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Filamentation of Tokamak plasmas 
reconsidered 

Ivo Classen 

The work described in this report has been carried out at the 'Institut fiir Plasma 
Physik' (IPP) at 'Forschungszentrum Jülich' between September 2001 and August 
2002. The workis a part of a research program ofthe 'FOM-instituut voor 
Plasmafysica Rijnhuizen' and was done under supervision of Prof. Dr. N.J. Lopes 

C rr p ) Cardozo and Dr. A.J.H. Donné. A fruitful collaboration with Boudewijn van Milligen 
- (Ciemat, Spain) led to the implementation of a new fitting method. 
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Summary 

Most plasmas in nature tend to be structured (e.g. lightning and solar flares). 
Structures like (large) magnetic islands and precursors and postcursors of the 
sawtooth instability have been observed in tokamak plasmas (see [4] and the 
references therein). Due to the lirnited resolution of most plasma diagnostics, 
evidence forsmali-scale structures in tokamak plasmasis scarce. Measurements ofthe 
temperature and density in the tokamaks Textor and RTP, using a high resolution 
Thornson scattering diagnostic, have revealed smali-scale structures, so called 
filaments. In the past, filaments have been interpreted as real plasma structures. Small 
scale plasma structures are very important for the description of tokamak plasmas due 
to their impact on the transport of heat and partides. 

A careful reanalysis and reinterpretation of the Thornson Scattering data is presented. 
The main question to be answered is whether or not the observed filaments are 
statistically significant. 

The data analysis is complicated by an instrument function leading to correlations 
between neighbouring data points. The fitting procedures, used to deterrnine the 
temperature and density from the Thornson Scattering spectra, have to take the effects 
of the instrument function correctly into account. lgnoring the instrument function 
leads to an erroneous error estimation. 

Two fitting procedures are described. Until now the data is analysed using chi
squared fitting, assurning Gaussian statistics. At low plasma densities however (small 
number of photons ), the photon statistics no langer obey Gaussian statistics but 
Poisson statistics. Therefore a more general maximum likelibood fitting procedure 
based on Poisson statistics has been implemented. 

The condusion of this exercise is that photon statistics combined with the effects of 
the instrument function are sufficient to explain the observed filaments. The main 
observations leading to this condusion are: 
• Filaments scale with the statistica! uncertainty, 
• Histograrns of the deviations from a smoothed curve are as should be expected for 

noise, 
• Noise simulations yield sirnilar temperature and density profiles induding 

filaments, 
• Power spectra of Textor and RTP Thornson scattering profiles are camparabie to 

the power spectra of simulated pro files. 
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1 Introduetion 

1.1 Fusion; the Tokamak 

Sooner or later the seemingly endless supply of fossil fuel will run dry. Before that 
time the use of fossil fuel could become unacceptable for environmental reasons. 
Burning fossil fuel brings large amounts of the greenhouse gas carbon dioxide into the 
atmosphere, which causes global heating. These problems will become urgent in the 
second half of this century. So, alternative energy sourees must be developed. Solar 
and wind energy are alternatives, but it is doubtful if these can cover the global energy 
demand. Nowadays, solar and wind energy amount to less than a percent of the total 
energy production, and due to the limited applicability of both energy sourees other 
alternatives will be needed in the future. Nuclear fission does not produce COz either, 
but bas disadvantages in the form of nuclear waste and safety hazards. 

Already in the 1950's research started on nuclear fusion. Unlike nuclear fission, 
nuclear fusion is in potential a clean, safe and renewable energy source. In nuclear 
fusion two light atomie nuclei react to form a heavier nucleus. In this reaction a large 
amount of energy is released. In order to initiate a fusion reaction, the reacting nuclei 
have to come within a very close distance of each other. The Coulomb repulsion 
between the nuclei makes this very difficult. Stars use gravity to achieve fusion 
conditions. The most promising way to achieve fusion conditions on earth is by 
magnetically confining a very hot plasma. The plasma temperature in a fusion reactor 
should be about 20 keV (one eV, electron volt, is about 10.000 Kelvin) to get 
sufficient fusion reactions. At this temperature sufficient particles will tunnel through 
the Coulomb harrier of about 200 keV. The condition of a positive energy balance 
(more energy comes out than we have to put in) leads to the Lawson criterion. For 
fusion devises that use a magnetically confmed plasma this criterion bas the form [ 1] 

n-r ET> critica/ value eq. 1-1 

where n is the partiele density, 'tE the energy confinement time and T the temperature 
of the plasma. The energy confinement time is a measure of the efficiency with which 
the plasma is kept at the right temperature. The Lawson criterion assumes a high 
enough (> 1 Oke V) temperature. 

The fusion reaction with the largest cross section is the reaction between deuterium 
(D) and tritium (T), two hydrogen isotopes. The reaction products are a Helium 
nucleus and an energetic neutron. Tritium is produced in an atomie reaction of 
lithium. The supplies of both deuterium and lithium on earth are virtually 
inexhaustible. 

eq. 1-2 



Most research concentrates on a fusion devise called the tokamak. The first tokamak 
was build in the nineteen sixties in Russia. The largest tokamak, JET (Joint European 
Torus) in England bas produced around 16 MW of fusion power. The heating power 
to keep the plasma at the right temperature is about 30 MW, so the energy balance for 
this machine is still negative, but larger machines (like ITER, International 
Thermonuclear Experimental Reactor , which will be build this decade) will have a 
positive energy balance. 

magnetic 
transformer 
co re 

toroidal 
fieJd 
coH 

tOroidal magnette 
field resultant 

helical 
field plasma current 

Fig. 1-1: The tokamak. 

Fig. 1-1 shows a schematic drawing of a tokamak. A toroidal vacuum vessel contains 
the plasma. This plasma is confined by a toroidal and a poloidal magnetic field, giving 
a resultant helical field. The toroidal field is produced by extemal toroidal field coils, 
the poloidal field by a current in the plasma. This plasma current is produced by 
making the plasma the secondary winding of a transformer. This inductively driven 
current cannot be maintained indefmitely due to saturation of the transformer core. So 
a Tokamak cannot be operated continuously. 

The plasma current is necessary to confine the plasma, but it also heats the plasma. 
Additional heating can be achieved by shooting high-energy particles into the plasma 
(NBI, neutral beam injection) or through the resonant absorption of electromagnetic 
radiation (ICRH or ECRH, ion or electron cyclotron resonant heating). 
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1.2 Filaments 

lt is generally assumed that the topology of the magnetic field in a tokamak is, as 
shown in Fig. 1-2, a nest of flux surfaces. Individual field lines always stay on one of 
these flux surfaces. Transport along field lines is very large (particles can move freely 
along field lines). Transport perpendicular to the field lines is small (charged particles 
gyrate perpendicular to a magnetic field) and is normally assumed to be only possible 
due to Coulomb collisions. Plasma parameters like temperature and density are 
normally assumed to be constant along field lines because of the large transport in the 
direction of the magnetic field. So a topology of nested flux surfaces would lead to 
smooth, poloidally symmetrie temperature and density profiles as shown in Fig. 1-2. 

-r 0 r 

Fig. 1-2: Nesledflux surfaces and resulting smooth temperafure or density profile 

The observed radial transport in tokamaks is much larger than can be explained by 
Coulomb collisions only. For electrous this anomalous transport is 10 to 100 times 
larger than predicted by the 'neo-classical' (Coulomb collision) theory. A possible 
explanation for this anomalous transport could be a disturbed magnetic field topology. 
Very small perturbations of the order of 1 o-s to 104 of the toroidal magnetic field are 
sufficient to destroy the topology of perfect nested flux surfaces. Due to the small 
perturbations individual field lines can now make excursions in radial direction, 
creating a new way of radial transport. The regions of the plasma that are most 
disturbed are those regions where field lines return to exactly the same position in the 
torus after a number of toroidal turns, so that the perturbations become resonant. This 
happens on rationat q surfaces, where q is the so called safety factor or winding 
number which gives the number of toroidal turns of a field line per poloidal turn. 

Fig. 1-3 shows a possible magnetic topology in the presence of field perturbations. 
There are plasma regions with intact flux surfaces alternated with regions in which the 
field lines form closed flux tubes or 'magnetic islands'. Field lines in an island turn 
around the centre of the island while the island itself turns around the centre of the 
plasma. In regions where several islands overlap the field can become chaotic. 
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Transport is larger in the more disturbed regions. In this disturbed topology the 
plasma parameters are no longer necessarily smooth, poloidally symmetrie functions. 

.. r 0 r 

Fig. 1-3: Disturbed magnetic topology and possible resulting temperafure or density 
profile. 

Measurements of temperature and density profiles using a Thomson scattering 
diagnostic on the tokamaks RTP (former small tokamak at Rijnhuizen) and Textor 
(larger tokamak in Jülich, Germany) revealed smali-scale structures, so called 
filaments [ 4]. Fig. 1-4 gives an example of temperature profiles for both tokamaks. 
Filaments were originally interpreted as closed flux tubes. Inside these closed flux 
tubes the transport is smaller than in the surrounding chaotic plasma. When the 
plasma is heated (mainly with ECRH) the enhanced energy confinement inside the 
flux tubes would give rise to a higher temperature. The temperature inside a filament 
can he several keV higher than in the surrounding plasma. (An alternative physical 
interpretation offilaments can be found in [5].) 

le:dor 

·~ 

- 100 0 100 
t Î"'mJ 

Fig. 1-4: Examples ofmeasured temperafure profiles on the tokamaks Textor and 
RTP showingfilaments. 
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The structures observed on RTP and Textor are typically ten data points wide and 
appear larger than the error bars [7). So they appear to be statistically significant and 
thus real plasma structures [8] [9). The study of these filaments could lead to a better 
understanding of transport phenomena in tokamak plasmas. 

With a similar Thomson scattering diagnostic filaments have also been observed on 
the TJ-II steilarator in Madrid [10]. 

In this report a careful analysis and reinterpretation of the Thomson scattering data is 
presented. The main question to be answered is whether or not the observed filaments 
are statistically significant. 

1.3 Textor and RTP 

The data presented in this report come from the two tokamaks Textor and RTP. The 
Thomson scattering diagnostics, used to measure the temperature and density profiles, 
were almost identical on both tokamaks. Filaments were first observed in the small 
tokamak RTP. Measurements on the larger tokamak Textor later revealed similar 
smali-scale structures. Table I summarises the main properties of RTP and Textor 
[11][12]. 

Table I: comparison between RTP and Textor. 

RTP Textor 
Major radius 0.72m 1.75 m 
Minor Radius 0.164 m 0.46 m 
Cross section Circular Circular 
Toroirlal field <2.5T <2.9T 
Plasma current < 150 kA < 800kA 
Ohmic heating < 150 kW < 800kW 
Discharge duration About 0.5 s About 5 s 
ECRHpower 400 kW during 200 ms 400 kW during 200 ms 
NElpower - 2 times < 1.5 MW 
ICRHpower - 2 times 1 MW 

The temperatures and densities achieved in both tokamaks are comparable. 
Temperatures are typically a few keV and densities are typically a few times 1019 m-3

. 
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2 Thomson Scattering 

The electron temperature Te and density ne are measured with a Thomson scattering 
(TS) diagnostic. Both plasma parameters are derived from the spectrum of photons 
that are scattered by the free electrons in the plasma. Thanks to the excellent spatial 
resolution, TS makes a study of small scale plasma structures possible. 

2.1 Thomson Scattering theory 

Thomson scattering is the scattering of electromagnetic radiation on the free electrons 
in the plasma. If the wavelength of the incoming wave is (much) smaller than the 
Debye length (the shielding distance for electric fieldsin the plasma) this scattering is 
called incoherent TS. In this case the electromagnetic waves scatter on individual 
electrons [9] [ 11]. 

-
Fig. 2-1: The Thomson scattering process. 

Fig. 2-1 schematically shows the scattering process. The incoming and scattered 
waves have wave veetors k; and ks and frequencies m; and OJ5 respectively. The 
scattering angle 8 is the ang1e between the incident and scattered waves. In a 
measurement all scattered waves in a solid angle Ll.Q coming from a scattering 
volume Vsc in the plasma are detected. The scattering volume has length LiL. 

The frequency of the scattered wave has a Doppier shift OJ with respect to the 
frequency of the incident wave of 

eq. 2-1 

Where v is the velocity of the electron. 
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In tokamak plasmas the electron veloeities are high enough for relativistic effects to 
become important. In a relativistic, isotropie plasma in thermal equilibrium (with 
temperature Te) the velocity distri bution of the electrons will be given by 

eq. 2-2 

where c is the velocity of light, f3 = v/c , y = (1-/f/ 112 
, K2 a Bessel function (the 

modified Bessel function of the second kind of order two) and Vrh the electron thermal 
velocity 

eq. 2-3 

The wavelength spectrum of the scattered waves reflects this relativistic electron 
velocity distribution. 

Mattioli [13] derived an approximate expression for the measured TS spectrum. In the 
fitting procedures used to analyse the TS data the Mattioli expression is used in the 
form: 

where a0 and a1 = v1,/c are the two fitting parameters and 

15 2 105 4 
X(a1)=1+-a1 +-a1 

16 512 

(
À.) ~(À; I À5 )- 2cos(B) +(À; I À5 )-

1 

z -' = -2 
Às sin(B I 2) 

eq. 2-4 

eq. 2-5 

eq. 2-6 

eq. 2-7 

The temperature can be derived directly from the fitting parameter a1• The density 
follows from ao after an absolute calibration of the data. 
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Fig. 2-2: Mattioli spectrafor different temperatures and constant density. 

Fig. 2-2 gives a few examples of Mattioli spectra for different temperatures and 
constant density. The width ofthe spectrum is a measure ofthe temperature. The area 
under the spectrum is a measure ofthe density. The higher the temperature, the more 
the spectrum is shifted towards the shorter wavelength side. For low temperatures the 
spectra converge to a Gaussian shape, reflecting the non-relativistic Maxwellian 
electron velocity distribution. 

The scattering cross section for TS is very small. In the classica! case the differential 
cross-section is given by 

dCFrs =r2 =7.94·10-Jom2 
dQ e 

eq. 2-8 

where re is the classica! electron radius. The scattered power Ps is than given by 

P. =n. P; M~Qr} eq. 2-9 

where Pi is the incoming power. In a typical TS set-up (~L a few mm, ~Q a few msr) 

the ratio between incident and scattered power is P; "'"1 014 -1015
• Soa powerfutlaser 

P. 
and a sensitive detection system are required. 
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2.2 Experimental set-up 

The TS set-ups for Textor and RTP are almost identical. Fig. 2-3 gives the layout of 
the Textor TS set-up [11]. 

2 

1 fiber array 
2 relay lens 
3 field lens doublet 
4 entrance slit 
5 Littrow triplet 
6 grating 

7 

··-.::---·- -··--··--··-··-- 5 

''- -..::·~~·······--···· .. ·- . 

73Wro.:rtm,rrm~"'~~1 10 

8 camera obJectiVe 10~ 12 
9 1mage 1ntens1fier 

10 coupllng lens 
11 beam splitter 

12 12 ICCDcamera 

Fig. 2-3: The Thomson scattering set-up. 

The beam of a ruby laser (À.-= 694.3 nm) is guided through the plasma. Normally the 
laser is operated in double pulse mode. Two pulses with a maximum energy of 12.5 J 
each and a pulse length of about 40 ns are produced with a time separation between 
20 and 800 J..I.S. In the centre of the plasma the beam is about 1.5 mm wide, at the 
edges about 2.5 mm. 

A system oflenses and fibres (items 1-3) images the laser beam onto the entrance slit 
(item 4) of a spectrometer. In RTP the fibres were absent. 

A grating (item 6) splits the image of the laser chord into the various wavelength 
contributions. The wavelength of the laser is reflected back through the gap in the 
two-part speetral rnirror (item 7). This is done to filter out stray light from the vacuum 
vessel. The rest of the speetral image of the laser chord is reflected by the two-part 
rnirror and is projected onto the first image intensifier (item 9). The photon gain of 
this intensifier is about 2500. 

The amplified speetral image is finally recorded by one of the two ICCD cameras 
(items 12) (one camera for each pulsein double pulse mode). These cameras include a 
second image intensifier, which is mainly used as a gate. 

For RTP the pixels on the CCD cameras correspond to 0.8 mm in the plasmaand 0.9 
nm speetral resolution. For Textor this is 2.0 mm and 0.6 nm respectively. 

The resolution of the TS set-ups is discussed in the next paragraph. 
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2.3 The instrument tunetion and noise sources. 

The resolution of the Thomson Scattering diagnostic is limited by an instrument 
function. This instrument function (IF) is mainly caused by the lirnited resolutions of 
the image intensifiers (the main intensifier and the intensifier of the ICCD camera). 
The instrument function of the entire TS set-up consists of the contributions of the 
various elements in the set-up (items 1 - 12). The entire IF is important for the 
blurring of plasma structures. The noise, which is mainly produced at the first image 
intensifier, is smoothed by the (partial) instrument function of items 9 to 12. 

When a pboton hits the first image intensifier, a photoelectron is produced (with a 
quanturn efficiency of 18%). lt's the statistics on these photoelectrons (PE's) that is 
mainly responsible for the statistica! uncertainty in the deterrnination of the 
temperature and density. In the image intensifier every PE is converted into a large 
number of secondary electrans (with a micro channel plate). These electrans hit a 
phosphor screen where they are converted back to photons. These photons 
(originating from a single pboton in front ofthe intensifier) do notforma point souree 
on the phosphor screen, but a spot. lt is this spot that mainly causes the instrument 
function. The lenses and other optical elements in the set-up also have a small 
disturbing effect on the photons. 

Every PE in front of the first image intensifier results in about 2500 photons leaving 
the intensifier. This large increase in photons does not however result in better 
statistics. The statistics on the bunches of about 2500 photons is still deterrnined by 
the Poisson noise on the PE's. On top of this, there is a new, smaller Poisson noise on 
the individual photons in the bunches. 

There are three stages in the set-up where pboton statistics introduces noise on the 
signal: 
• Poisson noise at the first image intensifier. This noise is smoothed by the 

instrument function caused by both intensifiers and the lenses (items 9- 12). 
• Poisson noise at the second intensifier. This noise is smoothed by the instrument 

function ofthe second intensifier (item 12). 
• Poisson noise at the CCD chip. This noise is not smoothed by an instrument 

function. 
There is also a small Gaussian read out noise on the CCD chip, which is negligible 
compared to the other sources. 

The Poisson noise at the first image intensifier is responsible for about 90% of the 
total noise on the signal [7]. In the rest of this report we will neglect all noise 
generated after the first image intensifier. So we can treat the TS set-up as though it 
has only one image intensifier that is responsible for the instrument function of items 
9 to 12. In the remainder of this report, 'image intensifier' is actually short for 'both 
image intensifiers and the lenses between them causing the signal to be smeared out', 
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and 'instrument function' is short for 'the instrument function of the detection system 
ofthe TS set-up (items 9- 12)'. 

We can interpret the IF as a probability distribution of the positions of the photons 
behind the intensifier, given the position of the initial photon in front of the 
intensifier. This IF is measured (by using a pinhole as a point souree of photons in 
front ofthe image intensifier) for the Textor and RTP Thomson Scattering set-ups, see 
Fig. 2-4. lt can be approximated by a Gaussian, see Fig. 2-5. 

0 ,ao 

Fig. 2-4: Measured instrumentfunction ofthe deleetion system ofthe TS set-up on 
RTP. 

Fig. 2-5: Approximation ofthe instrumentfunctionfor both Textor and RTP. 
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Fig. 2-5 also shows a pixel grid. This is a projection of the (unbinned) pixel grid of 
the CCD camera onto the image intensifier (which itself can be treated as having a 
continuous coordinate system; hence the instrument function is also a continuous 
function). The width ( aJ of the IF is for both the wavelength and position directions 
approximately 1 CCD pixel. So the IF w can be given by: 

Here (ÀQ,zo) is the position if the initial photon, and O",t and o; are the widths in the 
wavelength and position directions respectively (equivalent to 1 CCD pixel, given in 
units of [nm] and [mm] respectively). Note that the IF is normalised as a probability 
distribution (integral equals 1 ). 

The true measured IF deviates from a gaussian in that it bas an enhanced tail [7], see 
Fig. 2-6. Because this tail has no consequences for the discussion on filaments, we 
will stick to the gaussian approximation thoughout this report. 

1.000 
~' • 

::1 . 
ex! 0.100 ..__ 

~ ..... 
&1:1 

~ 0~010 Cl) 
~ 

= ..... 

0.001 

600 660 ?{)0 750 800 
À [nm] 

Fig. 2-6: The measured instrument profile of the entire TS set-up (items 1- 12) on 
RTP. The central part can be approximated by a Gaussian. The long tail of the 

instrument function is caused by the halo of the phosfor of the image intensifiers. 

In chapter 4 the IF he re described will be referred to as the continuous IF, as opposed 
to the discrete IF, described in chapter 4.1. 
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3 Fitting the data 

Given the experimental CCD image (see Fig. 3-1) we want to extract the temperature 
and density profiles (as a function of position z) by fitting the data to the Mattioli 
expression (see paragraph 2.1). This fit procedure also yields the uncertainty in the 
temperature and density, which is very important for the discussion on the statistica! 
significanee ofthe observed smali-scale structures. 

Fig. 3-1: Example of a two-dimensional CCD image (simulated). 

We fit every pixel row in the wavelength (À.) direction (from hereon called 'spectrum') 
separately. Every spectrum yields a single value for the fitted temperature and density 
and the corresponding uncertainties. 

Two different fit procedures are described in this chapter; chi-squared fitting and a 
maximum likelihood method based on Poisson statistics. 

3.1 Chi-squared fitting 

We want to fit a model with Mparameters aj,j=1, .. ,Mto N data points (x;,y;), i=1, .. ,N. 
The model prediets a relationship y(x) = y(x ; a1 .. aM) where the dependenee on the 
parameters is indicated explicitly on the right-hand side. 

We are looking for are those aj that are most likely given the experimental data. Or 
altematively, we are looking for those aj for which the experimental data is most 
likely. 
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Herefore we could look for those ai that minimise the quantity 

N 

L[y;- y(x;ai .. aM)]2 eq. 3-1 
i=l 

This type of fitting is called least-squares fitting [14]. 

For every set of parameters ai we can calculate the likelibood P that the data set could 
have occurred. Maximum likelibood fitting looks for those parameters that maximise 
P. 

Suppose that all data points y; are statistically independent, and that the measurement 
errors are normally (Gaussian) distributed with standard deviation O" that is the same 
for all points. The probability of the data set (x;,yJ given a set of parameters ai is then 
the product of the probability of each point: 

Poe TI exp[-.!_(Y;- y(x; ))
2
] 

•=I 2 (]" 
eq. 3-2 

Maximising P is equivalent to minimising its negative logarithm; 

eq. 3-3 

Since a-is assumed constant, we see that least-squares fitting is a maximum likelibood 
metbod when: 
• The measurement errors are independent, 
• The measurement errors are normally (Gaussian) distributed, 
• All points have equal er. 

We can dropthelast assumption by simply adding a subscript i on a in the equations 
above. We than have to minimise the quantity: 

eq. 3-4 

This type of fitting is called 'chi-squared' fitting. 

Traditionally the Thomson Scattering data is analysed with this chi-squared fitting. 
Since for low densities the statistics are not Gaussian but Poisson, chi-squared fitting 
is no longer a maximum likelibood method. More on this in the next paragraph. lt 
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should also be noted that the frrst assumption, independent errors, is not satisfied by 
the experimental data. This problem is treated in chapter 4. This problem can however 
easily be reduced by binning the data in the wavelength direction (thereby reducing 
the dependenee between neighbouring bins). 

Now that we have found (by minimising i) the fit parameters ai (in our case Te and 
ne) we have to determine the uncertainties in these parameters. The uncertainties in 
the individual pixels (or bins) a; each contribute to the uncertainty in the fit 
parameters aaj . This uncertainty is given (ifthe data points are independent) by 

2 _LN 2(êJaj)2 

a - a . 
a1 1 A,., 

i=l vy i 
eq. 3-5 

Fora fit in which the errors a; are correctly estimated, the distribution ofthe quantity 

2 X2 

Xu = (N-M) 
eq. 3-6 

called the reduced i should peak at one. The reduced i is the i divided by the 
number of degrees of freedom (N-M). We lose a degree of freedom for every fit 
parameter. (lf, for example, we fit a straight line (two fit parameters) through two 
independent data points, the fit will always go exactly through these two points giving 
ai ofzero.) 

3.2 Maximum likelihoed method for Poisson statistics. 

The statistics on the experimental spectra is determined by the number of 
photoelectrons that is produced in the image intensifier. So the measurement errors 
are distributed as a Poisson distribution, not (as was assumed in the chi-squared 
fitting) as a normal (Gaussian) distribution. For high pboton counts, the Poisson 
distribution converges to a Gaussian distribution, and the chi-squared fitting can 
safely be applied. For (very) low densities however, the deviations from a Gaussian 
distribution become apparent. 

Poisson statistics prediets that 'tail' events (large deviations from the average) are 
much more likely than predicted by Gaussian statistics. If we treat the data as 
Gaussian, these tail events will influence the fit result much more than they ought. 

lt has also been observed that the chi-squared fit becomes unstable at very low pboton 
counts. The function i(a) is no longera smooth function, but has unwanted local 
minima. The fit procedure sometimes gets 'trapped' inside one of these local minima 
(thus missing the wanted global minimum) giving wrong values for the fit parameters. 
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To solve this problem it is suggested [15] to no longer treat the density as a free 
parameter, but by constraining the fit by using a fixed estimate of the density. The 
estimated density follows from a normalisation requirement. 

So a new fit procedure has been developed [15] that takes account of the Poisson 
statistics and treats the density as a normalisation constant. In the future, this metbod 
should be used in analysing the Thomson Scattering data, at least at low densities. At 
moderate to high densities the chi-squared metbod still yields credible results. See 
paragraph 3.3 fora comparison ofthe two fitting methods. 

The most striking difference between the chi-squared metbod and the new maximum 
likelibood metbod is that the latter gives asymmetrie error bars. 

We want to fit the experimental spectrum (x;,y;) , i=l, .. ,N to the theoretica! Mattioli 
expression y(xJ = y(x;; ne. T J, where the dependenee on the fit parameters ne and Te is 
explicitly shown. The Mattioli expression is linear in ne, so 

eq. 3-7 

Suppose we have statistically independent, Poisson distributed data points (x;,yJ . lt is 
assumed that the measured values y; are expressed in units of photoelectron counts (so 
y; is Poisson distributed). 

The probability of the data set (x;,yJ given certain values of the parameters ne and Te 
is the product of the probabilities of each individual point: 

P= TIP;= TI i exp(- y(x;)) 
N N [ y(x y; ] 

i=l i=l r(y; +I) 
eq. 3-8 

Where P; is the generalised Poisson probability distribution and T is the gamma 
function. 

We now define logarithmic likelibood L that the data set (x;,yJ corresponds to a 
Mattioli distribution with parameters ne, Te as: 

N 

L = log(P) = L log(P;) eq. 3-9 
i=l 

Treating both Ile and Te as free parameters, we could find these two parameters by 
maximising L. However, the fit is really a I-parameter fit, since ne can be found from 
the integral of y; over all available pixels. So ne is actually just a normalisation 
constant. This also stabilises the fit procedure [16]. 
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So ne follows from the normalisation requirement: 

N N N 

LY; = LY(X;) = n, · L Y'(x;) eq. 3-10 
j; l j ;l j;l 

where the summation is over all available data points. The experimental spectra are 
incomplete. Some wavelength intervals are ornitted to filter out stray light from the 
vacuum vessel and Ha radiation. Due to these gaps in the data the density found by 
the normalisation requirement is dependent of the temperature. 

We use eq. 3-9 (now with fixed ne) to find the temperature (using an estimation of ne) 
and deterrnine the exact ne afterwards by using eq. 3-10. 

Fig. 3-2 gives a schematic sketch of a possible likelibood function L as a function of 
the only free fit parameter Te. The fitted value of Te corresponds to the maximum of L. 
The 68,27% confidence interval on Te ( corresponding to ± Cl' in the case of Gaussian 
statistics) is found by finding those values of Te for which the logarithrnic likelibood L 
is 0.5 less than its maximum value. At low photon counts the function L(Te) is 
asymmetrie, giving asymmetrie error bars. 

The uncertainty in ne is determined by the Poisson statistics of the tota1 number of 
photoelectrons in the fitted spectrum. 

LLil ki!UtX 

. wer Te ,u~ 

conf. level ctmr. l'tvêl [Te:]~ 

Fig. 3-2: Determination ofthe temperature (and confidence limits) from the likelihood 
function L. 
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3.3 Comparison of the two fitting methods. 

The temperature and density profiles used in the analysis presented in this report are 
fitted using the chi-squared fitting method. The new maximum likelibood method has 
been tested on a small selection of both Textor and RTP shots. Refitting all the data 
with the new method has notbeen done (simply too much work), and is not necessary. 
The vast majority of the shots have high enough densities for the chi-squared method 
to be valid. A small selection of shots has such a low density that refitting is required, 
but these shots have not been used in this report. The new method is more stabie and 
more genera!, so in the future this fitting method is recommended. 
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Fig. 3-3: Comparison of chi-squared and maximum likelihood temperafure profiles 
for different densities. 

Fig. 3-3 compares the temperature profiles as found with the two methods for a 
number of densities. Simulated data has been used (see paragraph 6.1). In all the 
simulations a central plasma temperature of 2.5 keV has been assumed (which is a 
typical temperature for Textor and RTP). We see that for densities lower than 1·1019 
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m·3 the chi-squared method becomes unstable (gives too low temperatures) while the 
maximum likelihood method still performs well. Although at 1·1019 m·3 there are still 
minor deviations between the two methods, the structures appear almost identical. 
The average density in Textor is about 8·1019 m·3. At this density both methods yield 
practically identical profiles. 

The maximum likelihood method yields asymmetrie error bars ( confidence intervals) 
at low densities. Figures 3-4 and 3-5 give the upper and lower confidence intervals as 
a function of density. The intervals are given in units of the error bars as found with 
the chi-squared method. We see that for high densities both intervals approach one, so 
both fitting methods give identical error bars. At low densities the confidence limits 
become asymmetrie and larger than the errorbars of the chi-squared method. (The 
lower confidence limit first gets slightly smaller, as we should expect. Only at very 
low densities, when the chi-squared method becomes unstable, it gets larger.) 
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Fig. 3-4/Fig. 3-5: Upper and lower confidence intervals ,in units ofthe chi-squared 
error bar, as a function of density. 

So for densities higher than about 1·1019 m·3 both methods give similar results. For the 
vast majority ofTextor and RTP shots the densities were much higher. 
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4 Treatment of the instrument tunetion 

The data analysis is complicated by the instrument function. It smoothes and smears 
out the theoretical Mattioli spectrum. It causes cross talk between neighbouring pixels 
on the CCD so that these pixels can not be treated as statistically independent 
anymore. 

The IF and the resulting statistical correlations have led to problems in the 
interpretation of Thomson Scattering data (in particular filaments ). So it is important 
to take all the effects of the IF correctly into account in fitting the data and 
deterrnining the error bars. 

4.1 The discrete instrument tunetion 

The photons coming from the image intensifier are recorded by one of the two CCD 
cameras. The CCD cameras have a pixel grid. All spatial information inside a pixel 
(or a group of pixels that is treated as being one pixel; a bin) is lost in this process. So 
when the CCD registers a 'count', we cannot teil where exactly inside the pixel or bin 
the photons that cause this count have hit the CCD chip. So what we record is a 
discretised version ofthe continuous reality. 

So we are also looking for a discrete version of the ( continuous) instrument function 
(defined in chapter 2.3), expressedinpixels (or bins), notinexact positions. 

The continuous IF w(À-Àa.z-zo) gives the probability distribution of the (exact) 
positions ofthe photons teaving the intensifier, given the (exact) position (Àa.zo) ofthe 
initial pboton in front of the intensifier. 
The discrete IF Wb;n(i-k,j-1) gives the probability distribution (over the pixels (i,j)) of 
the counts recorded by the CCD camera, given that the initial pboton in front of the 
intensifier hit somewhere in pixel (k,l). 

We have a grid of (identical) pixels (or bins) labelled with two indices (iJ), and an 
underlying coordinate system (À,z). The pixel area is Apixel· 

Suppose we know that an initial pboton hit pixel (k,l). We do not know where exactly 
in this pixel. Every position in the pixel is equally likely, so there is a probability 
distri bution 

1 
for (À0 ,z0 )E (k,l) 

A pixel 

P(À0 ,z0 ) = eq. 4-1 

0 for (À0 ,z0 )~ (k,l) 
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that the photon hit at position (Ào,zo). 

If we know (Ào,zo) then the (continuous) instrument fitnetion w(À-À,o,z-z0), fJ w = 1, 

gives us the probability distribution of resulting photons (and hence counts) 
corresponding to that initia! photon. 

The (continuous) probability distribution for (the exact pos1tlons of) the counts 
corresponding to initia! photons that hit somewhere in pixel (k,l) is then given by: 

wZ~;~k,t) (À, z) = fJ P(À0 , z0 )w(À- À0 , z- z0 ) dÀ0dz0 eq. 4-2 
,j" ,z0e(k,/) 

This fitnetion can be interpreted as the continuous IF averaged over all positions 
inside pixel (k, /). 

Finally the discrete instrument fitnetion we are looking for is given by: 

wbin (i-k, j -I)= fJ wZ~;~k,I) (À, z) dMz eq. 4-3 
À,ze(i,j) 

L Wbin(i- k,j -/) = 1 eq. 4-4 
i ,j 

Examples 

To clarify all this two examples will be worked out for a 1 dimensional instrument 
function. We assume a Gaussian (continuous) instrument fitnetion with cr=1 (for 
simplicity we choose the continuous coordinate x in units ofunbinned pixels), so 

1 x 2 

w(x)=-exp(-) 
.J2i 2 

We willlook at two different binnings; 'binning' over 1 unbinned pixel (no binning) 
and binning over 10 unbinned pixels. 

• No binning: 
0.5 1 ( )2 

cont ( ) f 1 ( X - Xo ) dx wbin,k x = . r:::-= exp 2 o 
Xo=-û.S V 21l 

wbin (i-k)= f wz~:.~ (x) dx 
xe(i) 
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Both functions are shown in Fig. 4-1. We see that for this small binning (bin size 
smaller than the width of the continuous IF) the functions still resembie the (gaussian) 
continuous IF. 

Fig. 4-1: Example ofthe derivation ofthe discrete IF (unbinned, JD) 

• Binning over 10 pixels: 

cont ( ) J5 0 1 1 ((x- Xo)2) dx 
wbin,k X = · · ~exp o 

Xo;-5 "1/ 27! 2 

wbin (i-k) = J wZ~.~~ (x) dx 
>E(i) 

These functions are shown in Fig. 4-2. So we see that even at very large binning there 
is always some cross talk 'over the edges' of the bin. The functions do not resembie 
gaussians anymore, but rather gaussians with a flat top. 

·10 

wcont 
bin 

15 10 
[unbinned pixelsl 

Fig. 4-2: Example ofthe derivation ofthe discrete IF (binning over JO pixels, JD) 
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4.2 The correction factor a 

Due to the IF the noise on the CCD counts is smoothed. Not only photons that 
originate from pixel (i,j) contribute to the counts in pixel (i,j), but also photons that 
originate from the neighbouring pixels. Not all photons contribute with the same 
weight. The further away from pixel (i,j), the less a pboton contributes, as described 
by the discrete IF. We are looking for the effective number ofphotons that contributes 
to the statistics of a pixel ( or bin). 

Assume an approximately homogeneous illumination of the image intensifier. So the 
number of photons Np(i,j) that hit a pixel area on the intensifier doesn't change much 
over distauces comparable to the width of the IF. 

The statistics on Np(i,j) is known. The photons obey Poisson statistics, which means: 

eq. 4-5 

where <> denotes an average and V AR a variance. When Np(i,j) is not too small we 
get: 

eq. 4-6 

So we can estimate the varianee on the number of photons from the number of 
photons in one pixel. 

A single pboton in front ofthe intensifier causes Q0 counts on the CCD. These counts 
will be distributed over a number of pixels according to the IF. 

The number of counts Ncnts in pixel (i,j) is given by: 

Ncnts (i, J) = L Qo Wbin (i-k,} -/)NP (k, /) 
k,l 

where Wbin is the discrete IF with L wbin (i-k, j -I) = 1 . 
k,l 

Since Np follows a Poisson distribution we find: 

VAR(Ncnls) ""L Qg w;in (i-k, j -l)N p (k, /) 
k.l 

eq. 4-7 

eq. 4-8 

(See Appendix 10.1 forsome comments on working with variances) 

We see that VAR(Ncnts) '* N cnts (i, j) so that Ncnts is not Poisson distributed. 

We try to find a variabie N'f = aNcnts that does obey Poisson statistics (the effective 

number of photons is the only available physical interpretation for this Poisson 
distributed variabie ): 

23 



N'{ (i,j) = ,LaQ0 Wbin (i- k , j -/)NP (k,/) 
k,l 

VAR(N'{) = _La2 Q~w;;. (i- k,j -/)Np(k,/) = N 'f 
k,l 

From this it follows directly that 

LWbin(i-k,j-1) 
1 k/ 

a=-· · =a ·a 
Q " 2 ( • _ k . -/) amp IF o L..Jwbin l ,] 

k,l 

eq. 4-9 

eq. 4-10 

eq. 4-11 

The factor of 1/Qo is simply a consequence of the amplification caused by the image 
intensifier. The second factor alF is a consequence of the smoothing of the instrument 
function. 

So ais the conversion factor between counts and effective photons N'{ = aNcnrs . The 

factor alF can be interpreted as the effective number of pixels a single pboton 
contributes to, and is a measure of the cross talk between pixels. If alF= 1 there is no 
cross talk, for alF> 1 there is. 

4.3 Correlation; using the one-dimensional a 

The factor a we have derived gives a proper correction on the statistics of a single 
pixel. However, we still can not treat neighbouring pixels as statistically independent. 
In the MLH fit routine we are particularly interested in the pboton statistics in 
'spectra', which give the number of counts as a function of wavelength (at a fixed z 
position). By multiplying the number of counts by a, we make sure that the statistics 
on each individual wavelength pixel is Poisson distributed. But we have to be very 
carefut about the correlations between the pixels in the spectrum. By neglecting the 
correlation between neighbouring pixels (in the wavelength direction) we count 
photons double. One pboton contributes to the statistics of more than one pixel. lt 
effectively contributes to alF pixels. 

If we assume that the (continuous) instrument function w(À,z) is a gaussian with 
generally U;. -::!: uz than we can split w(À,z) into two independent 1 dimensional 

instrument functions: 
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Since we can treat the À and z directions totally independent we also find 
Wbin(k,l)=wbin,k(k) Wbin,I(l), SO: 

L Wbin(i- k,j -/) .L wbin ,k (i-k) .L wbin ,/ u -z) 
a = -==k=,t ---"-----

IF ,Lw;in(i-k,j-1) 
k I eq. 4-13 

k,/ 

A single pboton effectively contributes to ak pixels in the wavelength direction and a 1 
pixels in the z-direction. 

The error on the density is determined by the effective number of photons that 
contribute to the spectrum. But this is not equal to 

N 'f.spectrum (}) = L N'j' (i, J) = L aN cnts (i' J) 
i 

In the above erroneous denvation of the effective number of photons that contribute 
to an entire spectrum we counted every pboton ak times double. We shouldn't have 
taken a , but a,. 

The process of deterrnining the effective number of photons for an entire spectrum is 
equivalent to first binning over the entire spectrum and than deterrnining alF for this 
'superbin'. Because the bin is so much wider than the instrument function in the 
wavelength direction (but still only one unbinned pixel in the z direction), we can 
treat this problem as a 1 dimensional problem. Only the instrument function in the z 
direction contributes to this a . So to good approximation alF= CXJ for this 'superbin'. 

In the case of the uncertainty on the temperature it's less obvious, but ultimately the 
error is also deterrnined by the effective number of photons that contribute to the 
spectrum. So bere also we should use a, instead of a. 
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5 Data analysis 

This chapter treats the analysis of the Thomson scattering profiles obtained on Textor 
and RTP. The emphasis lies on the temperature profiles, although similar results have 
been found for the density profiles. The analysis is limited to small-scale structures 
(the filaments). Larger structures like magnetic islands are ignored. The question to be 
answered is whether or not filaments are statistically significant. 

The temperature and density profiles are obtained by fitting the two-dimensional CCD 
images using the chi-squared fitting described in chapter 3.1. Profiles with a very low 
density (small number of photoelectrons) are not included in the analysis. These 
profiles should be analysed using the new maximum likelibood methad of chapter 3.2. 

The analysis of the Textor density profiles is complicated by a systematical error 
caused by the fibres. Due tothese fibres the density profiles show artificial (filament
like) structures that are present in all profiles on the same positions. In many profiles 
these fibre structures dominate over the filaments. In order to analyse the filaments in 
the Textor density profiles the original two-dimensional CCD images should be fitted 
again using a calibration that takes the effects of the fibres into account. 

The analysis includes about 2000 Textor profiles (almost all) and a selection of about 
100 RTP profiles (showing large filaments). 

5.1 Filament sealing 

The dependenee of filament amplitude (a measure of the height of the peaks) on the 
plasma parameters temperature and density has been studied. 

Filament amplitude is defined as the root-mean-square of the temperature fluctuations 
with respecttoa smooth profile (temperature or density) over a specified region ofthe 
plasma (for example the centrallOcm or the outer lOcm ofthe plasma). Aregression 
analysis (on the central 20cm) including all 2000 Textor shots for which Thornson 

scattering was operational gave a sealing of filament amplitude as T. L? n e --jj_
4 

• Due to a 

strong colinearity between temperature and density other scalings cannot be excluded. 
For example a sealing with callision time (T.un;1

) as reported for TJ-11 data also 

works well for Textor and RTP data (Fig. 5-1). Filamentsin the centre ofthe plasma 
appear largest, but it is found that filament amplitude obeys the same universa! sealing 
law over the entire plasma. 
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Fig. 5-1 : Sealing of filament amplitude with callision time (Textor) 

We have to be very cautious about a sealing with callision time, because this sealing 
is very similar to the sealing of the statistica! uncertainty on the determination of 
temperature and density. Fig. 5-2 gives the dependenee of (temperature) filament 
amplitude for all Textor shots on the statistica! uncertainty. Every dot represents the 
central 20cm of a Textor plasma. Filament amplitude is defined as usual and the 
average length of the error bars (over the same central 20cm) is used as a measure for 
the statistica! uncertainty. 

UI 

1 
• 

-.-· 
Fig. 5-2: Sealing of filament amplitude with statistica/ uncertainty. 
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So sealing with statistical uncertainty (Fig. 5-2) gives a better result than the sealing 
with collision time (Fig. 5-1 ). This alarming finding suggests that filaments, that have 
been interpreted as statistically significant plasma structures in the past, could just be 
the signature of the statistical noise on the TS profil es. 

5.2 Normalised profiles and histograms 

Now let us look at a typical Thomson scattering profile in more detail. Fig. 5-3shows 
an original Textor temperature profile. Also shown is a smoothed curve. The 
smoothing should be course enough to remove the filaments, but fine enough to leave 
the larger details like large islands (normally a gaussian filter with cr = 10 pixels is 
used). 

profi l~ .f. fit 

O· IIC··· · '-" 

-100 0 
r lmmJ 

Fig. 5-3: Original Textor tempera/ure profile and smoothed profile. 

Fig. 5-4 shows the "reduced" profile, which is the original profile with the smoothed 
profile subtracted. The reduced profile gives the deviation from the smooth in 
absolute temperature (keV). Filaments in the centre appear larger than at the edges 
( only the central 400mm is plotted). 
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Fig. 5-4: Reduced profile 

Fig. 5-5 gives the normalised profile, which is the reduced profile divided by the error 
bars. Each data point in the reduced profile is divided by the corresponding error bar 
to get the deviation from the smooth curve in terms of sigma. We see that filaments 
now appear to have roughly the same size all over the plasma. Typkallarge filaments 
are about 5 sigma from top to bottom. Deviations from the smooth curve reach 
typically 2 to 3 sigma for a large filament. 
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- 3~~~~~~~~~ww~~~~~~~~~ 
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z In-am} 

Fig. 5-5: Normalised profile. 
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If we make a histogram of the deviations of all the data points (representing pixel 
rows in the wavelength direction on the CCD) in the normalised profile, we get Fig. 
5-6. The red curve is a gaussian with er = 1, which is the histogram as we would 
expect for statistical noise. So the distribution of deviations from a smooth curve for 
this typical Textor shot is as should be expected if the filaments were only noise with 
sigma given by the error bars. 

Histogram 0.06'r-'f" _ _,_ ___ _"._.,tL...-...---"T-.-............. -~ 

0.(1.4 

0.(}2 

Fig. 5-6: Histogram of single Textor profile. 

The procedure as described above has been applied on large numbers of Textor and 
RTP profiles. Fig. 5-7 and Fig. 5-8 give the average histograms for Textor and RTP. 
The gaussians with er = 1 are approximated well. 

Fig. 5-7: Average histogramfora large number (500) ofTextor profiles. 
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Fig. 5-8: Average histogramfora large number (70) of RTP profiles. 

So again the smali-scale structures appear to be just noise. A 'real', statistically 
significant plasma filament would somehow have to show up as a significant 
broadening of the histogram (making the deviations too large to be explained by 
noise) or as an enhanced tail in the histogram. If for example plasma filaments are 
regions in the plasma with a much higher temperature, we would expect to see an 
enhanced right-hand si de of the histogram. 

But why don't filaments look like noise? The key to the answer on this question is the 
instrument function. 
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6 Noise simulations 

In chapter 5 it was shown that the distribution of deviations from a smoothed profile 
(the histograms) are as should be expected for noise. But the filaments are typically 
10 to 15 pixels wide. So if filaments, that look so deceivingly real, are noise, they are 
certainly no white noise. Neighbouring data points (pixels) are correlated. This 
correlation is caused by the instrument function. 

In order to see if photon statistics in combination with the instrument function can 
explain the structures seen in Thomson scattering profiles, two noise simulations are 
performed. 

6.1 CCD image simulation 

The first simulation is a simulation of the two-dimensional CCD image. Assuming a 
smooth temperature and density profile in the plasma, the final image on the CCD is 
reconstructed. 

1. Choose a (smooth) temperature and density profile in the plasma (Fig. 6-1). 

,, 
~\ • è •• l \ 

/ \ . 
/ \ 

"/ ~ 
~-·~--.~~~.~~--~~~m~~~~~~ 

1)-l 

~~.---......... -....--.....-------..., 

Fig. 6-1: Smooth temperature and density profiles as inputfor the simulation. 

2. Calculate the theoretica! spectrum on the first image intensifier for these profiles 
using the Mattioli expression (Fig. 6-2). This is the spectrum we would get if we 
would have an infmite number of photons in front of the image intensifier. 

3. Calculate the total number of photoelectrons Ntotal that are produced on the first 
image intensifier. This number is (for Textor and RTP under normal conditions) 
typically a few times 105

. 
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Fig. 6-2: Theoretica/ spectrum on image intensifier. 

4. Use the calculated theoretica! spectrum as a probability distribution to randornly 
distribute the Ntotal photoelectrons on the image intensifier (the photoelectrons 
obey Poisson statistics ). This is the spectrum we actually get on the image 
intensifier. We simulate the actual number of photo electrons 

5. To get the simulated CCD image (Fig. 6-3) we convolute the spectrum on the 
image intensifier with the instrument function (so we replace all the Ntotal points 
on the image intensifier by instrument profiles on the CCD image). 

Fig. 6-3: Simulated CCD image. 
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6. Finally we use the fitting routine to determine the temperature and density (and 
the uncertainty in these two parameters) from this simulated CCD image. 

Fig. 6-4 and Fig. 6-5 give examples of typical simulation results. 
The appendix gives examples of typical (real) Textor and RTP temperature profiles 
and also more examples of typical simulated profiles. They all look very similar. 
Although smooth temperature and density profiles were assumed, the simulation 
yields filaments. So noise in TS profiles expresses itself as artificial structures which 
can be 10 to 15 pixels wide. Consequently (at least most of) the structures seen in real 
TS profiles should be discarded as noise. 

Simulation result 

o.s 

- 100 0 100 
:t lrnmJ 

Fig. 6-4: Typical simu/ation result. 

Simulotion re:sult 

o.s. 

-soo 0 
r frnmJ 

Fig. 6-5: Typica/ simu/ation result. 
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6.2 Approximate 1 D noise sim u lation 

The second noise simulation uses the error bars from an actual Thornson scattering 
profile as input. This makes it easier to compare an actual profile with a simulated 
noise profile. The simulation is one dimensional (the 2D CCD image is not modelled) 
and can only be expected to be an approximation. 

1. Use the error bars from an actual profile as input for a new array of Gaussian 
distributed random values (Fig. 6-6). The error bars give the standard deviations 
(ofthe individual pixels). 

1 

.l 0 .. 
_, 

Fig. 6-6: Random array. 

2. Convolute this random array with the ( one-dimensional version of the) instrument 
profile (Fig. 6-7). This causes the standard deviation to decrease. 

l D . .. 
- I 

-ZL: ------._----~--~--~----~ 
I) 50 100 150 200 

pixels 

Fig. 6-7: Result of convolution. 
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3. The error bars in Thomson scattering profiles refer to the convoluted noise. In 
stead ofthe noise level on the CCD (the error bars) we should have used the noise 
level on the image intensifier for the initia! random array. We can correct for this 
by renormalising the convoluted noise to the right standard deviation (error bars) 
by multiplying the array with a constant (Fig. 6-8). (This renormalisation is best 
performed on a large number of simulated noise arrays simultaneously to preserve 
the statistica! spread on standard deviations on individual arrays.) 

100 
pl•1111 

150 

Fig. 6-8: Result of renormalisation. 

200 

Fig. 6-9 shows the power spectra of the three stages in the simulation. The random 
array (1) is just white noise. Convolution causes the suppression of large k values (2). 
Renormalisation lifts the entire spectrum (3). In previously publisbed noise 
simulations [7] the renormalisation step was forgotten which gave too low power 
spectra for the simulated noise. 

Noise pcvre~ spectra 
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Fig. 6-9: Power spectra ofthe three stages in the simulation. 
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7 Power spectra 

We can now compare the power spectra of simulated noise to the power spectra of 
Textor and RTP shots. First we can compare the two noise simulation (Fig. 7-1). Both 
give comparable power spectra. The lD simulation systematically gives slightly more 
power in the higher k's and slightly less power in the lower k's. 

Comporison t 0/20 simul~t ions 
1 .oo.--~~~;................,..-~-.;....~ ........ '"T'"-~~-.-._...... 

...... 
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..:. 0.1 (} .. 
c.. 
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Fig. 7-1: Comparison ofthe two noise simulations. 

Fig. 7-2 and Fig. 7-3 give the comparison ofRTP and Textor (black line) with the 2D 
simulation (red line ) . 
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Fig. 7-2: Comparison of RTP to the 2D simulation. 
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Fig. 7-3: Comparison ofTextor with the 2D simulation. 

So the power spectra of Textor and RTP are comparable to the simulated noise 
spectra. All the power spectra refer to normalised temperature profiles. The RTP 
power spectra are higher on the high k side, which indicates statistically independent 
noise (a two pixels wide moving average totally removes the deviation). Real plasma 
filaments would give a rise in the power spectra near the 'top' ofthe spectra. 
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8 Discussion and conclusions 

Most plasmas in nature tend to be structured (e.g. lightning and solar flares). 
Structures like (large) magnetic islands and precursors and postcursors of the 
sawtooth instability have been observed in tokamak plasmas (see [4] and the 
references therein). Due to the limited resolution of most plasma diagnostics, 
evidence for smali-scale structures in tokamak plasmas is scarce. Measurements of the 
temperature and density in the tokamaks Textor and RTP, using a high resolution 
Thomson scattering diagnostic, have revealed smali-scale structures, so called 
filaments. Smali-scale plasma structures are very important for the description of 
tokamak plasmas due to their impact on the transport of heat and partiel es. 

Filaments have been interpreted as real plasma structures in the past [4] [11]. But a 
number of observations presented in this report lead to a different interpretation. The 
filaments can be explained by photon statistics combined with the effects of the 
instrument function. The main observations leading to this condusion are: 
• Filaments scale with the statistica! uncertainty, 
• Histograms of the deviations from a smoothed curve are as should be expected for 

noise, 
• Noise simulations yield similar temperature and density profiles including 

filaments, 
• Power spectra of Textor and RTP Thomson scattering profiles are comparable to 

the power spectra of simulated profil es. 

This report does not contain definitive proof that there are no real smali-scale plasma 
structures. An occasional real filament (assuming it looks the same as the noise 
filaments) would easily slip through all the presented tests. Furthermore, small scale 
plasma structures that do not necessarily resembie the noise filaments but are simply 
much smaller than the noise level can of course also not be excluded. But it is clear 
that the vast majority of the observed smali-scale structures that have previously been 
interpreted as plasma structures are actually noise. If there are occasional real 
filaments it will be very difficult to pinpoint them. 

Why have filaments always been interpreted as real plasma structures? The key to the 
answer to this question is again the instrument function. The instrument function 
complicates the data analysis tremendously. Although the instrument function was 
known and the effect of it on the error bars was (nearly) correctly taken into account, 
the effects on the appearance of the noise never got the attention it deserved (Marc 
Beurskens came tantalisingly close in his thesis on filaments [ 11 ]). We are used to 
working with statistically independent data points and automatically interpret error 
bars as error bars of white noise. Almost all available statistica! tools like fitting 
procedures (and for example 'free knot cubic spline fitting' presented in [9]) assume 
independent data. Using these tools on TS data leads to wrong conclusions. Once you 
accept filaments as real plasma structures it becomes very difficult to abandon this 
view. 
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Getting the error bars right is essential for the interpretation of smali-scale structures. 
The recognition of some weaknesses in the standard chi-squared fitting procedure has 
led to the development of a new and more general maximum likelibood fitting 
method, yielding asymmetrie error bars. In the future the TS data will have to be 
analysed using this new method (at least the low density profiles). The chi-squared 
method is still valid at higher densities. 

If there are real plasma structures hidden in the noise, the question is how to recognise 
and pinpoint them. Tests like the histograms and power spectra presented in this paper 
can only teil whether there are structures or not, but they can't teil where exactly these 
structures are. There are various (statistica!) methods available to check the 
significanee of individual structures, for example free knot cubic spline fitting [9). 
Normally, all these methods assume statistically independent data points. So to use 
them we must either adjust the tests so that they are suitable for dependent data, or we 
must make the Thomson Scattering data independent. The latter can not be done by 
simply binning the data. Even at large bin sizes there is a considerable cross talk 
between neighbouring bins. This cross talk can be avoided by skipping data between 
two bins (skipping two or three pixels is enough), but in this process we would loose 
both valuable data (the number of photons is already limited) and spatial resolution. 
So to recognise real smali-scale plasma structures we could: 
• Develop tests for statistically dependent data, 
• lf possible increase the number of collected photons, 
• If possible alter the Thomson Scattering set-up to eliminate the instrument 

function. (This would make life so much easier.) 
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10 Appendix 

10.1 About varianee 

Suppose we have an array A of numbers Ai (the array could be the CCD array, and Ai 
could be the Poisson distributed number of photons in pixel i). 

The varianee of A is given by: 

VAR(A)=\An i -(Ai): 
where <>i denotes an average over all i. 

Now we multiply the entire array A by a certain constant C (the same for all i). We 
now want to know the average and varianee of the new variabie CA. 

(C·Ai)i =C ·(Ai)i 

VAR(C ·A) =((c · AY)i- (C ·Ai):= C2 ·\Ani- (Ai):= C2 
• VAR(A) 

So the average depends linear (not surprising) and the varianee quadratic on C. 

This multiplication by a constant has nothing to do with statistics and should not be 
confused with a summation over C statistically independent realisations of A. In the 
latter case both the average and the varianee do depend linear on C. 
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10.2 Typ i cal RTP profiles 
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10.3 Typ i cal lextor profiles 
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10.4 Typ i cal sim u lation profiles 
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