatial resolution of
>1.3cm, i.e. 8% of a. The spatial resolution of these time resolving diagnostics suffices
to study transport phenomena such as heat pulse propagation.

On the basis of measurements of density fluctuations in many tokamaks (see e.g. [2]) as
well as theoretical considerations of magnetic islands (e.g. [3]) it may be expected that
structures in T, or n, with a size down to the ion Larmor radius (p;) could be expected
in tokamak plasmas. In RTP p; ~ 1 mm, which is 0.5% of a. Clearly, the spatial resolu-
tion of above mentioned diagnostics is not good enough to resolve these small structures.
Therefore, next to the time resolving diagnostics, RTP is equipped with an ultra high
spatial resolution Thomson scattering system.

The RTP Thomson Scattering (TS) diagnostic measures T, and n. at 350 points along a
vertical chord of 300 mm with a spatial resolution of 3mm, i.e. 2% of a, approaching the
required resolution of p;. Next to high resolution a high accuracy of the measurements
is required. The TS diagnostic measures T, and n. with an accuracy of 3-4% of T, and
2-3% of n, in the range of 50eV-6keV at a density of n, = 5 x 10!° m~3. Figure5.1
and 5.2 give typical examples of high spatial resolution and high accuracy measurements
of T, and n, with this diagnostic.

Figure 5.1 shows an example of a T, profile of an ECH plasma with small central peaks,
called filaments, of a width of 5-10 mm and amplitude up to 1keV. Next to the high T
peaks, steep T, gradients are visible at |z|=40mm. An example of a n. profile is given in
Fig.5.2. This is the n, profile of a high n, Ohmic discharge with large m=2 activity. The
m=2 islands are clearly visible around |z]=80mm. Even the profile inside the islands is
visible. More examples of the application of the instrument can be found in [6-13]
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The RTP TS system is extensively described in two publications [4, 5]. A reliable estima-
tion of the statistical errors is important for the study of the small scale structures. For
this reason, in this paper an error analysis of the T, and n, measurements is performed.
In section 5.2 the system is described briefly. In section 5.3 the error on the raw TS
spectra is determined. Section 5.4 shows the propagation of this error in the error on the
T¢ and n. determination, using simulations of TS spectra. The error on 7, and n, derived
from these simulations are compared to the error on 7, and ne determined in the real
experiment in section 5.5. Finally, an estimation of the systematic deviations in the T,
and n. determination is made in section 5.6.
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Figure 5.1: Ezample of a T, profile during
additional ECH. Thanks to the high spa-
tial resolution of TS, the filamented char-
acter in the center of the plasma and the
steep T, gradients at z==%40mm can be ob-
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Figure 5.2: n. profile of a high density
Ohmic discharge. The profile inside the
m=2 islands (2=x80 mm) is clearly vis-
ible. Also smaller structures are signifi-
cant.

served.

5.2 Overview of the diagnostic

The system is briefly described here. An extensive description can be found in [4, 5].
Figure 5.3 shows the layout of the double pulse TS system. The beam of a ruby laser
(max. 25J) is led vertically through the plasma (item 1). The laser can be fired twice,
dividing the energy of 25 J over two pulses of 12.5 J. The pulses are fired with a separation
time of 20-800 us. The observational chord of 300 mm length is imaged onto the 200 mm
high entrance slit (item 5) of the polychromator. Spectral analysis is performed by a
flat grating (item 7) in the Littrow set-up, covering a wavelength range of 530850 nm.
Collimation of input light and focusing of diffracted light is performed by an achromatic
doublet (item 6). The grating is oriented such that the laser wavelength returns along its
original path through the gap in the spherical mirror (item 8). This way vessel stray light
is filtered out, resulting in a stray light ratio of <5:10~* for each spatial element when
the full slit height is illuminated. The spectrum is projected onto the two-part spherical
mirror which serves for pupil imaging. The spectral image of 200x200 mm? is further
projected onto the detector surface. A polarizer (item 14) in front of the TV objective



66 Chapter 5. Error Analysis of RTP Thomson Scattering Data

(item 9) reduces the plasma light contribution.

300 mm
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4 field lens 11 coupling lens 11

5 entrance slit 12 beam splitter

6 Littrow doublet 13 ICCD camera 13

7 grating 14 polarizer

Figure 5.3: Schematics of the double pulse TS diagnostic at RTP. Scattered light is col-
lected in the radial direction.

The detector system consists of a GEN. III image intensifier (item 10), a lens coupling
system (items 11), a 50-50% beamsplitter (item 12) and two Intensified Charge Cou-
pled Device (ICCD) cameras. The 200x 200 mm? spectral image at the spherical mirror
(item 8) is reduced to ~ 8 x 8mm?, i.e. 350x350 pixels®. Figure 5.4 shows an image of
TS light on the CCD chip: 350 spectra with 350 wavelength pixels, which are later binned
by four pixels to obtain ~85 wavelength channels. This binning is performed since the
wavelength resolution with a 2mm wide slit is approximately four pixels. In the center
the spectra are wider than at the top and the bottom of the picture, indicating a higher
T. in the center than at the edge. The cutting window of the mirror at A\p=694.3nm is
visible in the middle of the image. The figure shows the spectra corresponding to the n.
profile in Fig.5.2.

The first image intensifier (item 10) has a fast gate of 100 ns in which all scattered light is
collected (laser pulse length ~ 40ns FWHM). In this 100 ns also light such as the H,-line
emission, continuum radiation and vessel stray light from the laser, is collected, by which
the measurement can be disturbed. Fig.5.5 shows these other light sources and compares
them to a TS spectrum. It is clear that the continuum and vessel stray light are well
below the TS light level. H, light, however, is of the same order as the TS light. For
analysis, this is eliminated with software.

The procedure of double pulse measurements is as follows. The laser is fired twice with At
between 20 and 800 us. The fast gate of the first image intensifier (item 10) is triggered
twice by laser light picked up at the laser and led to the gate circuit by a quartz fiber. To
distinguish between the two laser pulses, the image intensifiers inside the ICCD cameras
are used as fast electronic shutters; camera 1 records the first laser pulse and camera 2 the
second. The cameras are gated open for 20us which is adapted to the shortest separation
time between two laser pulses. During these 20us only x =30 % of the light emitted by
the P20 phosphor of the first image intensifier is collected, because the phosphor has a
slow decay time of ~ 3 ms to a 1% level. This 30 % however is sufficient, since the photon
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noise of the system is still mainly determined at the cathode of the first image intensifier
(section 5.3).
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Figure 5.4: Contour plot of CCD-image Figure 5.5: A TS spectrum with its fit

containing raw TS data. The width in A- compared to disturbing light sources like
direction is a measure for T,. The vertical H, line and continuum emission, and ves-
gap at'A0=6?4.3nm is caused .by tht'i cut- sel stray light. The continuum emission
ting window n tﬁe two part mirror in the and vessel stray light levels are well below
spectrometer (Fig.5.3). At 656.9nm H, the TS spectrum. H, light is eliminated
deforms the measurement. with software.

5.3 Error determination

Assuming a Maxwellian velocity distribution Mattioli derived an analytical expression for
the spectrum of incoherent TS scattered light [14]. The expression is a Gaussian of which
the blue wing is somewhat enhanced due to relativistic effects. Figure 5.6 gives examples
of this theoretical curve for several T,-values. The enhancement of the blue wing becomes
larger with higher T,. The theoretical curve is determined with two parameters: the area
underneath the curve and the width of the curve. Before fitting the raw data with this
curve, a series of calibrations and corrections need to be performed, which are extensively
described in [4, 5, 15]. The most important are the relative and absolute calibration. The
relative calibration corrects for wavelength dependent transmission, and is important for
the T, determination. The absolute calibration is needed to calculate absolute values for
ne from the integrals of the scattered spectra. Errors on the 7, and n. determination
caused by calibration errors are discussed in [5] by comparing the results of the two cam-
eras. It is found that systematic deviations due to calibrations lie within one standard
deviation of the measurements.

Another source that can disturb the measurements is collected light other than TS scat-
tered light. Figure 5.5 shows that the level of these is negligibly low.

Remaining deviations from a correct T, and n. determination can be caused by:

¢ Detection noise, causing a statistical deviation.

o Deformation of the spectra by the instrument profile of the diagnostic, causing a
systematic deviation. '
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The instrument profile of the diagnostic is ~ 3 pixels wide and has a very long tail.
Especially this tail causes a significant systematic error in the 7, and n, determination
as will be discussed in section 5.6.

In the detector branch of the diagnostic there are several stages where noise is generated.
Since in the z-direction the full pixel resolution is used in the determination of T, and n,,
also in this case the instrument function plays a role. Noise generated at a certain stage
is smoothed by the instrument profile of the remaining part of the diagnostic.

An absolute estimator for the noise in the system is important to derive estimators for the
statistical errors on T, and n. as will be shown in section 5.3.1. The error contributions
at different stages in the detector branch will be discussed in section 5.3.2. The influence
of the instrument function on the noise will be discussed in section 5.3.3.
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Figure 5.6: Ezample of normalised relativistic TS spectra for Mazwellian velocity dis-
tributions with T,= 500eV, 1keV, 2keV and 4keV. N\g =694.3nm, i.e. the ruby laser
wavelength.

5.3.1 Fitting routine

The fitting routine applied for the fits of the calibrated data is a non-linear least square

fitting routine by Levenberg and Marquardt, e.g. [16]. This fitting routine minimizes the

X%

X}(0) = X [Srs(iv, 4) = F(&)]* - W (i, 5), (5.1)
i
where Stg(4y, 7) is the calibrated TS signal, and F (35, 7) the fitting function, Fig. 5.6. The
formula is expressed in CCD-pixels j in the z-direction and 7, in the A-direction. The index
b indicated binning of four pixels in the A-direction as is done in the experiment. The
weight-function W (4, 7) contains an estimator for the standard deviation of the measured
spectra, 0g,s. The value of the reduced x2%(7), x2(j), indicates the goodness of the fit:

X, =x/v (5.2)
where v is the number of degrees of freedom of the fit. For a good fit, x2(5) should be

distributed around 1. The weight function W (3, 5) is defined as:

. 5
W(’Lb,]) = EIE——_—. (53)
22 O',%Ts(ibvj)

tp—
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W (44, ) smoothes the estimator for og,(is,j) over 5 binned wavelength channels of 4
pixels each. Using og,,(%,) the fitting routine makes an estimation of the statistical
error on T, and n, according to:

ar.(G) \
UTE EGSTS ib, J (m) (5.4)
and

ZUSTS i, ) <asize((zb? ))2 (55)

Thus the errors on 7, and n, are determined by a weighted quadratic sum over the errors
on all data points in the spectrum. Any correlation between the og, (%, 7)-values needs
to be accounted for in the sums (5.4) and (5.5). In section 5.3.3 will be shown that the
detection branch instrument profile leads to a correlation in the og,(is,)-values. The
correction for this correlation is dealt with in that section.

5.3.2 Breakdown of noise sources

The detection branch of the diagnostic contains the elements 10-13 in Fig. 5.3. There are
three stages in this branch where photon statistics introduces noise on the signal:

e At the first image intensifier.
o At the image intensifier of the ICCD camera.
e At the CCD-chip of the ICCD camera.

A fourth noise source is read-out noise in the CCD camera.

At an image intensifier photons induce primary photoelectrons with a certain quantum
efficiency ng. These primary photoelectrons are accelerated towards a Micro Channel
Plate (MCP) where secondary electrons are produced in a multiplication process. The
secondary electrons are again accelerated towards a phosphor screen that subsequently
emits light. The photon noise induced in the image intensifier is determined by the number
of primary photoelectrons and the so-called noise figure NF of the MCP, which includes
noise generated in the multiplication process. An effective efficiency n.s; of the image
intensifier is now defined as:

Tesf =ng/NF? (5.6)

At the CCD also photoelectrons are produced. The photon noise at the CCD is determined
by the number of these photoelectrons. The analog signal of the CCD is converted into
CCD-counts. For this reason the conversion factor of photoelectrons into CCD-counts
must be known in order to know the noise amplitude from the number of counts. For the
CCD cameras in the diagnostic this conversion factor is 10 photoelectrons/count. The
system has two ICCD cameras which are more or less equal. In the following discussion
only one camera is discussed. A worst case scenario is taken, using the specifications of
the ICCD camera with the lowest sensitivity.



70 Chapter 5. Error Analysis of RTP Thomson Scattering Data

The amplitude of the noise in all three cases listed above will be estimated using values for
the system parameters as given in Table 1. Most of the parameters in Table 1 in principle
are wavelength and position dependent. However, the variation is < 20 % for the greater
part of the detection area. For reasons of convenience, they are taken as wavelength and
position independent in the error analysis. The parameters are described in the table and

will be further explained in the following.

Table 1: Summary of wavelength independent system parameters.

Symbol | Description Quantity Unit
Fioser Laser energy at the scattering volume 10 J
huyg Single photon energy at 694.3 nm 2.86x10~1° J
AL | Length of scattering volume (seen by 1 pixel) | 0.82x10~3 | 'm
Q Solid angle of collection 2.1x1073 st
OThomson | Classical TS cross-section 7.94x107%0 | m?/sr
Toverall | Overall system transmission 17 %
71 Efficiency of intensifier 10 18 %
Gy Photon gain of the first intensifier 2.5x10°
T Efficiency lens coupling system 6 %
Mg Efficiency of the ICCD intensifier 3 %
K Collection fraction second image intensifier 30 %
Kcoep | ICCD detection efficiency: counts/photon 5x1072 | cnt/ph
Cccp | CCD conversion factor: photoelectrons/count 10 pe/cnt

Number of scattered photons Sy, scq: in the vessel.

Laser light is scattered by the free electrons in the plasma. The number of photons
scattered from a volume with length AL (covered by 1 CCD pixel) in the solid angle Q
at a density n.(7) is:

. E, aser .
Nph, scatt(]) = —laser AL Q OThomson ne(]), (57)

hl/g
where the index j indicates CCD pixels in the z-direction. Ejyser/hiy is the total number
of photons in a single laser pulse and o7pomson the differential TS cross section. Since the
full pixel resolution is used, the length of the scattering volume is 0.82mm. The amount
of photons scattered as a function of wavelength is given by:

Sph, scatt(iaj) = Nph, scatt(j) . F(la]) dl’ (58)
where F(i, ) is the relativistic expression by Mattioli for a TS spectrum, Fig.5.6. Index
¢ indicates the unbinned pixels in the wavelength direction. Binning four pixels in the
wavelength direction is introduced at the end of the next section. The integral { F(3)di >
1 due to the relativistic effects (depending on T,). For example, for T, =1keV, [ F(i) di =
1.06. However the deviation from unity is small and for this reason the approximation
I Soh, scatt(3,5) di = Npp, scare(7) will be used in the rest of the paper.
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Number of photoelectrons S, ; at the first intensifier.

The scattered photons Sph, scatt (7, 5) are collected with the viewing optics (Fig. 5.3, items
2-4), and dispersed by the spectrometer part (items 5-9). The number of photons in front
of the first image intensifier, indicated with ph, 1, is:

Sph,l(i>j) = Sph, scatt(iyj) Toveralls (59)

where Tyyerqn refers to the transmission of the branch (items 2-9) including the polarizer
(14). The index 1 indicates the first image intensifier. The photon noise on the output
signal of this intensifier is determined by the effective number of photoelectrons Spe 1 (3, 5)
obtained with its effective efficiency 7, see equation (5.6):

Spe,l(i,j) = Sph,l(i,j) - (510)

The standard deviation of the photon noise is now given by og,, , (7, 7)=4/Spe,1 (%, 7).

Number of photoelectrons S,., at the second intensifier.

The second intensifier, at the ICCD, collects Sy 2(,7) photons emitted by the phosphor
of the first intensifier:

Sph,Z(iaj) = ph,l(iyj) Gl T17 (511)

with G; the photon gain of the first image intensifier, and T the coupling efficiency of the
lens system (items 11 and 12). The intensifier of the ICCD has an effective efficiency 7,.
Due to the short gate of the second intensifier compared to the slow phosphor decay of
first intensifier only a part x of the Sy 2(4, j) photons are transformed into photoelectrons.
The effective number of photoelectrons is now given by:

Spe2(4,9) = Spna(i,5) k2 (5.12)
The photon noise here is determined by os,, ,(4,7)=1/Spe,2(¢, )

Number of photoelectrons S, ccp at the CCD.

Now, the transformation is made from photons in front of the ICCD cathode to photoelec-
trons on the CCD surface. For this transformation K¢cp and (cop are needed. Keep is
the conversion factor from photons in front of the ICCD to CCD-counts and (ccp is the
CCD conversion factor in counts/photoelectron (at the CCD). K¢ep is given by:

_ G2 Tz neep (5.13)

It contains the photon gain G of the second intensifier, the coupling efficiency Ty between
intensifier output and CCD, and the CCD quantum efficiency ncep. All three parameters
are not well specified by the ICCD manufacturer. For this reason Kcocop is determined
using an absolute calibration of the CCD sensitivity using Rayleigh scattering on H, at
room temperature [5]. Using Kceop and {cop the number of photoelectrons at the CCD
surface is:

Spe,ccn(t,7) = Spaz(t,J) & Kcep Ccep (5.14)
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The amplitude of the photon noise here is given by 0s,, ¢op (4 7) = 1/Spe, cen(?, 7). Finally
the TS signal on the CCD camera in CCD counts is given by Szg:

Sts(1,7) = Spe,cen(¥,5)/Ccep (5.15)

A fourth additional noise source is the read-out noise of the CCD and has an amplitude
of 0ccD—noise = 2 counts.

Summary of noise sources and total noise g, on TS spectrum.

All noise contributions of the diagnostic are listed in Table 2. Now the estimator for the
error on the final TS spectrum is og,(%, 7). The relative error £5, =05, /S, is introduced,
with z=pe,1, pe,2, pe, CCD or TS. A good estimator for £g,,(%, 5), is the quadratic sum of
the separate contributions of relative errors:

2 . ag"ps <. E?gpe,l .. ggpe,Z c. 2 s a%CD—-noise
€5ps(8:7) = (1,7) = [ T22(55) + 22(6,4) + €5, cop(6d) | + a5 s
Ppﬁvl FP€’2 STS(7’7-725.16>

Two unknown parameters remain: [ ; and I'pe 2. These correct for the fact that the noise
produced at the first and second image intensifier is smoothed by the instrument profiles
of the remaining detector branch. In the next section I'p.; and T o will be determined.
First, expression (5.16) will be written in terms of system parameters using equations
(5.9)—(5.15), the noise amplitudes listed in Table 2, and the definition for &,. Equation
(5.16) can now be written as:

Gi1Tvk Kcep/m + Kcep/m + 1
Fpe,l Fpe,z ¢cep
+ GéCD—noise (517)

05ps(i3) = Srs(i,5) - (

Table 2: The notse contributions of the detector branch.

Description Name Amplitude
Poisson noise at the first image intensifier, item 10 05,..1(4,7) \/ Spe1(2,7)
Poisson noise at the intensifier of the ICCD, item13 | s, , (7, 5) \/ Spe2(2,7)
Poisson noise at the CCD-chip 08, cop () J) \/S cep(ty )
Gaussian CCD read-out noise OCCD—noise 2 counts

5.3.3 Influence of instrument profile on the statistical error

An instrument function deforms the spectra, but also smoothes noise. Figure 5.7 shows the
logarithmic plot of the one dimensional (1-D) instrument function of the full diagnostic,
items 1-13. This profile is obtained from Rayleigh scattering on H, and is averaged
over 100 spatial pixels. The averaging makes the long tail of the profile visible. The
central peak has ~ 3.5 pixels FWHM and determines the spectral resolution. The long
tail appears to play an important role in the systematic deviations of the measurements.
The effect of this long tail will be discussed in section 5.6.

To calculate the role of the instrument profile on the smdo’ching of noise, the instrument
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profiles at different stages in the diagnostic need to be measured. In this section the
smoothing factors I'p,; and I'pe 2 due to the smoothing effect of the appropriate instrument
profiles will be calculated. Furthermore the estimator for og,, will be given, and a first

estimation of the error on n, will be calculated.
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Figure 5.7: One dimensional instrument
function of the full diagnostic, i.e. items
1-13, Fug. 5.8, obtained from a line source
applying Rayleigh scattering. The long tail
is caused by the halo of the phosphor of the
wmage intensifiers, rather than stray light
(straylight ratio = 5107%). The right-
hand side of the tail is replaced by the left-

hand side, because the cutting window in
the two part mirror disturbs the profile.
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Figure 5.8: Normalised instrument profile
I(k,1) of the detector system 10~13, with k
(the A-pizels) and | (the z—pizels) running
from -10 to 10. The profile was measured
by imaging a 250 um pinhole, using f/22
optics, to a 22um image on the intensi-
fier’s surface. The 22um image is small
compared to the image intensifier resolu-
tion of ~ 60 um, in order to act as a point-
source.

The steps at 600 and 785nm are caused
by the edge of the two-part mirror.

Error on each separate data point due to noise at the first intensifier.

Fig. 5.8 shows the two dimensional (2-D) instrument profile, I(k, 1), of the branch items
10-13, Fig5.3. Noise produced at the first image intensifier is smoothed by this part of the
instrument profile. In principle this profile also extends to the edge of the CCD chip, but
the long tail is not resolved in the measurement of this 2-D instrument profile. However,
for the smoothing of noise only the central part of the profile plays an important role.
Therefore, only a smaller part of the CCD is used and a range of -10 to 10 pixels is taken
leading to a 21x21 pixels large area. The signal Sy (4, j) at the first intensifier, equation
(5.10), will be convolved with the above mentioned instrument profile I (k,1), leading to

Chpe,1(2,7):

Crea(1,3) =323 Spet (i = k5 — 1) - I(k, 1), (5.18)
k1

with k and [ running from -10 to 10, the used instrument profile area. The noise on
Spe,1(1,7) is smoothed by this instrument profile according to:

aépe’l(i, =33 agw (i —k,j—1)- I*(k,0) (5.19)
k1
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The amplitude of the signal S, 1(,j) does not vary much in the range of (k,!). For this
reason the noise on Cpe1(%,j) compared to the noise on Sy (7, ) is approximately:

0501 (123) = 0, (6,5) - 3D Ik, 1) = 05, (4,)/Te (5.20)
k1

The reduction factor I}, , for noise on Cpe,1(%,j) because of the smoothing by the instru-
ment function is thus:

o1 '
te1 = SRR (521
kI

Calculation of smoothing factor I',. ;.

However, to derive T, and n. from the TS spectra, an array of 350 unbinned spectral points
is used, to which a theoretical curve is fitted (Fig5.6). Equations (5.4) and (5.5) determine
the error on T, and n.. Correlations in values of g, in the wavelength direction cancel
out in the integrals {5.4) and (5.5). For this reason the smoothing factor Iy, ; as is applied
in equation (5.17) will be smaller than T, ;. This means that the error on the integral of
a spectrum in the wavelength direction will be larger than the quadratic sum of o¢,, , in
i, equation (5.20). The correct value for I'; is corrected for the correlation of noise in
the wavelength direction. It is given by:

1

F 1(k, DI(m, 1)

(5.22)

SIS >
l k

M

with m also running from -10 to 10. From the values of I(k,!) in Fig.5.8, [, can be
calculated: T'pe 1 = 4.4, [17].

Determination of smoothing factor ', ;

The only remaining unknown parameter in equation (5.17) is e 2. It can be calculated
from the instrument profile of the ICCD camera, called J(k,!). Unfortunately, this ICCD
instrument profile has not been measured. However, J(k,) can be estimated from I(k, [}.
I(k,1) is the instrument profile of the branch items 10-13, Fig5.3. Of this branch the
first intensifier and the ICCD intensifier have the worst resolution, and therefore I(k,!)
is mainly built up out of the instrument profiles of these intensifiers. It is assumed that
the instrument profiles of these intensifiers are equal. Then I(k,!) is built up out of two
equal instrument profiles J(k,1). J(k,!) has a width ¢, according to:

2

2= (5.23)

2
where o7 is the width of I(k,!). The narrower profile J(k,!) can now be calculated from
I(k,1). The smoothing factor I'pes can now be determined from the values of J(k, ).
Here,the correlation of noise in the wavelength direction is also taken into account:

1

;%% J(k,1)J(m,1) (5.24)

Fpe,2 =

This way [pe 2= 3.6 is found.
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Estimator for og,, on the TS spectra.

Now T'pe; and T'pe2 can be used to complete equation (5.17). Like in the experiment,
binning of four pixels in the wavelength direction is performed, (section 5.2), thus making
the transformation i —» ;. Using the values for [pe and [pep and the values for the
system parameters in Table 1, the estimator for o, (%5, j) becomes:

qu-s (ibvj) = STS(ib’ .7) : (2'9 +0.5+ 0'1) + 4 aéCD—noise

o 5.25)
=3.5- STS('lb;]) + 4 aé’CD—noise (

The main contribution to the noise on the final data is by the photon statistics generated
at the first image intensifier. The system has been designed to have the major detection
noise here; the contribution to og, is 1/2.9/3.5 290 %. This way splitting up the signal
with a beamsplitter for the double detection system has hardly any effect on the noise.
Equation 5.25 gives the estimator for og, (2, 5) as it will be used in the fitting routine in
the weighting factor equation (5.3). It is corrected for the correlation of the g, (i, 7)-
values in the wavelength direction.

First estimation for the error on n,.

An first estimation of the error in the n. determination can be made. The density n, is
proportional to the integrated signal Nrs(j) = [ Srs(is, j)dis. Since correlation in the
noise in the wavelength direction has been accounted for already in equation (5.25) the
error on Nrg(7) is given by:

UIZVTS (]) = 3.5+ Neounts (.7) + 350 - O%'CD-—noiae (526)

For a typical n. of 5x10m™3 the number of counts detected according to equations
(5.7)=(5.15) is Neounts = 10* counts. Equation (5.26) then gives: oy, &~ 200 counts; a
relative error of & 2%. Which is also a first estimate for the error on n,.

5.4 Errors on n. and T,; fits on simulations of TS
spectra.

In this section the errors on T, and n, are determined by simulating spectra with the Mat-
tioli scattering formula for a relativistic electron population. Noise is added at different
stages in the instrument to conform to the experiment. The amplitudes of the noise are
taken as given in Table 2, and the noise is created using a noise generator. The smoothing
effect on the noise by the instrument profile is implemented at the appropriate stages.
The simulated spectra are fitted with the non-linear least square fitting routine as de-
scribed in section 5.3.1. Equation (5.25) is used as the estimator for the error in the
weight function (5.3). For n, = 5x10m~% and 10 values of T, in the range of 50 eV-
6keV, 500 spectra have been simulated. Convolution with the instrument profile (k,1)
smoothes the noise. The simulated spectra are prepared in the following sequence:

o Add Poisson noise generated at the first intensifier.

e Convolve the 500 TS spectra with I(k,[), Fig.5.8.
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e Add Poisson noise generated at the cathode of the ICCD. Here no convolution is
allowed anymore since the signal at the first intensifier has been convolved with
I(k,l) already, i.e. the instrument profile of the total detection branch (Fig.5.3,
items 10-13). Reduction of noise at the second intensifier is performed by decreasing

the noise amplitude here with \/m.
e Add Poisson noise generated at the CCD-chip.
e Add CCD read-out noise.
e Bin the spectra with 4 pixels in the wavelength direction.

Treating noise in this way, instead of just considering the quadratic sum of contributions as
in section 5.3, is more realistic. Namely, the number of photons/photoelectrons generated
at one stage determines the number of photons/photoelectrons as input for the next stage.
Thus, a lower number of photons/photoelectrons generated at stage 1 will lead to more
noise generated at stage 2. While in the quadratic sum of errors in section 5.3, only
average numbers are taken, and the noise amplitudes at the separate stages are taken
as independent. The error estimations in section 5.3 is a good estimate for the noise
amplitude on the final signal as used in the weight factor, equation (5.3), since noise
generated at the first stage is dominant.

Fig.5.9 shows an example of a simulated spectrum with T, = 1keV, and its fit. The
cutting window and the H, spectral line are cut out of the spectrum, just like in the real
experiment. The weight function applied for this fit is also plotted in Fig. 5.9.
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Figure 5.9: Fit of a simulated spectrum (a) and its weight factors (b). Starting values are
T.=1keV, n, = 5x10¥m™3, and Ejgeer=10J. The cutting window and the region around
H, are left out.

The 500 fits to the simulated data give 500 T. and n.-values, with average values
< T, > and < n. >. Convolution with I(k,!) hardly affects the shape of the spectra,
resulting in small systematic deviation in < T, > and < n, >. The deviations from the
starting values T, and n. lie within 2% for both parameters.

The statistical error on the T, and n. values from the fits are derived in two different
ways. In the first, the fitting routine gives an estimator for the error on 7, and n, from
its covariance matrix, and in the second method the spread in the 500 7, and n.-values
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from the fits of the simulated spectra are calculated. The error estimators for 7, and
7, derived form the covariance matrix in the fit are labeled O, fits a0d g, fits. And the
spread in the 500 fits are indicated with OT, stat 30d Op, st0¢. In the experiment only OT, fits
and o, sis can be calculated. As a test of the fitting routine both methods are compared
using the simulations of the TS spectra. Figure 5.10 shows the comparison.

(b) " %p,, fits

4 61 S =* 05, stat -

0 t 2 0 L 2
0.1 1.0 10.0 0.1 1.0 10.0
T [keV] Te [keV]

Figure 5.10: Relative errors on (a) T, and (b) n.. The full line shows the estimator for the
ETTOTS O, fits, ANG Op, fits, as determined from the covariance matriz of the fitting routine.
The dashed line shows the spread, OT, stat ONd On, stat, ©n the 500 T, and n, values. In the
simulations n, = §x10°m~% and Ejy,e,=10J are taken.

As the figure shows the error calculated by the fitting routine agrees very well to the

standard deviation in the 500 simulated measurements. The fitting routine over-estimates
the error for the lower T.’s, but no more then 25% for T,=50eV. In the region 500eV-
2keV or, and o, are nearly independent of T,. At low T, values relatively much light
is cut out of the spectra by the central cutting window, causing a loss of signal and
an increase of o7, and o,,. Above T,=2keV the error also rises because for these high
temperatures the spectra become broader than the spectral range (530-850 nm) of the
spectrometer. The latter effect is less dramatic for n, than for 7,. The n, determination
is less sensitive to the slope of the wings of the spectra.
At the end of section 5.3.3 an estimation for the error on n, was given. There the estimated
relative error was given as o,,/n. & 2%. Figure 5.10 shows that On,[ne = 2.5% for a
wide T.-range. The higher value is caused by the loss of data-points in the H,- and
cutting-window, which has not been taken into account in the previous section.
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5.5 Comparison with the experiments

In this section the error bars on 7, and n, obtained from experimental data are compared
to the errors found in the simulations in the previous section. Calibrated TS spectra are
fitted with the relativistic formula for a TS spectrum, Fig.5.6, using the fitting routine
described in section 5.3. The comparison is performed for a medium n. Ohmic discharge,
Fig.5.11, and for a high T, low n. ECH plasma, Fig.5.14. The errors obtained from the
fitting routine in the simulations, Fig. 5.10, are scaled to the densities, and laser energies
in the experiments.

For the Ohmic discharge, Fig. 5.11, an example of a fit to a spectrum is given in Fig. 5.12.
The reduced x2 value of this fit is 0.86. The figure also shows the histogram of x2 val-
ues for all fits. The expected distribution is overplotted to the histogram. The number
of degrees of freedom v for the fits vary from 10 for the lower to 45 for the higher 7-
values. Therefore, for each point the theoretical x2-distribution function is calculated
and all curves are averaged, thus obtaining the expected x2-distribution. The average
value over all spatial points of the x? is just above one: < x2 >=1.11, indicating a small
underestimation of ~ 5% of the errors. Figure 5.13 show the comparison between the
errors obtained from the experiments and from the simulations. The agreement between
simulations and experiment is very good.

Figure 5.15 shows an example of a fit to a central spectrum of the ECH discharge in
Fig.5.14. Here the reduced x2 is 0.90. The spectrum is much noisier than the spectrum
of the Ohmic discharge above, still the relative error determined from this spectrum is
only 7% for T, and 4 % for n., respectively. The figure also shows the histogram of X2 for
all fits with the expected x2-distribution overplotted. The average value of all X2 values is
< x% >=1.02. Figure 5.16 also shows that for higher T the errors on 7, and n,. obtained
form the experiment and simulations agree very well.

In conclusion, the error determination from the experiments using the fitting routine is
good. The values agree very well with the simulations, and the histograms of reduced
x2-values agree well with the expected x2-distribution functions. The averaged x2-value
averaged over all spatial points is close to unity for both examples.

As a historical note should be mentioned that TS profiles measured with the double pulse
diagnostic, presented in papers between July, 1996 and January, 1998, have too small
error bars. There the error on T, and n. should be multiplied by a factor of 1.5. This
remark excludes reference [4], which deals with older single pulse TS data. The error bars
in the profiles of this single pulse diagnostic have been calculated correctly.
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Figure 5.11: (a) T, and (b) n. profile of an Ohmic discharge. Parameters: I,=80kA,

Q.=5.2.
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Figure 5.12: (a) Fit through calibrated TS spectrum: T,=720eV, n,=7.1x10"m=3, and
x2=0.86. The spectrum belongs to the point at 2=2.5mm in Fig.5.11. (b) Histogram of
the x2 values for the Ohmic discharge. The full line is the expected distribution for x2,
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Figure 5.13: The relative error on (a) T. and (b) n. as a function of T, for the data in
Fig.5.11. The errors estimated by the fitting routine for the ezperiment are compared to
the errors estimated by the simulations. The agreement is very good.
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Figure 5.16: The relative error on (a) T. and (b) n. as a function of T, for the data in
Fig. 5.14. The errors estimated by the fitting routine for the experiment are compared to
the errors estimated by the simulations. The agreement is very good.
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5.6 Bias on T, and n, determination due to instru-
ment profile.

The instrument profile of the full diagnostic has a very long tail (Fig. 5.7). This long tail
puts a pedestal on the spectra when convolved with the instrument profile. The pedestal
causes an over-estimation of T, and an under-estimation of n, by the fitting routine. In
this section the quantitative effect of the convolution with the full instrument profile on
the bias in the T, and n, determination is calculated.

Every point in the image on the CCD camera is represented by a different 2-D instrument
profile. However the amplitude of the tail of such an instrument profile is ~10~% times the
maximum. The dynamic range of the 16 bits CCD camera is not large enough to resolve
this. The tail becomes visible when a line source is applied, e.g. Rayleigh scattering on
H; gas illuminating the full entrance slit, see Fig.5.7. Every point source along the 350
points high vertical image of the laser beam gives a contribution to the tail, yielding a
~350 times higher amplitude of the tail. The ratio in amplitude between the tail and the
maximum of the profile then becomes ~ 51073, as can be seen in Fig.5.7. The profile
in the figure has been averaged over 100 position pixels in the vertical direction to get
better statistics.

Convolution with the 1-D profile gives a good approximation for the 2-D convolution if:

e The 2-D instrument profile is invariant under translation of z and .
o And the T, and n, profiles are flat.

Under these assumptions transforming the 2-D convolution into the 1-D convolution is as
follows:

C(i’j) = zk:zl:P(z —k,j— l) ’ Q(k,l)
;P(i - k,j)ElIQ(k,l)
> P(i —k)- R(k) (5.27)

(i)

With ¢ and j the A- and z—pixel indices, and P(, j) the scattered spectra, Q(k,!) the 2-D
instrument profiles, and C(3, j) the convolved signal. R(k) is the 1-D instrument profile.
In C(i) the index j is left out because there no dependence in the z-direction is assumed;
the T, and n. profiles are assumed to be flat.

In this section the effect of convolving the spectra with the 1-D instrument profile of
Fig.5.7 is shown. For ten T,-values, theoretical TS spectra are convolved with the 1-D
instrument profile and the appropriate amount of noise is added. First, these simulated
spectra will be fitted without applying any correction. It will be found that in this case,
the systematic deviations are rather large for low values of T,. Next, a correction method
is introduced. The fit function will be convolved with the 1-D instrument profile as well,
which gives much better results. Finally a more simple correction method is introduced
which is used for bulk data analysis.
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5.6.1 Uncorrected fits to convolved spectra.

Fig.5.17 gives an example of a convolved spectrum with input values 7,=250eV and
ne=5-10"m™3, and its fit. In the figure, no noise has been added to the spectra to make
the pedestal in the spectrum caused by the convolution more clear. The fit gives an over-
estimation of T, of 28 % and an under-estimation of n. of 15 %, giving 7.=320eV and
ne=4.25x10*m=3. Fig.5.18 compares the T, and n, values obtained from the fit with
the ten input values. As can be expected, the effect is larger for lower values of T, and
becomes less important for higher 7,. For T,=50€V the deviation is +40% for T, and
-40% for n., while for T,=3keV the deviation for T, and n. are only +7% and -3.5%
respectively.
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Figure 5.17: TS spectrum convolved with
the 1-D instrument profile. The spectrum
is fitted with an uncorrected fitting func-

Figure 5.18: Bias on T, and n. as a func-
tion of T, caused by convolution of the
spectra with the 1-D instrument profile.

tion. The input values are T,= 250eV
and ne= 5-101m=3, while the fit yields
T,=320eV and n.=4.25x10"m=3,

5.6.2 Convolution of the fit function.

The fits to the convolved spectra give large systematic deviations in the estimations
of T. and n.. Deconvolution of the TS spectra would be a good correction method.
However, the problem with deconvolution is that it amplifies noise on the spectra. A
better correction method is convolving the fitting function with the same 1-D instrument
profile. In the fitting routine this convolution is repeated for each iteration step with new
fitting parameters. Figure 5.19 shows an example of a fit with this new fitting function.
The fitting function for the same T, and n. but without convolution is overplotted. Figure
5.20 shows the results for the deviations in the T, and n. determination. The deviations
become very small.

As explained in the introduction of this section, the instrument profile is different for every
position on the CCD. This means that in the experiment the correction for the deformation
of the TS spectra can not be expected to be as good as in Fig. 5.20. Furthermore, this
method is rather time-consuming, since the convolution of the fitting function is performed
in every iteration step. For bulk data analysis another correction method is applied, as
will be explained in the next section.
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Figure 5.19: FEzample of a fit to a spec- Figﬁre 5.20: Bias in the T, and n, deter-
trum with T,=250€V and n,=5-10"m=* mination when the convolved fitting func-
which has been convolved with the 1-D in- tion is used, e.g. Fig.5.19. The devia-
strument profile. In this case the fitting tion from the input values T,=250eV and
function (full line) ts convolved as well, re- ne=5-1029m~% become very small.

sulting in a good fit of the simulated spec-
trum. The fitting function with same pa-
rameters but without convolution is over-
plotted with a dotted line.

5.6.3 Coarse correction for the long tail of the instrument pro-
file. '

Since the long tail of the instrument profile in first approximation puts a pedestal to the
spectra, a coarse correction is subtracting a constant background from the spectra. In
the experiments this is performed by subtracting a fraction-4-107® of the total signal on
the CCD of the spectra. This number has been determined empirically. It appeared that
in this way on average the tail in the spectra is brought back to zero. The total CCD
image contains 350 spectra. In the single spectrum fit of the simulations the pedestal in
the spectrum is corrected for by subtracting 350x4-1076 = 14.10* of the total spectrum.
Fig.5.21 shows the convolved spectrum of Fig.5.17 corrected for the pedestal. The fit
yields T,=308¢eV, i.e. still an over-estimation of 23%. The under-estimation: of n, be-
comes a little larger due to the subtraction of the constant background. the bias on n,
becomes -17.5 %, giving n,=4.12-10®m™3. For higher T,-values the deviation becomes
less: For T, =3keV, the over-estimation of T, is 4%, and the under-estimation of n, is
7%. Figure 5.22 shows the systematic deviations on T, and n..
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Figure 5.21: The same spectrum as Figure 5.22: Bias in the T, and n. de-

. Fig. 5.17 with T,=250eV and n, =
5-10m=3 as input values. In this case
a pedestal is subtracted from the spec-

termination as a function of T, when a
pedestal is subtracted from the spectra.
The bias in T, becomes lower, but the bias

trum. The T, determination is some-
what better now: T,=308eV, and the
n. under-estimation is a little larger:
ne=4.12-101%m=3,

in the n. determination however becomes
larger.

The coarse correction method still yields rather large systematic deviations. Never-
theless, this correction method has been applied for bulk data analysis. The reason for
this is that the method in fact only affects the absolute value of T, and n., and is faster.
Both correction methods are compared for two plasma conditions. For the convolution of
the fitting function for the experimental data the same 1-D instrument profile as in the
simulations above is used. Again the medium n. Ohmic discharge, Fig. 5.11, and the low
ne ECH discharge, Fig.5.14, are used. Figures 5.23 and 5.24 show the results for both
correction methods. The relative profiles are very similar, i.e. the small scale structures in
the profiles are the same for both methods. As expected from Figs. 5.20 and 5.22 the ab-
solute values differ. The coarse correction method over-estimates T, and under-estimates
ne compared to the method with the convolved fitting function. In conclusion, for the
study of small scale structures on T, and n. the coarse correction method suffices.
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Figure 5.23: (a) T, and (b) n. profile of an Ohmic discharge. The figures shows a com-
parison of two correction methods. The dots show the method in which a pedestal was
subtracted from the spectra, and the full line the method in which a convolved fitting func-
tion was applied.
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Figure 5.24: (a) T, and (b) n, profile of an additionally heated discharge. The figure shows
a comparison of two correction methods. The dots show the method in which a pedestal
was subtracted from the spectra, and the full line the method in which a convolved fitting
function was applied.
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6.1 Introduction

The tokamak is the most common type of machine used in thermonuclear research to
confine a hot plasma by magnetic fields. It is presently the main candidate for a ther-
monuclear fusion reactor. Its beneficial properties of plasma confinement derive from the
magnetic topology: in an idealised description the magnetic field lines form nested toroidal
surfaces. In this picture, transport of heat or particles in the direction perpendicular to
those surfaces is only possible through collisions (neo-classical transport), or through the
action of fluctuating electric fields.

However, it is well known that the topology of nested surfaces is an idealisation. The
field line equations form a Hamilton system, with as a generic mathematical property that
surfaces on which the field line winding ratio (g) is rational are topologically unstable [1].
Under small perturbation, they degenerate to form magnetic islands. When adjacent
chains of islands overlap, regions of chaotic field form. Thus, the generic topology of the
magnetic field in a tokamak should be a mix of good surfaces, chains of islands, and regions
with chaotic field lines. While this degeneration occurs for arbitrarily small perturbation
of the magnetic field, it has been estimated that perturbations of the order Bd, /By > 107°
are required to significantly enhance transport. In particular heat transport via electrons
is sensitive to perturbations of the magnetic field topology.

The mathematical theory, which describes the topology of the phase space of a per-
turbed two dimensional Hamilton system, does not say anything about the level of pertur-
bation to be expected in a tokamak. From the theory of tokamak plasmas, it is expected
that e.g. tearing modes with high mode numbers should normally be stable. Recently,
there has been an increased interest in the neo-classical tearing mode, which should oc-
cur at high pressure gradients. However, this mode is only unstable when it exceeds a
critical size, and therefore needs a seed island to grow. Thus, the tearing mode stability
analysis predicts that the formation of small magnetic islands should not occur unless the
conditions for neo-classical tearing modes are met.

87
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Experimentally, the evidence appears to point in the same direction. The observations
of magnetic islands are virtually limited to the very large modes with poloidal mode
numbers m=1 (the sawtooth pre- and post-cursors) and m=2 precursors to the major
disruption. Such islands can reach a size of 20% of the minor radius or more, and are
easily detected with several diagnostics, e.g. [2, 3, 4].

The evidence of the occurrence of small magnetic islands is much scarcer. Observations
of an m=3, n=2 have been reported from several experiments [5, 6], and recently the neo-
classical tearing modes have been observed in e.g. [7]. These observations are consistent
with the assumption that the magnetic topology in a tokamak is well described by the
ideal set of nested flux surfaces, unless there are islands that are so large that they can
be detected. However, to affect electron transport, it is sufficient that islands have a
size comparable to the banana width, i.e. typically 1-10mm. Such islands are very
difficult to diagnose. For instance, to distinguish such islands a local flattening of the
electron temperature (7;) profile requires a measurement of the second derivative of T,
with a resolution of <3 % of the minor radius. This is out of the range of most tokamak
diagnostic systems.
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Figure 6.1: Ezample of a high resolution TS measurement: (a) T., (b) n. and (c) pe
profile of a central ECH plasma with q,=6.2. The filaments are much more pronounced
in T, and p, than inn,. (d) The resolution of the RTP ECE-imaging diagnostic (1.8 cm
FWHM) can be simulated by binning data points from the TS T, profile shown in (a).
Clearly, after binning no filaments are resolved anymore.

Thus, in fact there is no compelling experimental evidence that the concept of ideal
flux surfaces is correct in the sense that magnetic perturbations are below the level that
is relevant for macroscopic plasma behaviour such as electron heat transport. Evidence
in favour of such perturbations is also scarce. Measurements of fluctuations of the mag-
netic field in Tore Supra, using the cross-polarisation scattering of microwaves, showed
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fluctuations at the level B;/By > 10~5 with a broad band frequency spectrum [8,9]. It
was estimated that these fluctuations could be responsible for the observed electron heat
transport.

Other evidence for a broken magnetic topology was obtained at the Rijnhuizen Toka-
mak Project (RTP). Measurements with a ultra high resolution Thomson scattering (TS)
system [10], revealed that the T}, profile shows multiple peaks under intense local electron
heating with Electron Cyclotron Heating (ECH). These were interpreted as hot 'filaments’,
i.e. closed flux tubes with an m/n=1 structure [11, 12]. Figure 6.1 gives a typical exam-
ple. The typical width of the filaments is 5~10mm, and they are much more pronounced
on T, than on n.. The occurrence of filaments appeared to be limited to the low shear
region inside the g=1 surface, and a coarse estimation yielded a life time of hundreds of
microseconds. The steep gradients in the filaments as well as their life time could be un-
derstood by assuming that the confinement inside a filament is very good, corresponding
to a thermal diffusivity near the neo-classical value.

After the observation of plasma filamentation in RTP, a similar observation was re-
ported from TEXT [13]. Using a high resolution ECE-Imaging diagnostic, strong spatial
variations of T, were observed in the central region of the plasma, under ECH. Using
the high time resolution of the ECE, it was shown that the structures have an m/n=1
periodicity. In [13] it is suggested that the filaments are in fact an oddly shaped single
magnetic island.

The observations of the hot filaments in RTP and TEXT raised many questions. The
most important are:

o Are the filaments as measured with TS in RTP statistically significant?

o If they are, are the observed peaks in the T, profile the cross-section of toroidally
extended structures, or are they local temperature fluctuations? If they are spatial
structures, are they closed flux loops? Or could the very local heating of a bundle
of field lines in a chaotic region give rise to similar observations?

o Is there any relation between the occurrence of filaments and plasma parameters
such as density and plasma current?

e Are the filaments ECH induced or is the ECH only high-lighting pre-existing fil-
aments? And related: have filaments been observed in other conditions, without
ECH?

o Are filaments restricted to the central, g=1 region, or are there observations of fila-
mentation outside this area? Is low magnetic shear a requirement for the occurrence
of filaments?

o Are the high resolution RTP measurements consistent with the TEXT interpretation
of filaments as part of a single magnetic island?

In this paper we address those questions. Since the first observations of hot filaments
in RTP the following steps have been made: The RTP TS diagnostic has been upgraded
from single pulse to double pulse [6]. This allows a coarse study of the dynamics of
filaments, and can e.g. bring out what happens to filaments during a sawtooth crash. An
extensive study has been made of the spatial resolution and experimental errors of the new
TS diagnostic, thus allowing a meaningful statistical analysis of the measurements [14].
An extended set of measurements of filamented 7T, profiles has been made, in a variety
of plasma conditions. The structure of this paper is as follows: In section 2 we briefly
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describe the experimental set up, the high resolution T, measurements, and we show how
the resolution obtained with TS is essential to resolve the filamentation in RTP. In section
3, the statistical significance of the observed structures in T, is investigated. In section 4,
theoretical considerations are made in order to make an inventory of the possible topology
of filaments. Furthermore, two experiments are described which address the questions
1) whether or not the observed filaments are elongated in poloidal directions, and 2)
whether filaments are periodic, spatial structures or temporal fluctuations. In section 5
the dependence of filaments on plasma current and electron density is studied. For this
purpose a quantifier for filamentation is introduced. Section 6 presents an experiment in
which the time scale of filaments creation upon ECH switch-on is determined. Sections
7 and 8 answer the questions whether 1) filaments occur outside the ¢ <1 region and
2) whether filaments are ECH specific, respectively. In section 9 the effect of sawtooth
crashes on filaments is presented and section 10 shows the relation between filaments and
the m=n=1 sawtooth precursor.

Thus, we come to a comprehensive description of the phenomenology of filamentation.
The discussion is interwoven in the separate sections and in section 11, all is summarised
and further worked out. The discussion then concentrates on a number of plasma physical
aspects of filamentation, such as the magnetic topology of a filament, the current density
perturbation in a filament and the energy balance in a filament. Finally, the importance
of filamentation for the understanding of transport in tokamak plasmas is addressed.

6.2 High resolution measurements

The Rijnhuizen Tokamak Project (RTP; R/a = 0.72/0.165m, By < 2.5T, I, < 150kA,
ga > 2) is equipped with high power additional electron heating and an extensive set of
high resolution diagnostics [15]. A 350kW, 110 GHz Electron Cyclotron Heating (ECH)
system can deposit heat in a very localised area (~10 % of the minor radius) in the plasma.
The ECH can be the dominant heat source, exceeding the total Ohmic power by an order
of magnitude. In an additionally heated plasma in RTP, electron temperatures (T.) are
up to 4keV at an electron density (n.) of 2x10m™3, while in a typical Ohmic plasma
the central T, reaches 0.7keV. An extensive set of high resolution diagnostics include a 20
channel Electron Cyclotron Emission (ECE) radiometer measuring T, along a horizontal
line, a 16 channel ECE imaging (ECE-I) diagnostic measuring T, along a vertical line,
a 19 channel FIR interferometer, and an 80 channel 5 camera soft X-ray tomographic
system. Of these, the ECE systems offer the best spatial resolution of >1.3cm, i.e. 8%
of the minor radius.

Crucial for the present paper is the double pulse multiposition TS diagnostic [6]. It
measures T, and n., in a snapshot of 40 ns, at 350 points along a vertical chord of 300 mm.
Its spatial resolution is 3mm Full Width Half Maximum (FWHM), i.e. 2% of the minor
radius. It measures two profiles per discharge with a tunable time separation of 20-800 us,
enabling a study of the dynamics of small scale structures in the plasma. Its statistical
relative error is 3-5% of T, and 2-4% of n, for T, in the range of 50eV-6keV, and
Ne=5x101%m=3 [14]. The systematic relative error on the values of T, and n. may be
larger, but this does not influence the study of small scale structures [14].

At RTP, the diagnostic with the second best resolution is the ECE-I diagnostic. This
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diagnostic measures T, at 16 points with a spatial resolution of 1.3cm FWHM. The 16
points are measured along a vertical chord in the same poloidal cross-section as the TS
chord. Depending on the value of the toroidal magnetic field, the TS and ECE chords
can overlap each other. Unfortunately, this diagnostic can not resolve the filaments in
RTP. Firstly, the spatial resolution is of the order of the size of larger filaments, as is
illustrated in Fig.6.1. Secondly, because ECE-I and ECH at RTP both operate at the
second harmonic of the electron cyclotron frequency, central ECE-I measurements are not
possible during central ECH.

6.3 Statistical significance of filaments

The first question to be addressed concerning the observations of filaments, such as shown
in Fig.6.1, is whether they are a plasma physical phenomenon or a diagnostic artefact.
The evidence that they are a plasma physical phenomenon consists of the following. In
this paper results are presented:

1. showing that filaments are periodic structures that reappear in the TS profile after
a full rotation of the plasma (section 6.4);

2. showing that the amplitude of the filaments depends on plasma parameters such as
density and plasma current (section 6.5);

3. showing that in the initial period after switching on the ECH, it takes several mil-
liseconds for the filaments to form, while T, and n, reach their equilibrium values
much faster (section 6.6);

4. showing that filaments that were still there just before a sawtooth instability, have
disappeared directly after the sawtooth collapse (section 6.9).

Each of these observations is very difficult to interpret when the filaments are a diagnostic
artefact.

In addition to the experimental evidence, in this section a statistical test is performed
of the presence of filaments in an ensemble of 22 similar discharges, taken at one day.
All three T¢, n. and p. profiles are analysed, to show that the amplitude of structures
on n. is smaller than those on T, and p,. The test uses an estimation of the statis-
tical errors on the three parameters, which is the result of a detailed error-breakdown
of the TS measurements [14]. The 22 discharges had central ECH, g, = 4.6 and n,(0)
~2.4%x10¥m™3,

For this data set, a power spectrum of the fluctuations in the T,, n, and p, profiles
is calculated and compared to the -known- noise spectrum. Figure 6.2 shows the profiles
of a typical example taken from the test series of 22 discharges. To suppress spurious
contributions of the global profile shape and parts of the profile that do not show filamen-
tation, i) the analysis is restricted to the z-range [-40,40] mm, and ii) a smooth profile is
subtracted from the measured profile to obtain a high pass filter. The smooth profiles,
Tt 2em> Te,2cm and Pe 2em, are obtained by convolving the measured profile with a Gaussian,
with 20 mm FWHM. This high pass filter leaves the filaments, which typically have a size
of 5-10 mm, intact (see Fig.6.2). The 22 thus obtained profiles of the central part of 7.
= T¢ - T 2¢m, are normalised to T scm, and merged to form one long array (the same is
done for n. and p.). The power spectrum of this array is shown in Fig. 6.3, along with the
power spectrum of the noise of the measurement. Note that 