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Abstract 
 
Over the past decade, fusion research has showed the potential of being a main 
candidate for energy production for future generations. Further advances in improved 
fusion performance are therefore vital. This thesis focuses on advanced fusion plasma 
scenarios and their diagnostic requirements. In particular the design of a motional 
Stark effect (MSE) diagnostic at the MAST spherical tokamak and the analysis of 
magneto-hydrodynamic mode feedback control and pulsed poloidal current drive 
(PPCD) at the reversed field pinch (RFP) experiment EXTRAP T2R are discussed.  
 
The MSE diagnostic is important for the determination of the plasma current profile, 
information that is necessary for studies in advanced confinement scenarios like 
reversed shear profiles or current holes. The MAST MSE system has two channels 
and selects the spectral components using 1Å FWHM interference filters. The 
diagnostic has been commissioned during the fall of 2006 and the results show the 
feasibility of the technique with rms-noise ∼0.5° using a time resolution of 1 ms. 
Investigations of mirror labyrinths for the future ITER MSE diagnostic highlight the 
need for careful calibration considerations. 
 
Feedback control and PPCD are techniques for improved confinement. Feedback 
control dramatically decreases impurity influx at the end of discharges while transport 
in the bulk plasma is largely unaffected. During PPCD the transport is seen to 
decrease and it is demonstrated that PPCD and feedback control can be employed 
simultaneously.        
 
New and innovative techniques for fusion spectroscopy are furthermore described. 
This includes the use of correlations in line integrated signals to determine ion 
emission profiles in poloidally symmetric environments. Good agreement with other 
diagnostic methods is obtained. The assessment of electron temperature profiles using 
measured differences between Thomson scattering and vacuum ultra-violet 
spectroscopy is also shown.   
     
 
Keywords: MSE, PEM, mirror evolution, fusion, diagnostics, plasma spectroscopy, 
reversed field pinch, spherical tokamak, intelligent shell, PPCD, MAST, ITER, 
EXTRAP T2R, JET, RFP, motional Stark effect, photoelastic modulator
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Preface  
 
As I write these words autumn is falling. I try to remember how all this work started 
and the word that comes to my mind is excitement. Everything good starts with 
curiosity and excitement. Four years ago I knew very little else about fusion than what 
I had learnt as an undergraduate, which I am sad to say was rather abysmal. That is no 
longer true. Today I am proud over the journey I have undertaken these past years. 
There have been ups and downs. The progress has sometimes been swift as the wind 
and sometimes painfully slow or even gone backwards.  
Therefore I today have a different view on science and research than when I started. 
Research for me today is a bit like dancing. Quick-quick-slow-slow, two large steps 
forwards and two small ones sideways. If you want to stay in the game you need to 
remember the dance! If you feel that things are not moving fast enough remember that 
things will change.   
Autumn is falling, signaling that the yearly cycle is coming to an end. But for fusion 
research I see no autumn for many years to come. Spring first has to come.  
Little did I know when I started my PhD how much the energy issue would come into 
focus over the coming years. Global warming and flooding because of unsound 
energy consumption, world tension due to oil supply needs, global and individual 
economic strain due to soaring oil prices and political unrest due to nuclear power 
ambitions are just a few of examples. 
Is fusion the future? When does it come? When do we have the first reactor? I have 
gotten used to get these questions from people showing interest in fusion. What is my 
answer? Well I am both saddened and happy to say that in my own humble opinion it 
is no longer the scientists and researchers that matters the most. It is the politicians 
and the people. Do we want to harness the everlasting power of the sun or don’t we? 
Do we shun away from the advances and possibilities of technology or do we embrace 
them? At the moment EU has taken the lead in a gigantic leap towards fusion power. 
They are spending vast amounts of money for the ITER project. Or are they? What is 
a large amount in these matters? What is the price for fusion? For our environment? 
For our way of life? For peace? 
In decades past you could make the most excited fusion scientist somber by acidly 
telling him that fusion has been promised since the 1950s and it is still nothing but a 
promise. Today I think the acid is gone. Because the scientists have shown the path, 
now society must choose if we want to walk it. If we want fusion we need to invest in 
our future. Seriously. Alea iacta est. 
 
 
         

Stockholm, October, 2006 
Mattias Kuldkepp 
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Chapter 1.  Introduction 
 
 
 
 
1.1  Why do we need more energy? 
 
By now most of us are getting used to alarming reports on increasing greenhouse gases and an 
increasing demand and price of oil and oil-related products. It is actually hard to imagine ever 
going back to a society where we consume less energy than we presently do. All indications show 
that the demand for energy will continue to increase for many decades to come 1. The increase has 
gradually levelled out in the industrialized part of the world and today a large part of the increase 
is attributed to countries with rapidly expanding economies. The people living in the already 
industrialized part of the world can never deny these countries the right to develop their nations but 
since we all share a common world all nations face the same dilemma. How can we increase or 
even maintain the present energy production without harming the environment?  
 

 
Fig 1.1.1 Global energy consumption history and forecast by U.S Government Energy Information Administration 2

 
This dilemma will not be solved by itself and numerous solutions such as wind power, 
hydroelectric power, natural gas and nuclear power are being proposed over the world. One very 
promising long-term possibility is fusion. Fusion will not produce any greenhouse gases and its 
radioactive by-products are much less harmful than nuclear fission plant waste. Fusion has 
sometimes been called “bringing the sun to earth” meaning that a state of matter is reached where 
temperatures 10 times higher than in the core of the sun are reproduced. Although this would seem 
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to be a daunting endeavour physicists around the globe have already shown the potential by 
releasing energy during short bursts in fusion experiments such as the Joint European Torus (JET) 
3 outside Oxford or TFTR 4 in Princeton.  
 
 
 
1.2  About fusion 
 

2cmE ⋅=           (1.2.1) 
 
Fusion is the process in which energy is released when two atom nuclei bond together into a single 
atom nucleus with a higher atomic number. The mass of the product is less than the combined 
mass of the participants. According to the famous formula given by Einstein (equation 1.2.1) mass 
equals energy and the decrease in mass is the source of energy in fusion.  
 

 
Fig 1.2.1 The fusion reaction. 

 
All elements with an atomic weight smaller than that of iron could potentially be used in a fusion 
process but the cross-section for the process, determining the rate of energy releasing events, 
depends heavily on the Coulomb barrier. Because of this only the lightest elements are presently 
considered in a future fusion reactor. The cross-sections for tritium (T) and deuterium (D), two 
isotopes of hydrogen, are the most favourable of all and this is the process that has given the 
highest fusion power to date. This process is shown graphically in figure 1.2.1 and mathematically 
below 
 
          (1.2.2) ( ) ( MeVnMeVHeTD 1.145.34

2
3
1

2
1 +=+ )

 
Deuterium exists naturally in ordinary water. Tritium can be produced from lithium, which can be 
found in ore deposits in the earth and in seawater. Fusion reactions are nuclear reactions that only 
take place when the atoms have a very high temperature. Atoms at such high temperature form 
what is called a plasma. Since the temperature needs to be very high it is necessary to make sure 
that the plasma does not cool down. It is also necessary to keep the high temperature particles 
inside a restricted volume. If they escape they cannot contribute to the fusion process. Therefore 
the plasma needs to be confined. 
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1.3  The Tokamak and the Reversed Field Pinch 
 
The two main fusion research alternatives are called magnetic confinement and inertial 
confinement (sometimes referred to as laser fusion). In this thesis only magnetic confinement 
fusion will be considered. The idea behind magnetic confinement is that since the vast majority of 
particles in a plasma will be electrically charged their trajectories will bend in the presence of a 
magnetic field. By clever constructions the magnetic field can be made to bite its own tail and 
therefore the particles will to first approximations be confined without ever being cooled down by 
touching the wall. 
During the 50-60 years since the first magnetic fusion experiment, a manifold of variations has 
been examined. Today three main variations exist called the stellarator, the reversed field pinch 
(RFP) and the tokamak of which this thesis will only deal with the latter two.  
 
The tokamak is the variation that has harvested the greatest success to date 5, 6. The world’s largest 
fusion devices are all tokamaks and the highest temperatures, confinement times and fusion yields 
have all been achieved on tokamaks. It is a toroidally symmetrical device and external coils create 
a very strong toroidal magnetic field. The main benefit of the strong toroidal magnetic field is that 
the stability of the plasma is greatly improved. There is a sub-variation of the tokamak that is 
worth mentioning as some of the work in this thesis has been performed on such an experiment. 
This is the spherical tokamak, which is a small aspect ratio device, meaning that the ratio of major 
to minor radius of the torus is small. 
 
The RFP is a toroidally symmetric fusion experiment where the plasma is allowed to relax into a 
quasi-equilibrium 7, 8, 9. It is a lowest energy state of the plasma and one main benefit is that it does 
not require as expensive toroidal field coils as other variations. Instead the plasma itself produces 
much of the toroidal field, by a process called the dynamo. Toroidal current (poloidal flux) is 
converted into poloidal current (toroidal flux). The RFP gets its name from the fact that the 
toroidal magnetic field reverses direction at a point inside the plasma. This is in contrast to the 
tokamak.  
 
 
 
1.4  EXTRAP T2R, MAST and JET 
 
The work in this thesis is connected to four machines EXTRAP T2R (situated in Stockholm, 
Sweden), MAST, (Culham, UK), JET (Culham, UK) and ITER (Cadarache, France). The emphasis 
has been on the first two machines and they will be introduced here. JET will also be described by 
merit of being the largest fusion experiment currently operating. ITER will be described in the next 
section. 
 
 
EXTRAP T2R 
Papers IV, V and VI are related to work on the reversed field pinch EXTRAP T2R situated at 
Alfvén Laboratory, KTH, Stockholm. This is a medium sized fusion experiment with a stainless 
steel first wall and molybdenum plasma limiters. Figure 1.4.1 shows the experiment.  An overview 
of the machine and its performance is given in reference10. The major radius is R=1.24 m and 
minor radius a=0.183 m. EXTRAP T2Rs copper shell has a vertical field penetration time of 6.3 
ms which is resistive on the time scale of typical discharges. This means that several 
magnetohydrodynamic (MHD) modes that are stabilized by the presence of a conducting wall are 
growing. One purpose of studying resistive walls is that for a continuously driven reactor any shell 
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will be resistive and the problem of how to deal with resistive wall modes becomes necessary. 
Furthermore it is possible to affect/control MHD modes by external magnetic fields. For this to be 
efficient a resistive shell is preferable as a conducting shell will shield off the controlling fields. 
 

 
Fig 1.4.1 The EXTRAP T2R experiment 

 
On EXTRAP T2R a feedback control system has been adopted to control the mode amplitudes. It 
constitutes of 256 (4×64) sensor loops and 128 (4×32) active coils. For most of the work in this 
thesis the feedback system has been driven in an intelligent feedback scheme. This means that each 
active coil pair (they are pair connected to control the m=1 modes) is PID regulated to nullify the 
magnetic field at the sensor position.  
      
 
MAST 
Paper III is related to the spherical tokamak MAST (Mega-Ampere Spherical Tokamak) that is 
situated at the Culham science center in UK. It has successfully been in operation since 1999. An 
overview of the main results is given by Counsell et al in 11. The major radius of MAST is R∼0.85 
m and the minor radius a∼0.65 m. The D-shaped plasma has an elongation of κ∼2.5 and a total 
plasma volume of roughly 7 m3. Currents up to 1.35 MA have been achieved and the on-axis 
toroidal magnetic field is 0.52 T. Typical pulse lengths are 0.5 s and ion temperatures up to 2.3 
keV have been observed. Visual emission from a typical discharge can be seen in figure 1.4.2 
below. MAST has two neutral beams, one Oak Ridge type and one newer, positive ion neutral 
injector (PINI) type. Much of the work on MAST is concentrated around the evaluation of the 
spherical tokamak concept and extending the tokamak empirical scaling laws database into 
regimes difficult to obtain with common tokamaks.  
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Fig 1.4.2 Image of a discharge 

 
JET    
The Joint European Torus (JET) is considered the world’s flagship in fusion. This is not because of 
its plasma volume (∼100m3) which although very large is actually similar to machines such as the 
Japanese experiment JT-60U. The reason is that it is currently the only machine with capabilities 
of running D-T discharges. It furthermore carries the world record in both produced fusion energy 
(22 MJ) and peak fusion power (16.1 MW). Figure 1.4.3 shows the interior of JET. JET was 
originally designed as a limiter experiment but after the subsequent discovery of the high 
confinement mode (H-mode) on ASDEX a divertor was installed. An important role played by JET 
nowadays is to run preparations for ITER (described in next section) such as testing new ITER like 
walls, or to investigate ITER like plasma scenarios. Some of the main plasma parameters for JET 
are listed in table 1.5.1. Furthermore the JET NBI system is composed of two beam boxes with 
eight PINIs each. Another important external current drive is the lower hybrid current drive 
(LHCD). This is normally used to reach reversed shear plasma scenarios. Typical plasma 
elongation is κ∼1.8. Digital real-time feedback techniques are routinely used to control several 
plasma parameters. 
 

 
Fig 1.4.3 Image of JET torus interior at the end of vacuum break 2004/2005. 
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1.5  ITER and the future 
 

 
Fig 1.5.1 Layout of ITER 12

 
The fusion community has identified three main checkpoints on the road to a working commercial 
fusion reactor, according to the fast track to fusion 13. The two first are ITER and the international 
fusion materials irradiation facility (IFMIF). IFMIF is a material testing facility and research about 
what materials reactor components will be built of is essential. ITER is a fusion experiment where 
reactor conditions will be established for the first time. EU, Japan, USA, China, Russia, India and 
Korea support the project and it will be built in Cadarache, France. The first ITER plasma 
discharge is expected around 2016. ITER is a tokamak and it will have supercoducting coils to be 
able to sustain the plasma for very long times. It will also be the first fusion experiment with a 
blanket, which is a module where tritium will be produced. It is important to test this since tritium 
is difficult to produce and a fusion power plant would optimally produce all the tritium it needs for 
fuel. Some of the main parameters for ITER are given in table 1.5.1 together with data for the 
world’s largest current experiment, JET. It is fairly evident that ITER will be a large step and 
questions could be raised on how the plasma physics might change for such a device. Based on 
worldwide tokamaks of different sizes researchers have been able to determine empirical scaling 
laws. These have been extrapolated to an ITER-sized experiment and the machine’s overall 
performance has been predicted with good confidence. The expected price for building and 
developing ITER is expected to be around 5 billion (109) euro. This may sound a lot but compared 
to what power companies worldwide spend annually it is actually quite small. 
    

 
 ITER JET 
Plasma major radius 6.2 m 2.96 m
Plasma minor radius 2.0 m 1.25 m
Plasma Volume 840 m3 100 m3

Plasma Current 15 MA 4.8 MA
Toroidal field on axis 5.3 T 3.5 T
Fusion Power 500 MW N/A
Burn flat top >400 s 20 s
Energy amplification 10 N/A

 
Table 1.5.1 Main parameters for ITER and JET 
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The last checkpoint before commercial fusion reactors is called DEMO and it will be a 
demonstration fusion reactor. When, where and by whom DEMO will be built is not decided yet. 
The first commercial reactor is expected to start operating around the middle of this century. It is 
sometimes referred to as PROTO.  
 
 
 
1.6  On the shoulders of giants 
 
Like all research today this thesis builds on previous work done by fellow scientists. Feedback of 
RWM has been extensively studied for several years in EXTRAP T2R using a partial coverage14 of 
the feedback coils. Radial profiles on EXTRAP T2R have also been studied before using 
spectroscopic techniques15. Pulsed poloidal current drive (PPCD) was first used on the reversed 
field pinch MST16 and it is a technique that has been studied for several years and it is known to 
improve particle confinement17, 18. Detailed spectroscopic investigations of PPCD have also been 
done previously, for example on the reversed field pinch RFX19 where it was concluded that a low 
diffusivity region expands during PPCD20. Measurement of the q-profile has been a “hot topic” for 
several years and I fully expect it to continue so for years to come. The motional Stark effect 
(MSE) diagnostic has contributed much in this field and such a diagnostic is today almost 
considered standard equipment on the larger fusion experiments. Today there is also a lot of 
activity around the extension of the MSE diagnostic into low magnetic field regimes. Throughout 
the thesis it has been attempted to put all results into their proper context by introducing relevant 
research in the same area.  
  
The thesis is divided into eight chapters of which the first soon is at an end. The second chapter 
introduces the physical concepts and instruments used for the measurements in this work. Chapter 
three discusses various techniques to analyze the data with focus on how to determine radial 
profiles of plasma parameters. Chapter four introduces the concept of plasma transport, the reason 
why it is important and how it has been modeled in this work. Several results from papers are also 
detailed and put into context. In chapter five the motional Stark effect is described and some 
implications for the future ITER MSE diagnostic are made.  A pilot MSE experiment has been 
developed on MAST in this work. Simulations, description of the hardware and the first results are 
presented in chapter six. Chapter seven prints the main conclusions from this work and chapter 
eight outlines future work in this field.   

 7
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Chapter 2.  Measuring and interpreting line emission 
 
This chapter introduces physical concepts and the instruments used in this work such as plasma 
equilibrium spectroscopy, the grating spectrometer and the photoelastic modulator. 
 
 
2.1  The atom and the atomic line emission spectrum 
 
Atoms and ions (both called atoms in the further text) have a discrete set of energy levels 
determined by the Schrödinger equation. 
 

( ) ( tEtH ,, rr Ψ⋅=Ψ )           (2.1.1) 
 
where is the wave function, Η is the Hamiltonian for the system and E is the eigenvalue. 
Emission of light from atoms comes from a transition of the atom from one state (wave function) 
to another. Since the set of energy levels is discrete the emission spectrum will also be discrete and 
different atoms will have spectra unique to that specific atom. Measuring the spectrum, and 
identifying what atoms are responsible for the transition can give much information. The strength 
of the transition can give information on the number of atoms involved, the shape and exact 
position can give information on atomic temperatures and what average velocities they have. 
Splitting or polarisation of emission lines can give information on the environment the atom is in, 
such as magnetic and electric fields. To go through all the existing different kind of techniques is 
almost impossible, although good overviews exist 

( )t,rΨ

21.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2.1.1 Fluorescence spectrum in the visible region from the EXTRAP T2R plasma. Some identified lines are 
marked.  
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The emission spectrum of the plasma in EXTRAP T2R has been measured and analysed [A8] and 
figure 2.1.1 gives a feeling for the vast number of lines found even within a small wavelength 
interval. Different ionisation stages of oxygen dominate the spectrum but metallic lines of Fe, Cr, 
Mo, and Ni also show in great abundance. Line emission from hydrogen is of course also present 
in the plasma. The determination of the origin of unknown spectral lines often requires searches in 
several spectral tables but most frequently the on-line spectral tables from NIST22 were found 
adequate in this work. The spectral lines mainly used in this work are OII (395.4 nm, 3s2P-3p2P0), 
OIII (304.7 nm, 3s3P0-3p3P), OIV (306.3 nm, 3s2S-3p2P0), OV (278.1 nm, 3s3S-3p3P0), OVI (529.1 
nm, 7g2G-8h2H0, 7h2H0-8i2I, 7i2I-8k2K0), neutral molybdenum (379.8 nm, 5s7S-5p7P0), iron (404.6 
nm, 4s3F-4p3F0) and chromium (520.6 nm, 4s5S-4p5P0) 
 
 
 
2.2  Atomic processes in a plasma 
 
Plasma is sometimes called the fourth state of matter and although it is seldom encountered in 
everyday life it is actually by far the most common state of matter in the universe (excluding dark 
matter). Plasma is created when a gas is heated to the point when the electrons start to separate 
from the atomic core, and ions are created. Since plasma therefore consists of electrically charged 
particles it obeys complex equations. Formally the definition of a plasma is an ionised gas of 
dimensions larger than the Debye-length 23. 
 

e

e
D ne

Tk
⋅

⋅⋅
= 2

0ε
λ           (2.2.1) 

 
Te is the electron temperature and ne is the electron density. 
The particles in a plasma are, as mentioned, charged. Therefore they bend their trajectories in the 
presence of a magnetic field. Likewise the Coulomb fields of other particles also affect them. 
Collisions between particles may act as a viscous drag term and the motion of the particle itself 
creates a current that may change the magnetic field in accordance with Maxwell’s equations. 
These are constituents of the field of magneto-hydro-dynamics (MHD) but although it is very 
interesting it will not be further explored here.  
 
Transitions between different atomic states do not only result from dipole interaction in a plasma. 
There are many more kinds of interactions that are necessary to take into account. The most 
important atomic processes in fusion plasma physics for interpretation of emitted spectra include: 
 
• Spontaneous dipole decay 
• Electron collision excitation and de-excitation  
• Electron impact ionisation and recombination 
• Charge exchange, in particular with neutral hydrogen  
• Ion collision excitation, de-excitation and ionisation 
 
For certain transitions magnetic dipole, electric monopole and quadrupole interaction can be of 
importance. Two electron processes could likewise be important for some levels. 
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Non resonant ion collisions often turn out to be of less importance than the other interactions given 
in the list and it is often neglected in initial calculations. With these assumptions the population of 
a specific state nz,i can be modelled 24 as follows  
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where Aij is the radiative transition probability, q, S and α are the rate coefficients for electron 
collisional excitation, ionisation and di-electronic recombination. C is the rate coefficient for 
charge-exchange recombination with hydrogen. 
 
 
 
2.3  Plasma dynamics and plasma equilibrium spectroscopy 
 
In the limit of a plasma with very high density the energy levels would be in local thermal 
equilibrium. The densities of the different states would then be Boltzmann distributed. These kinds 
of high densities are never reached in fusion plasmas. Another equilibrium is known as coronal 
equilibrium. In coronal equilibrium the plasma is assumed to be opaque to its own radiation (note 
that no photon density term exists in equation 2.2.2). All upward transitions come from collisional 
or charge exchange processes and all downward transitions from excited states are considered to 
be radiative. The plasma studied in this work has been modelled according to a collisional-
radiative model. As in the coronal equilibrium the plasma is considered opaque to its own 
radiation but states are populated/depopulated either by collisions or by radiative transitions. A 
large database and collection of codes for the study of atomic physics in this model is known as 
ADAS25,26 and this has been our source of atomic data for the papers in this work.  
 
Equation 2.2.2 can be separated into the slow time variation of the ground state population of 
different ionisation stages and of the rapid establishment of the population of excited states relative 
to the ground state. The population of a specific excited state can be approximated as  
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and the emissivity can then be written as follows. 
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In the ADAS framework it is described as 
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( eeeziz nTPECnn ,1,,, ⋅⋅=λ )ε         (2.3.3) 
 
where the photo-emission coefficient (PEC) can be retrieved from ADAS. 

 
Fig. 2.3.1. Line integrated signals of the central vertical channel during start-up of the plasma discharge. 

 
Equation 2.3.3 is as mentioned not valid as long as the plasma equilibrium is developing. 
Therefore, it is necessary to study the time evolution of the plasma to understand after what time 
the signals can be analysed. Figure 2.3.1 shows an example of the temporal evolution of line 
emission from different oxygen stages in EXTRAP T2R. Low stages are seen to peak early and 
higher follow just as would be expected.  After some 2 ms the intensity has levelled out and could 
in principle be used for analysis. Measurements of the electron temperature in the start of the 
discharge (Figure 2.3.2) also level out around this time. The smaller peak seen for all signals 
around 200 µs in figure 2.3.1 is not believed to be related to oxygen line emission.  
 

 
Fig. 2.3.2 Measurement of the electron temperature early in the discharge. 
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2.4  The 5-channel spectrometer on EXTRAP T2R  
 
A grating spectrometer is a wavelength-selecting device that uses a grating as the dispersive 
element. The main features are depicted in figure 2.4.1. There are a large number of ways how to 
arrange the basic elements in a spectrometer. Some spectrometers use curved mirrors other have 
planar mirrors and a curved grating. Some do not use mirrors at all and yet others have a 
transmission grating instead of a reflection grating. There is also a large variety of possible 
detectors, ranging from photomultiplier (PM) tubes to CCD-cameras. 
 

Detector 

Grating 

slit  
 
 
 
 
 
 

mirrors  
 
 
 
 
 

Figure 2.4.1 An outline of the main features in a grating spectrometer 
 
 
The spectrometer used for the measurements of the 5 radial channels is of a type called Ebert 27 
(Jarrel-Ash Model 82-010) spectrometer. J Sallander has used the same spectrometer on the 
previous experiment EXTRAP T2 28. The grating has 1180 lines/mm and the focal length of the 
mirror is 0.5 m. It uses input from 5 fibres illuminating the slit at different heights. The fibres are 
18 m long, have a 600 µm silica, high OH core, and are produced by CeramOptec. The entrances 
to the fibres are mounted with collimating lenses and are attached to various ports on the EXTRAP 
T2R experiment as shown in figure 2.4.2. The data is collected with 5 PM–tubes (Hamamatsu 
H5783-03) and recorded after amplification and low-pass filtering. 
 

Transient
recorder 

Amplifier LP-filter 

0.5 m  
grating  

spectrometer

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.4.2 Layout of the 5-channel spectrometer used for radial spectroscopy measurements at EXTRAP T2R 
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Since atomic and ionic emission comes as discrete spectral lines, one of the most important 
characteristics of the spectrometer is its resolution, i.e. the ability to separate nearby lines. The 
resolution of a grating spectrometer can be expressed as in equation 2.4.1 29. 
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where a is the size of the grating, b is the slit width and f1 is the focal length. 
λ
θ

d
d  is called the 

angular dispersion of the spectrometer which is related to the linear dispersion according to 
equation 2.4.2  
 

λ
θ

λ d
df

d
dx

⋅=           (2.4.2) 

 
The resolution was measured to be 4.5 Å when the slit width was 300 µm. 
The spectrometer, like most diagnostics, needs to be intensity calibrated before use. The 
calibration can be done either as relative calibration or as absolute calibration. For the 5-channel 
spectrometer on EXTRAP T2R we employed two calibration techniques. For the visible region 
(300-750 nm) a tungsten calibration lamp was used. For the near UV region (230-400 nm) we 
instead used a deuterium calibration lamp. The tungsten radiator was calibrated in radiance (Wcm-

2sr-1nm-1) whereas the deuterium lamp was calibrated in irradiance  (Wcm-2nm-1). In order to get 
absolute calibrated values over the entire region, an overlapping region, 300-400 nm, was used to 
fix the measured intensity of the deuterium lamp. The final calibration curves are presented in 
figure 2.4.3. 
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Fig 2.4.3 Intensity calibration curves for the different channels 

 
It is obvious from equation 2.4.1 that the resolution of a spectrometer depends on the entrance and 
exit slit width. However, the signal level also depends on the slit width and if the opening is too 
small it may result in a bad signal to noise ratio. Both the entrance and the exit slit widths were set 
to 300 µm after investigating this dependence. The signal level as a function of slit width is shown 
in figure 2.4.4.  
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Fig 2.4.4 Signal dependence on slit width  

 
The spectrometer read out setting is not always equal to the true wavelength under study. This is 
called detuning or wavelength shift. Therefore beside intensity calibration the spectrometer also 
needs to be wavelength calibrated. The standard procedure for wavelength calibration is to 
measure spectral lines with a known position. The spectrometer setting can then be compared to 
the known wavelength. For the 5-channel spectrometer we used spectral lamps of elements Hg, 
Ne, Kr and Ar. The result is presented in figure 2.4.5 and shows an only slightly wavelength 
dependent detuning with an average around 0.9 nm. 
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Fig 2.4.5 Detuning as a function of wavelength 

 
It is not entirely true to say that the signal level was the sole reason for choosing the slit width. It 
gives the impression that a good resolution is always wanted. There is always a trade off between 
resolution and signal but in our case we did not want to have too good resolution.  
The reason is that the different channels do not have the same detuning. This can have an effect on 
the interpretation of radially resolved measurements if the resolution of the spectrometer is too 
good. Essentially if the resolution is very good only one channel will detect any signal at all.  With 
a resolution of about 4.5 Å (using the 300 µm slit) this effect is quite small although it is still 
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visible. To be certain that this effect was small each line studied in this work was scanned in 
wavelength and the signal level in the channels was carefully monitored. The ratios between the 
different channels turned out to be fairly constant over an interval of about 1 Å. This is in line with 
what is expected from figure 2.4.6. 

 
Fig 2.4.6 Investigation of the resolution. Note that the peaks differ by almost 1Å. 

 
Even though the spectrometer is absolute intensity calibrated, wavelength and/or angle dependent 
absorbing elements might be situated between the collection optics and the plasma. Such an 
element is the vacuum vessel window through which the line emission is viewed. Figure 2.4.7 
shows a viewing port window used on EXTRAP T2R before and after cleaning. It is the window 
through which 3 out of 5 channels in the 5-channel radial spectrometer are detecting their signal. 
Note the reflection from the camera used for the photograph. 
 

 
 

Fig 2.4.7 Window flange before and after cleaning. 
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The reflecting layer was analysed with electron spectroscopy for chemical analysis (ESCA), by U. 
Gelius in Uppsala, and the result is shown in table 2.4.1 
 

Material Fraction
Fe 58.1%
Cr 21.4%
Mo 14.4%
Ni 5.3%
Mn 0.7%  

 
Table 2.4.1 Contents of the reflecting layer on vacuum window. 

 
It is difficult to prevent a reflecting layer from forming on a window although covers or other 
protections, when the diagnostic is inactive, are often used to reduce the problem. Likewise are in-
situ cleaning techniques difficult or expensive to employ. Similar problems arise in MSE 
diagnostics where a mirror may change the polarisation of light 30. This is the subject of paper II. 
 
 
 
2.5  The Photo-Elastic Modulator (PEM) 
 
 

 
 

Fig 2.5.1 Picture of photo-elastic modulator fitted on MAST 
 
There is naturally a wide array of ways to measure the polarisation of a light source, but for the 
polarised beam emission in a fusion experiment, the use of photo-elastic modulators (PEM) is one 
of the absolutely most common31. A PEM is at its simplest a birefringent crystal with a 
sinusoidally applied stress in one axis32,33,34. The stress often comes from a longitudinal 
piezoelectric transducer and the effect of the crystal is that the refractive index is modulated along 
one of its axes. If two such modulators, driven at slightly different frequencies, are connected in 
series with a 45 deg azimuthal angle shift between them, it is possible to uniquely determine the 
polarisation state of the light 35.  
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Light can be described in a number of ways. For light that is partially polarised and lacks 
coherence, Mueller calculus and Stokes vectors are the best approach 36. 
The light is described by a 4 × 1 vector S, called the Stokes vector.  
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I is the intensity of the light, p is the linear polarised fraction, V is the circularly polarised light and 

mγ is the azimuthal polarisation angle (as seen by the instrument).  
 
The two crystals, part of the dual PEM, are modulated such that the phase will change by A in the 
first crystal and by B in the second (for polarisation along the modulation axis). The light thereafter 
passes a linear polariser with axis of transmission exactly between the two modulation axes. The 
intensity may then be written as in equation 2.5.2.  
 

( ) ( )

( ) ( ) ( ) (

( ) ( ) ( )( )

)

22
sincossin

2cos
22

sinsin
22

cos
22

cos2sin
2

'

⋅

⋅+−⋅
+

⋅⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⋅

⋅
+

⋅
⋅⋅+

⋅

⋅⋅⋅⋅
+=

BAAV

BAApI

BpIII

m

m

γ

γ

      (2.5.2) 

 
Under normal operations the change in phase is not constant but rather varies sinusoidally as  
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Equation 2.5.3 can be inserted into equation 2.5.2 and expanded with equation 2.5.4. 
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where  is the n:th Besselfunction.  nJ
Information about the polarisation therefore lies in the different frequency components of the 
signal. These components can naturally be separated using analogue or digital lock-in techniques. 
In particular the linear polarisation angle can be expressed as follows. 
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where  is the detected signal of the frequency component at 2×ω22 ω⋅V 2 and  at 2×ω12 ω⋅V 1. 
The strength of the two signals is in our work determined by digital lock-in techniques37,38. This 
gives more freedom than the older more commonly used analogue way. The drawback with digital 
lock-in techniques is that it requires more computation time. It is furthermore important to keep 
any limited bandwidth of the detector used39 in mind. In the experiments involving PEMs in this 
thesis the 3dB bandwidth was nominally 100 kHz. For individual detector modules the 46 kHz 
component can drop to 90% of its amplitude due to this effect only. Although this does not 
significantly affect angles measured it will influence the calculation of the polarised fraction of the 
light by up to 10%. 
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Chapter 3.  Radial profiling 
 
 
 
Most, if not all, plasma parameters are a function of radius and this section aims to describe some 
typical models for radial dependencies as well as ways to estimate them from diagnostics. 
 
 
3.1  Local and line-integrated measurements 
 
Plasma diagnostics can be separated into two distinct groups in this issue. The local measurement 
diagnostics and the line integrated diagnostics.  
 
The local measurement diagnostics yield information only about the location where they measure. 
Typical diagnostics of this kind are Thomson diagnostic, motional Stark effect (MSE) diagnostic 
and charge-exchange recombination spectroscopy (CXRS). They have in common that the 
observed volume is an intersection (in Thomson scattering between viewing cone and laser, in 
MSE and CXRS between viewing cone and the neutral beam).  
 
Line integrated diagnostics on the other hand measure a specific quantity along an entire line of 
sight. Examples of measurements of this kind include interferometric electron density 
measurement, most spectroscopic measurements, neutron and neutral particle analyser 
measurements. These kinds of diagnostics have the additional complication that radially resolved 
data is not straightforward to get.  
The line integrated intensity can be expressed as 
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where I is the quantity measured, ε is the local emissivity, L is the line of sight, y is the impact 
parameter as defined in fig 3.3.1, and ξ is the intersection angle of the viewing cord. 
The signal from a plasma is never stable in time and the quantities measured are often averages 
over the plasma flat top phase (when the plasma current is relatively stable). An example time 
development of an oxygen signal is shown in figure 3.1.1. Note in particular how much the signal 
fluctuates, this will be discussed in detail in section 3.6. 
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Fig 3.1.1 Time trace of OIII signal at 377.4 nm (#18342) 

 
 
 
3.2   Introduction to tomography 
 
Tomography is a technique to reconstruct a 2 or 3 dimensional image with the use of information 
from line-integrated measurements. The concept was first introduced in medicine when the British 
company EMI in 1971 for the first time showed 2 D density images of a head. The images had 
been taken using x-ray technique and many institutes and companies soon developed this into what 
is known today as CT (Computer Tomography). Tomography both has a technical and a 
mathematical side. The technical side is different in different fields and influences which 
mathematical solutions to use in the data processing. In medicine, the patient who is to be imaged 
can often be placed in a machine with the sole purpose of making this measurement. Therefore, it 
is possible to have a very large number of intersecting lines of sight. In plasma physics, diagnostics 
is only one part of many demands on the experiment. The time available, is for example, limited 
by factors outside the control of the diagnostic and worse, the number of lines of sight is often 
small compared to that in medicine due to the necessity of minimizing field errors from an 
imperfect shell.   
The mathematical side, on the other hand, is well formulated and general solutions exist. In plasma 
spectroscopy using a limited number of radial channels it is therefore common to adapt a 
mathematical approach where some symmetries are presumed. One important example of this is 
the Abel transformation.  
 
 
 
3.3   The Abel transformation 
 
If a plasma can be considered to have poloidal symmetry everything will be a function of radius 
only (good approximation for a high aspect ratio toroidal fusion experiment). In this case some 
simplifications can be done. These lead to what is known as the Abel transformation 40. The line of 
sight (LOS) through the plasma can be uniquely defined by the impact parameter y. The definition 
of the impact parameter is evident from figure 3.3.1. 
 
 

 22



 
x 

 
( )22 ya −

a 
y 

r  

 
 
 
 
 
 
 
 
 
 
 
 

Fig 3.3.1 Definition of impact parameter in Abel inversion. 
 
 
With this representation it is possible to write the integrated LOS emission as follows. 
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where ( )rε  is the emissivity and a, y and x are defined in figure 3.3.1.  
The mathematician Abel showed in the nineteenth century that there exists an inverse transform of 
equation 3.3.1. This is equation 3.3.2.   
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With this transform it is in principle possible to establish the radial profile from line-integrated 

measurements. One problem with the transform is its sensitivity to errors in the derivative 
dy
dI . 

Experimental data often needs some sort of smoothing or spline interpolation before using it in 
equation 3.3.2. It is also known to diverge if the derivative does not go to zero at the centre. In this 
work some emitting impurity species were found to give reasonable radial emission profiles using 
the Abel transformation (after spline interpolation) but others gave unphysical solutions over at 
least parts of the emission profile. Whether this is due to noise or the limited amount of radial 
channels is not known but because of these problems the choice was made to use the fitting 
approach described in the next section. 
 
Another potential way of solving the Abel transform is based on a series expansion of the 
emissivity.  
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The measured intensities can now be described in a matrix formulation and the matrix can be 
inverted to get the coefficients ck. The choice of basis set to use for the expansion can be varied. 
Several sets were tested but the results were always quite discouraging. The basis set cannot be 
larger than the number of lines of sight or the system matrix will be underdetermined. The small 
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number of LOS in the experiment is a plausible explanation to why this method did not work. This 
was in line with the analysis of the measurements done by J. Sallander on EXTRAP T2 with the 
same diagnostic41. 
 
 
  
3.4   Emission fitting 
 
Another approach to reconstruct the radial profiles is useful especially if there exists an 
approximate guess of what the profile looks like. This approach is to use an ansatz profile with a 
few free parameters and vary them to get the best fit possible to the experimental data. The choice 
of ansatz will naturally influence the reliability of the final radial profile. With increasing number 
of LOS the number of free parameters can also be increased. In this work several different ansatz 
profiles were used. The ansatz profile working best was a Gaussian profile with quickly decreasing 
emission close to the edge, see equation 3.4.1.   
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where r is the normalised radius and c1, c2 and c3 are the free parameters height, position and width 
of the Gaussian. 
The emission profile was inserted into a code that iteratively calculated the line emission expected 
for the five different impact parameters. The calculated value is compared to the measured value 
and the free parameters are adjusted for best fit. The benefit of using this approach is that the 
output profiles will be sensible (not unphysical or extremely unlikely which could happen with 
Abel inversion). The drawback is obviously that local features that are badly represented by the 
ansatz are most likely hard to reconstruct. If the ansatz only uses a single Gaussian it is for 
example hard to model emission coming both from a central peak and from the edge (this could 
happen due to charge-exchange).  
 
Before any inversion or recreation of the emission profile is possible, it is always necessary to 
address the question of how reliable the measured data points are. Apart from shot-to-shot 
uncertainties (which is of the order of 10% on EXTRAP T2R) there could be severe systematic 
errors. These could come from reflections from the metal wall or from absorption in the vessel 
window (discussed in chapter 2). These have to be dealt with separately or the recreated emission 
profile may be erroneous.   
The results from reconstruction of the emission profiles (paper IV) show broad emission profiles. 
The profiles of lowly ionised O and neutral Cr, Fe and Mo were peaking towards the edge of the 
plasma but OV and OVI showed non-hollow emission profiles. This was not entirely unexpected 
since earlier studies of bolometer and vacuum ultra-violet (VUV) data using an Onion Skin 
Radiative Collisional (OSCR) model had implied the same42.   
 
As an example of the data collected by the spectrometer described in the previous chapter, figure 
3.4.1a and 3.4.1b show the line integrated measurements and the emission profiles reconstructed 
using the technique presented here. 
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Fig 3.4.1a,b Line integrated signals for a number of spectral lines (left panel) and reconstructed emission profiles 

(right panel) from paper IV 
 
 
 
3.5   From emission profile to ion density profile 
 
For spectroscopic measurements the electron temperature and density profiles are very important. 
The electron density profile in an RFP is often well described by 43
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where α and γ are profiling parameters and a is the minor radius. The electron density profile is 
often quite relaxed compared to the sharp profiles seen in tokamaks. Sometimes a third parameter 
∆ is included to account for a possible shift of the magnetic axis but that degree of freedom has 
been left out in this work. On EXTRAP T2R the electron density profile is measured with a two-
wavelength interferometer. The extra wavelength makes it possible to compensate for vibrations 
during the plasma discharge. The profile has been examined by measurements along four different 
chords. This was done before the start of this work by M Cecconello 44. For a typical discharge 
T2R has an edge density of 1*1018 m-3, a peak density of 1*1019 m-3, α=2-2.5 and γ=1-1.5. The 
same approach as outlined in 43 has been employed for the evaluation of these parameters.  
The electron temperature profile is modelled by a formula (Equation 3.5.2) that it is quite similar 
to the electron density profile. 
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There is no explicit necessity that α and γ are the same for the temperature and the density profile. 
The temperature profile is not known with any precision on EXTRAP T2R. The peak temperature 
is measured with a Thomson scattering diagnostic and a single LOS VUV-spectrometer uses a line 
strength comparison approach to get a line integrated value of the electron temperature. This can 
be used to get an estimate on the shape of the profile as is discussed further in section 3.7.   
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Usually it is not the emission profile itself that is of most interest but rather the ion density profile. 
From equation 2.3.3 (repeated here for convenience) it is seen that the emission profile depends 
not only on the ion density profile but also on the electron density profile and on the electron 
temperature profile. 
 

( )(),()()()( 1,,, rnrTPECrnrnr eeeziz ⋅⋅=λ )ε       (3.5.3)  
 
The PEC can be modelled by programs such as ADAS (Atomic Database and Analysis Structure) 
and will in this work be treated as an atomic constant, although this is not completely true in 
reality.   
 
 
 
3.6   Emission profiling using correlation of line integrated signals 
 
A novel method developed in this work is to determine emission profiles of plasma impurities by 
correlating the signals in different line integrated radial channels. The fluctuations seen in the 
signal are mostly due to variations in actual plasma parameters e.g. electron density. There have 
been measurements that suggest that the fluctuations have a finite radial extent but are poloidally 
symmetric45,46. If such is the case then every diagnostic line of sight will pass through a select 
number of “fluctuation shells” as outlined in Figure 3.6.1. 
 

 
Figure 3.6.1.The model of cylindrically symmetric shells of radial extent d. The five line integrated channels used in 

the experiment are labeled. 
 
Such “shells” could well be possible as the radial cross-correlation length on EXTRAP T2R has 
been measured to be in the order of a tenth of the minor radius 47. We now suppose that all ions of 
a certain stage are located in the outermost shell. What would happen if the electron density 
fluctuates in this shell? As the emission according to Eq 3.5.3 is a product of electron density and 
ion density the signal would fluctuate. But more important for this technique is that it would 
fluctuate in perfect correlation for all lines of sight passing that shell. If all ions on the other hand 
were located in the core shell a LOS passing through the core shell and a LOS not passing through 
the core shell would have uncorrelated fluctuations. For situations where ions are distributed over 
several shells with separate fluctuations the level of correlation will be in between these cases. As 
often happens the idea did not come first but rather the experimental observation. In Figure 3.6.2 is 
shown what the signals look like for three different ions, MoI, OV and OVI in a EXTRAP T2R 
discharge.   
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Figure 3.6.2.  Signals in channels 1, 3 and 5 for (a) discharge #18376 Mo I (b) discharge #18366 OV (c) discharge 

#18336 OVI. 
 
Whereas the channels for MoI are clearly well correlated the channels for OVI are not well 
correlated at all. By comparing the experimentally determined correlation coefficients to simulated 
coefficients it is possible to make a best fit and determine the emission profile. Figure 3.6.3 shows 
a comparison of emission profiles obtained through the use of line integrated correlations and 
through more common analysis of the signal levels.   

 
Figure 3.6.3. Emission profiles corresponding to the best fit using (a) Line integrated correlations  (b) standard 

emission reconstruction. 
 
The benefit of the technique, apart from curiosity, is that the correlation technique does not depend 
on the absolute signal level, only on relative changes. The absolute signal level may be polluted by 
problems such as window coatings or reflections and this may make interpretation and analysis 
difficult.  
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3.7   Electron temperature profiling by comparing line integrated signals to local 

measurements 
 
Measurements of the electron temperature at EXTRAP T2R are usually done with two diagnostics. 
The first is a Thomson scattering diagnostic that measures the central electron temperature. The 
second is a line-integrated VUV spectrometer measurement that compares two spectral lines in 
OVI and derives the temperature from that 48. The two lines in question are the line at 150.1 Å and 
the multiplet at 1032.0-1037.6 Å and the ratio between them is very sensitive to the electron 
temperature and insensitive to the ion (or electron) density in the temperature range typical for an 
EXTRAP T2R plasma. A discrepancy has been known to exist between the temperatures measured 
with these two techniques and this can be explained by the electron temperature profile in 
conjunction with the ion and electron density profiles. The conclusion is that if a temperature 
profile is more peaked, such as may happen during pulsed poloidal current drive (PPCD), the two 
temperatures are less similar. More quantitative shapes were difficult to obtain, partly because of 
the limited information and partly because the ion density profiles were based on simulations.  The 
close correspondence between the temperature profile shape and the ratio of the measured 
temperatures is shown in fig 3.7.1.  
 

 
Fig 3.7.1 The temperature profile fitting parameter α shows clear correlation with the ratio of measured electron 

temperatures.  
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Chapter 4.  Transport and confinement 
 
 
This chapter introduces some background and important tools for diagnosing and analysing plasma 
transport. 
 
 
4.1  The importance of confinement and transport 

 
Early in the history of fusion J. D Lawson derived the key elements on the road to reach fusion 
plasma ignition. Today ignition means that the energy lost by the plasma balances the heating 
provided by the energetic alpha particles. In Lawson’s original derivation alpha particle heating 
was not considered (instead an efficiency factor was used) but the resulting expression, called the 
Lawson criterion, is very similar to the ignition condition used today. 
 
One important ingredient in the ignition criterion is the energy confinement time of the plasma. It 
is defined as  
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nTV
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==τ           (4.1.1) 

 
where W is the total energy of the plasma, PL is power of the energy lost from the plasma and V is 
the plasma volume. The power supplied by the alpha particles (optimal tritium content) can be 
described as 
 

MeVVvnP 5.3
4
1 2 ×= σα            (4.1.2) 

 
where 13224101.1 −−×= smTvσ in the temperature range of interest 10-20 keV. For losses equal to 
heating the ignition condition then computes to the famous “triple product” 
 

skeVmnT E
321103 −×=τ         (4.1.3) 

 
for flat temperature and density profiles and  
 

skeVmnT E
321105 −×=τ         (4.1.4) 

 
for parabolic profiles. 
 

 29



Equation 4.1.4 tells us that the key elements for ignition are high density, temperature and energy 
confinement time. Energy transport can be divided into losses by radiation and losses through the 
conduction/convection of energetic particles. Radiation losses depend much on the content of high 
Z impurities. Particle conduction/convection is often further divided into classical, neoclassical and 
anomalous transport. Neoclassical diffusion represents the best possible attainable transport in a 
toroidal fusion experiment. Anomalous transport often completely dominates the diffusion and its 
origin may be due to several reasons (fluctuations, magnetic island formation, streamers etc). 
 
Understanding transport in fusion experiments can therefore be considered to be of utmost 
importance. It is also worth mentioning that the temperature and the density, which are also 
important in the “triple product” are closely connected to the transport as improved confinement 
often increases temperature and density as well.     
 
In this thesis a transport simulator called STRAHL49 has been used to simulate oxygen ion density 
profiles. STRAHL solves the coupled radial impurity transport equations for all ion stages, which 
reads for stage Z 
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where D is the diffusion coefficient and v is the pinch velocity. The source/sink term Q couples the 
transport equation of each ionization stage with the neighbouring stages according to 
 

( ) ( ) 11111 +++−− +++++−= ZZHzeZZeZZHZeZeZ nCnnnSnnCnnSnQ αα   (4.1.6) 
 
where S is the rate coefficient for ionization, α is the rate coefficient for radiative and di-electronic 
recombination and C for charge exchange recombination. 
 
 
 
4.2  Transport in the reversed field pinch 
 
Transport in the RFP is completely dominated by anomalous diffusion. It is considered that 
transport in the core and in the edge is driven by different mechanisms. In the plasma core the 
magnetic field lines are stochastic due to fluctuations in the magnetic field 50. The main reason for 
this can be found in the q-profile for the RFP (Fig 4.2.1). As can be seen the distance is small 

between points where q equals a fraction of two integers (
n
mq = ).  

 30



 
Fig 4.2.1 Magnetic fields and q-profile for EXTRAP T2R as calculated from the pfm-model using Θ0=1.47 and 

Bt(0)=0.23 T. Rational q-surfaces are marked. 
 

Around these rational q-surfaces, magnetic fluctuations create what is called magnetic islands (Fig 
4.2.2) that can be considered as short circuits from a transport point of view. When magnetic 
islands lie close to one another there is the risk that they will connect with each other and if this 
happens over an appreciable part of the radius the result is completely stochastic magnetic field 
lines. 

 
 

Fig 4.2.2 Magnetic field lines forming a chain of islands around a rational q-surface 
 
As electrically charged particles follow magnetic field lines it follows that particle transport in a 
region where the field is stochastic increases dramatically.  The diffusion coefficient in a stochastic 
magnetic field according to the Rechester-Rosenbluth theory 51 writes as 
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where Lac is the autocorrelation length for the magnetic fluctuation, and vth is the thermal velocity 
of the ions or electrons. Usually Lac∼the minor radius a, is assumed in an RFP and rBδ in the core 
is typically ∼1-2% of the total magnetic field for EXTRAP T2R feedback controlled discharges. 
This is also the explanation behind the rather flat electron density and temperature profiles seen for 
RFPs. In the RFP edge region, transport is considered to be mainly driven by electrostatic 
fluctuations.  
In paper IV it is described how the ion profiles of different oxygen stages have been determined. 
These profiles have also been simulated using STRAHL in order to determine the diffusion 
coefficient and the pinch velocity. A comparison between measured (Fig 4.2.3a) and simulated 
(Fig 4.2.3b) ion profiles using D=20 m2s-1 and v=0 shows strong similarity. This result is higher 
than what has been determined in earlier studies on EXTRAP T2R42 but well in line with results 
within the RFP community 52, 53, 54.  
 

 
Fig 4.2.3 (a) Absolute density profiles of OII, OIII, OIV, OV and OVII. (b) Density of oxygen from STRAHL transport 

simulation with D=20 m2s-1. 
 
In the RFP edge region transport is not considered to be governed by magnetic fluctuations. Instead 
electrostatic fluctuations is the main driving mechanism. 
 
 
 
4.3  Feedback control - the advanced RFP 

 
As described in section 1.4 EXTRAP T2R has a full coverage of sensors and feedback system. The 
reason is that MHD modes are considered an important factor to the reason why discharges end 
and the study of their suppression is therefore important. The feedback system can suppress 
multiple resistive wall and tearing modes. For transport purposes the resonant tearing modes are 
most interesting as they are the main cause for the magnetic reconnection in the core region (Eq 
4.2.1). Without the feedback system both tearing modes and resistive wall modes grow. Since the 
mode amplitude can only be measured at the edge, but it is the amplitude at the core that 
determines core transport, the analysis is difficult. Fig 4.3.1 shows that between 10 and 15 ms 
there is a tremendous growth in the tearing modes at the edge. However, measurements from 3 
vertical chords show that the profiles of OIV and OV remain virtually unaffected. From this it is 
possible to conclude that if magnetic fluctuations indeed govern transport the tearing mode 
amplitude at the core needs to remain the same although it increases at the edge.    
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Fig 4.3.1 Time evolution during tearing mode growth 
of (a) OV and (b) OIV measured on Ch.5(full), 
Ch.4(dotted), Ch.2(dashed) and (c) edge rms-Br.   

Fig 4.3.2 Time evolution of (a) plasma current, (b) Mo 
I , (c) Cr I and (d) Hα. 
Dashed line represents discharge without feedback.

 
This result is rather interesting, since it has been found to be a large increase in plasma wall 
interaction at the end of discharges without feedback (see figure 4.3.2). Although the most 
dramatic influxes occur at the last few ms of the discharge it is evident that the increased plasma 
wall interaction starts already as early as 10 ms into the discharge. 
 
In another study (Paper VI) impurity profiles were compared between discharges with and without 
feedback. Fig 4.3.3 (a) shows that the OIV profile remains similar supporting the results in figure 
4.3.1. The increased SXR peak could indicate a difference in temperature but as will be seen in the 
next section modest temperature changes do not dramatically change the emission profile. 

 
Fig 4.3.3. Radial profile comparison between feedback discharges (full) and non feedback discharges (dashed) of (a) 

OIV emission, (b) CrI emission (c) SXR emission and (d) total emission as measured by bolometer array. 
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4.4  Pulsed poloidal current drive   
 
Pulsed poloidal (sometimes referred to as parallel) current drive (PPCD) is a method to enhance 
the confinement properties of an RFP experiment 55, 56. Several or a single poloidal electric field 
pulse is generated by external coils. The electric field will drive an edge current. The idea is to 
flatten the current profile and thereby remove the driving mechanism for the RFP dynamo. Since 
the dynamo is responsible for much of the core transport the confinement improves during the 
PPCD pulse. Another method used for increased RFP plasma performance based on the same idea 
is called oscillating poloidal current drive (OPCD). In OPCD the applied edge electric field 
oscillates.  
PPCD has previously been performed on EXTRAP T2R 57. In paper A1 this work has continued 
and we showed that the two concepts (PPCD and feedback control) are complimentary, it was 
indeed possible to control the m=1 MHD modes at the same time as a 1 ms PPCD pulse was 
applied. Figure 4.4.1 shows an example where this is done successfully. Also, observed for 
moderate levels of PPCD on EXTRAP T2R was a reduced plasma wall interaction as can be 
inferred from the reduced levels of metal neutrals in Figure 4.4.2. This is in line with observations 
of PPCD on other RFP experiments. 
 

      
Fig 4.4.1 Standard (black) and PPCD discharges with 
Eθ=1.5Vm-1(gray)(a) Plasma current (b) θ (c) resistive 
loop voltage (d) SXR signal (e) parallel electric field. 

Fig 4.4.2 Time traces of high Z impurities in the 
plasma together with the SXR and Hα signals for a 
discharge with PPCD (Eθ=1.5 Vm-1). 

 
Changes in transport during PPCD can be monitored by the same method as in section 4.3. This is 
the first time that changes in emission profiles during PPCD have been observed by direct 
measurements. The results, which are discussed in more detail in paper IV, show that the change of 
the ion density profiles is compatible with a reduction in transport by a factor of ∼2. The profiles 
are presented in Fig 4.4.3. 
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Fig 4.4.3 (a) Simulated (full) and measured (dashed) ion density profiles of OV before (black) and during (gray) 
PPCD. (b) Same for OIV. The simulated profiles corresponds to D=20 m2s-1 before and D=10 m2s-1 during PPCD. (c) 
Reconstructed OV profile before (full) and during PPCD. The ion profiles during PPCD have been reconstructed using 
a central electron temperature of 250 eV (dashed) and 300 eV (dotted) respectively. (d) Same for OIV. 
 
 
4.5  Transport in the Tokamak   
 
One of the main reasons for the success of the Tokamak configuration is because of its 
confinement properties (energy confinement time on JET is τ∼0.5-1s). It was previously 
mentioned that the shape of the q-profile resulted in many instabilities and the rapid growth of 
MHD modes in the RFP. In a Tokamak the growth of most of these modes is damped or the modes 
may not be present at all as they are non-resonant. The reason for this can yet again be found in the 
q-profile. The strong toroidal magnetic field present in a Tokamak creates a q-profile that under 
“normal” operating conditions is 1 at the core and increases to some value above 2 at the edge of 
the plasma. An example q-profile for a JET discharge is shown in figure 4.5.1. 
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Fig 4.5.1. On axis q as calculated by MSE constrained EFIT for JET discharge 66420 at T=51s 
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If the current in a Tokamak is too large (so that q at the edge reaches 2) a disruption usually occurs 
since an unstable MHD mode is triggered.   
Although the Tokamak has nice confinement properties with respect to other fusion experiments 
there is considerable interest in how to improve it even further. Empirical scaling laws for the 
energy confinement time have often been used to try to understand the plasma. Plasma major and 
minor radius, elongation, triangularity, input power and plasma current are just some of the 
parameters scientists have tried to connect with confinement scaling. A major improvement in 
Tokamak confinement was the discovery of the H-mode (H as in High) on ASDEX 58. In H-mode 
the plasma develops large gradients in temperature and density close to the edge. The region is 
often named edge pedestal or alternatively described that the plasma has a transport barrier since 
transport in the region is significantly reduced. Transport barriers have also been found in the 
interior of the plasma and these are often referred to as internal transport barriers. Internal transport 
barriers are mostly found in discharges that have reversed shear profiles (meaning that the q-
profile is not monotonic but has a minimum and then starts to increase again towards the core.) It 
has therefore become increasingly important to be able to measure internal magnetic fields as it is 
otherwise very hard to compare different transport models or understand the plasma at all. How 
internal magnetic fields are measured is discussed in detail in the next chapter.  
 
Something else believed to be very important for the formation of internal transport barriers is 
rotational shear. This is when the plasma fluid flows with different velocity or in different 
directions at different radius. The fluid velocities are related to the pressure profile and the radial 
electric field with the following momentum balance equation 
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It can be understood as follows. If there is a region where we have large changes in the radial 
electric field, such a region would likely also experience large changes in the rotation of the fluid.  
Therefore measurements of radial electric fields and direct measurement of rotational shear is also 
an important instrument to understand advanced tokamak transport processes. Large electrical 
radial field changes are also observed in the edge region in H-mode discharges and indeed one of 
the theories behind H-mode formation is sheared edge flow.      
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Chapter 5.  Measuring internal magnetic fields -Motional 
Stark Effect (MSE) 

 
This chapter deals with the measurement of magnetic fields in the interior of a plasma. The three 
magnetic field components are Br, Bφ and Bθ. Br is normally considered rather small and Bφ is 
often adequately known (at least in tokamaks) since external coils and geometry effects dominate 
the strong field. This means that for the tokamak the measurement of internal fields is actually the 
measurement of Bθ. This term is dominated by plasma currents and in particular the shape of the 
current profile. This is of utter importance for understanding the plasma. 
 
 
 
5.1  Stark effect and the Lorentz field 
 
The energy levels of the atom are the eigenvalues of the unperturbed atomic wavefunction. 
External magnetic or electric fields will perturb the wave function and alter the energy levels. This 
effect is called Zeeman effect in the former case and Stark effect in the latter 59. In the particles 
coming from a neutral beam injector, used for heating the plasma, it is seen that only the Stark 
effect is important.  
A particle moving in a magnetic field will, in its own reference frame, experience an electric field 
according to the Lorentz transformation equation 5.1.1. 
 

BvEE ×+= 0          (5.1.1) 
 
E0 is the external electric field, v is the particle velocity and B is the magnetic field. 
E is called the Lorentz electric field, which can be very large for a particle moving rapidly even 
without the presence of an external electric field. The velocity of the particles coming from a 
neutral beam injector is typically about 1% of the speed of light. Together with the large toroidal 
magnetic fields commonly used in fusion experiments, the Lorentz electric field is typically of the 
order of MV/m. Since the origin of the electric field is the motion of the atom it has been named 
the motional Stark effect (MSE). It was discovered simultaneously by Boileau et al 60 as a by-
product of charge exchange recombination spectroscopy (CXRS) from the neutral beams at JET 
and by Levinton et al 61 on TFTR.  
Transitions between energy levels that are perturbed by an external field will often shift their 
transition wavelength. This is called a Zeeman shift or a Stark shift in the literature. The shift of 
the energy levels depends on their magnetic quantum number m, and is given by equation 5.1.2 for 
the Zeeman effect and equation 5.1.3 for the Stark effect. 
 

BmgE Bjj ⋅⋅⋅=∆ µ          (5.1.2) 
  
gj is called the g-factor and µB is the Bohr magneton. The equation is valid in low magnetic fields. 
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EsnCE ⋅⋅⋅=∆          (5.1.3) 
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h is Planck’s constant, me and e is the electron mass and charge, Z is the charge of the ion, n is the 
main quantum number and s is called the Stark effect quantum number and take on different 
numbers depending on n and m. The equation is valid for hydrogen and hydrogenic atoms and 
under the assumption that quadratic field effects can be neglected. 
 
 
 
5.2   The Balmer-alpha MSE spectrum of hydrogen and its isotopes 
 
The Balmer-alpha line is the transition between n=3 and n=2. It is commonly abbreviated Hα for 
hydrogen and Dα for deuterium. In an electric field the degenerate levels will split up and the 
single transition will be split into 15 lines, of which 9 are visible. A typical simulated spectrum is 
shown in figure 5.2.1.  
 

 
Figure 5.2.1 Calculated MSE-spectrum for high magnetic field clearly displaying the separate spectral components. 

The wavelength shift is shown in relation to the unperturbed Dα line. 
 
A transition between resolved magnetic quantum number levels could be of two kinds. The first is 
called π and represents lines where the magnetic quantum number remains constant in the 
transition. The second kind, σ, are lines where the magnetic quantum number changes. It is 
sometimes separated into σ+ and σ - depending on whether it increases or decreases, but this will 
not be further discussed here since it is of less importance for the Stark effect, the main topic. The 
π and σ transitions have different properties. The first difference is that they have different 
polarisations. Viewed in a plane with the electric field vector in it, the π-lines have their 
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polarisation parallel to the electric field whereas the σ-lines are orthogonal. The two types of lines 
also have different emission lobes, as stated in equation 5.2.1 or which can be seen in figure 5.2.2.  
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where θ is the angle between the electric field vector and the propagation vector of the emitted 
light. 
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Fig 5.2.2 Emission lobes of π and σ transitions. The intensity is equal to the size of the vector for a given angle θ. The 

purpose of the axes’ scaling is for the determination of this size only. 
 
The emission viewed in a plane orthogonal to the electric field will therefore not have any π-lines. 
If the Zeeman effect was considered, the σ-lines viewed in this direction would have circular 
polarisation but for Stark effect the σ+ and σ - are degenerate and only unpolarised light will be 
seen. Both the emission pattern and the polarisations can be understood classically by interpreting 
the π-transition as a dipole oscillating linearly along the electric field and the σ transition as a 
dipole rotating around the same field vector. There are actually ideas of how to determine the 
magnetic pitch angle from only measuring the different σ- and  π- emission patterns themselves62.  
  
The nine emission lines in the Dα spectrum are often divided into three separate groups. The three 
central emission lines all have σ-polarisation whereas the three lines on either side have π-
polarisation. If only a part of the spectrum was selected by a spectrometer or interference filter it 
would therefore have a specific polarisation. This polarisation would be oriented with respect to 
the electric field. If the external electric field is small or if it can be accounted for by simulation or 
other diagnostics it is in principle possible to derive the direction of the magnetic field (we assume 
that the particle velocity vector is known). This is the foundation for the MSE-diagnostic used on 
many fusion devices worldwide 63, 64, 65, 66.  
  
If the separation between the lines is smaller than their FWHM it is possible that they will overlap. 
When this happens the light collected will no longer be fully polarised. The π and σ components 
are orthogonal but as they are incoherent the polarisation vectors will not add to give polarisation 
at 45 degrees but rather to give unpolarised light. Under such circumstances it is useful to define a 
polarised fraction of the light and a polarised intensity. They are both important for the signal to 
noise calculations. If noise sources such as background light and dark current can be neglected, 
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S/N will scale linearly with the square root of the product of the polarised fraction and the 
polarised intensity.  
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5.3  Neutral Beam Injection 
 
One important way to heat the plasma non-ohmically is to use neutral heating beams67. Neutral 
hydrogen (deuterium, tritium) is ionised and accelerated to high energy (typically 30-100 
keV/amu). The ion beam then passes through a neutral gas chamber and a fraction of the ions 
charge-exchange and become neutral. The particles that do not neutralise are dumped and never go 
into the plasma. The neutral beam penetrates the plasma and heats it by collisions. The beam 
particles are ionised, which lead to attenuation of the beam, excited, which lead to beam emission, 
and charge exchanged with plasma atoms, leading to the exciting field of CXRS.  
 
The decrease of beam particles along the beam due to the attenuation also leads to attenuation of 
the beam emission signal. This can be of great importance in high density, large minor radius 
plasmas, where the signal may decrease enough to completely vanish in the centre. This is 
undesirable from a plasma heating point of view and from a plasma diagnostic point of view as 
well. The machine operator would like to have the possibility of heating the centre of the plasma 
(as well as using the current and torque effects neutral beams have on the plasma) and the 
spectroscopist would like to be able to diagnose the centre. A common remedy is to use a higher 
beam power, if possible, since the more energetic atoms will penetrate further.  
 
Upon closer examination of the beam emission spectrum it becomes clear that more than only the 
expected 9 Stark components exist.  There are usually 27 (3 times 9) components. These additional 
18 lines (often are not all resolved) have their origin from half and one-third energy particles in the 
beam. Sometimes H2 or even H3 molecules have been accelerated and they then share the energy 
supposed to go into only one particle.   
   
 
 

 5.4  Magnetic fields in a toroidal device 
 
If the linear polarisation angle is detected from a diagnostic port, using for example a PEM 
(chapter 2.5), the detected angle will be a projection of the angle experienced by the atom. This 
projection is naturally only a function of geometry and in particular of the angles α, δ, θ and Ω. α 
and Ω are defined in figure 5.4.1. δ and θ are out–of-plane angles describing the inclination of the 
neutral beam with respect to this plane and the inclination of the line of sight with respect to the 
plane. The values of all these angles will vary along the line of sight and each radial channel has to 
be treated separately. 
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Fig 5.4.1 Neutral beam and MSE geometry 
 
 
If the presence of external electric fields can be neglected, the measured polarisation angle is 
related to the magnetic fields as follows 68.  
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Sometimes the toroidal magnetic field is very large compared to the other fields and also A1 and 
A2 are very small due to the small out-of-plane angle δ. Under such circumstances the measured 
polarisation angle can be expressed as in equation 5.4.2. 
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The pitch angle γ is a parameter of great interest in fusion plasma physics since it describes a 
relation between the toroidal and poloidal magnetic fields. It is defined as follows.  
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Therefore a very simple direct relationship exists between the measured polarisation angle and the 
pitch angle. 
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The usual procedure is, however, not to use this directly but rather to use this as a constraint for an 
equilibrium reconstruction code with input from several diagnostics. One common equilibrium 
reconstruction code that works like this is EFIT69, which is in use at JET, MAST and several other 
fusion experiments. As is obvious from eq 5.4.1 different viewing chords will have different A-
coefficients. Fig 5.4.1 below shows how A0 and A5 vary for the MAST geometry as a function of 
major radius.  
 
 

 
Fig 5.4.1. The A-coefficients A0 (solid) and A5 (dotted) are functions of viewing chord, or (alternative view) of radius. 
 
 
 
5.5  Selected ITER MSE diagnostic issues 
 
As measurements of the q-profile will be important for the successful operation of ITER, in 
particular in advanced confinement regimes, two MSE systems are planned for the experiment 
[Paper A2]. Figure 5.5.1 shows a schematic of the two systems as they were originally proposed. 
After the proposal (by EU scientists) the USA has been handed the responsibility for the ITER 
MSE diagnostic and it is yet unclear how this will affect the proposal.   
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Fig 5.5.1 Plan view of the MSE edge and core arrangement on ITER. Two periscopes look at different heating neutral 
beams (HNB) providing best spatial resolution and complementing plasma coverage. Eport3 periscope is placed above 
the HNB 4 level. From paper A2. 
 
Mirror labyrinths are envisioned to guide the light and provide shielding from the damaging flux of 
neutrons. Two problems associated with the mirror labyrinth will here be considered. Firstly the 
effect on polarization from the mirror labyrinth. Secondly the impact evolution of the plasma 
facing mirror (first mirror) has on incident light. Both issues are addressed in paper I. The 
experimental setup used for the tests is pictured in Fig 5.5.2. 
 

Mirror labyrinth 

Light source

Rotary stage and polariser

PEMs 
polariser 

Detector 

Data acquisition

 
 
 
 
 
 
 
 
 
 

Fig 5.5.2. Experimental setup for measurements on mirrors and mirror labyrinths. 
 
Several materials were studied. It is typically found that common mirror material such as silver, 
gold or aluminum show relatively low distortion of the polarization (polarization scrambling). 
Materials like stainless steel (SS) or Rh typically show much larger polarization scrambling. The 
polarization scrambling also varies with the polarization (azimuthal) angle as can be seen in Fig 
5.5.3. When the polarization is in the mirror s or p plane no scrambling at all occurs. The largest 
scrambling is denominated peak angle difference (PAD) which can be used to facilitate 
comparison between different materials.      
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Fig 5.5.3. Measurement and fit of linear polarisation change and circular polarisation fraction after a 4 Rh-mirror 

labyrinth. 
 
For ITER the polarisation scrambling in the labyrinth could possibly be calibrated away, although 
it, of course, is beneficial to have as little scrambling as possible. The choice of material is not only 
a matter of reflectivity and polarisation scrambling effects. It is more likely that what will 
ultimately determine if a particular material is viable or not is if it is acceptable to have inside the 
tokamak. Firstly, the mirror materials may pollute the tokamak wall and in the extension migrate 
into the plasma through erosion processes or the material may erode unfavourably, destroying its 
mirror properties. Secondly, the mirror material may transform into unacceptable (poisonous or 
radioactive) materials through the irradiation from the plasma. These are reasons why we 
investigated an odd mirror material such as rhodium.    

 
Fig 5.5.4. Measurement of peak angle difference of exposed mirrors, SS ( ), Al on Glass ( ), Al on SS ( ) and Al 

on SS reference ( ). 
 
A more serious issue than the labyrinth itself is how the first mirror (which is directly exposed to 
the plasma environment) may change in time. The hostile plasma environment gives rise to both 
erosion and deposition processes that both can significantly change the mirror properties. A study 
from paper I is shown in figure 5.5.4 above. It shows how an aluminium on stainless steel mirror 
changes after plasma exposure. Unless it is possible to have a first mirror with reflections very 
close to the normal, errors of the order of a degree or more may evolve. 
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5.6  Effect of Er on MSE measurements 
 
Since the Stark splitting depends on the electric field the presence of inherent electrical fields 
(typically Er) will make the interpretation of data more difficult. Another way of viewing the Er 
effect on the measurement is that the diagnostic potentially can be used to measure Er. Normally 
two different ports monitoring the same region would be used to separate the Er effect. 
 
Since JET MSE only uses a single viewing port and operates in a very noisy environment, 
information about the radial electric field is difficult to get. Three previous experiments have been 
performed on JET. They have been analysed but the conclusion from them is that the uncertainty 
in the experiment hides the physics. The uncertainty comes mainly from three problems: 

1. Inherent fluctuations 

2. Not using the same  PINI 

3. Not being able to compare the same radial positions 

Two new proposals have been put forward within this work. They were originally supposed to be 
run during the high level commissioning (HLC) during JET operation 2005. They were, however, 
cancelled when the physics program got delayed due to problems with the restart of the machine. 
The proposals are nevertheless listed here as they are interesting in themselves and may be 
performed in future HLC phases.   
 
Proposal 1. 
This proposal suggests using a single PINI for the measurement and using the full and half-energy 
Stark components which at low magnetic fields should be separate. This will circumvent one of the 
problems with earlier measurements (using different PINIs) and will build on their knowledge. 
Earlier attempts with this method were done at higher magnetic fields and only delivered a single 
useable pulse due to machine problems.   
Problem 2 does not exist in this proposal. 
 
Octant 4 NB: Only PINI 1 active during experiment time (3s) 
PINI 1 voltage: 126keV (standard) 
Axial toroidal magnetic field in range 0.5-2 T, preferably in shorter interval 1-1.5 T. 
Switching on/off of PINI 1 during experiment time (3s). 100ms on, 100 ms off.   
 
Proposal 2. 
This proposal suggests using two different PINIs for the measurement but matching the energy of 
the second PINI so that the most shifted Stark component of that PINI will coincide spectrally with 
the least shifted Stark component of the first PINI. The result will be that all MSE-channels can be 
used in the measurement and not only every second as in earlier attempts. This will circumvent one 
of the problems with earlier measurements and will build on their knowledge. 
Problem 3 does not exist in this proposal. 
 
Octant 4 NB: Only PINI 1 and 7 active during experiment time (3s) 
PINI 1 voltage: 126keV (standard) 
PINI 7 voltage: Varible, depends on magnetic field.   
Axial toroidal magnetic field in range 2.5-3.0 T. 
Switching on/off of PINI 1 and PINI 7 during experiment time (3s). 100ms on (PINI 1 only), 50 
ms off, 100ms on (PINI 7 only), 50ms off.   
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Chapter 6.  The MAST MSE diagnostic 
 
 
This chapter is aimed as a presentation of the design and the development of the MAST MSE 
diagnostic as well as introducing the first results from it. 

 
 

6.1  Introduction to MSE in a low field environment 
 

The most important challenge in developing a MSE diagnostic for MAST is the low toroidal 
magnetic field. Typically the toroidal field is 0.5 T on axis which in comparison with machines 
such as JET means that the Stark shift is a factor of 6 smaller. In fact, the Stark effect is so small 
that broadening effects such as Doppler broadening, geometrical broadening or finite volume 
broadening becomes comparable and larger than the Stark split itself. It is typically expected from 
a low field machine like MAST that the MSE spectrum will not be resolved at all but rather look 
like a single broadened emission line. However, what may seem like a daunting task has actually 
been performed before. On NSTX (Spherical Tokamak, B∼0.3T) Levinton has developed a MSE 
system with several channels and excellent performance70. They make use of highly resolving and 
quite expensive Lyot filters to separate the spectral components. On MST (a reversed field pinch, 
B∼0.1-0.5T) Craig et al. have adopted a different approach and focussed their work on reducing 
broadening effect and measuring the entire spectrum71. John Howard has worked on seemingly 
very interesting spectral techniques for low field machines72. A completely different alternative has 
also been investigated by Foley where laser induced fluorescence is used to actively monitor the 
pitch angle73. The approach taken on MAST is to attempt the traditional MSE filter approach but 
using interference filters with a much sharper bandpass shape than tried before.    
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6.2   MAST MSE Overview: Hardware 
 

 
 

Fig. 6.2.1 Schematic diagram of the MAST MSE diagnostic. The collecting part (left) and the detecting part (right) are 
separated by an optical fibre. 

 
A schematic of the diagnostic is outlined in figure 6.2.1. It consists of two parts, the collecting part 
and the detecting part and they are connected through optical fibres. The collecting part is mounted 
on a diagnostic port on the MAST vessel and it receives the beam emission through the port 
window. The light passes through a pair of photo-elastic modulators (PEMs) (HINDS PEM-90) 
and a polariser sheet (Melles Griot) and is thereafter focussed down onto a moulded rectangular 
fibre bundle by a 38 mm diameter lens. The two fibre bundles have split ends to allow charge-
exchange recombination diagnostic fibres to fit in between. A picture of the fibre holder v1.x (yes 
there were many versions before the upper and lower sections could be moved smoothly in 
parallel) is shown in Fig 6.2.2. In a later version (v2.0) that is currently used the spacing for the 
charge-exchange fibres has been removed since it was decided not to combine the two diagnostics 
at this stage. This improved the collection efficiency of the diagnostic since v2.0 collects a more 
central part of the beam than v1.x. Each bundle comprises of 36, 400 µm diameter, NA=0.37 (only 
0.26 filled) optical fibres and they have a total etendue of 1.1 mm2 sr which is preserved 
throughout the diagnostic. The projected area of the beam that each channel covers ranges from 
25*100 mm2 at the edge of the plasma to 30*140 mm2 at the plasma centre. Both channels can be 
positioned within the plasma to an accuracy of 0.5 cm by adjusting the physical position of the 
channel in the image plane. The most important part of the diagnostic is the PEM where the 
polarisation information is decoded into intensity modulations by two rapidly (ω1=20 kHz and 
ω2=23 kHz) oscillating birefringent crystals. 
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Fig 6.2.2 The fibre holder v1.x. Miniature to the right shows color mapping of the fibres at the collecting end. 

 
The detecting part of the diagnostic uses two doublet lenses to expand the beam from the fibre and 
matches it to a 50 mm diameter, 0.1 nm FWHM bandpass high throughput interference filter (Barr 
Associates). The interference filter has a two-cavity design to obtain a Gaussian shape at the band 
edges so that light from other wavelength regions than the measured one will be better suppressed. 
The fibre bundle on the detecting part has a circular cross section to minimise the spread of angles 
illuminating the filter. Nevertheless, due to the finite size of the fibre bundle the spread of angles 
seen by the filter will increase its FWHM to 1.04 Å. After passing through the lens the light is 
focussed by a doublet lens onto an avalanche photo diode (APD, Hamamatsu C5460-01) with an 
active area with 3 mm diameter and 100 kHz cut-off frequency. The electrical signal is thereafter 
measured at 250 kHz and stored by an ADC-card for further digital processing.  
 

 
Fig 6.2.3 The detecting part.  Miniature to the right shows color mapping of the fibres at the detecting end. 

 
Since the separation between the σ and the π components of the emission is so small the most 
critical step becomes how to separate them adequately and still keep a large etendué. A lot of work 
and effort were put into finding the optimal solution. A filter spectrometer was quite early 
envisioned since it combines high throughput, simplicity and adequate FWHM. The question of 
what FWHM bandshape was optimal was studied thoroughly and the conclusion became that 
having a FWHM of ∼1Å was most efficient. Using a smaller FWHM indeed increased the 
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polarised fraction of the light but the fraction of light captured also decreased rapidly. 
Furthermore, already a 1Å interference is quite difficult to produce, even more so with a high 
transmission. Reducing the FWHM even further may, besides not really improving the signal, end 
up with production difficulties such as low transmission or non uniformity. A larger FWHM would 
give the opposite result with a larger but less polarised signal. Not only the FWHM of the band 
shape is important but also the shape itself. A 1-cavity interference filter would give a Lorenzian 
shape and a 2-cavity filter a Gaussian shape, dropping much faster around the edges. This is very 
important and 2-cavity interference filters became the preferred solution. 
 
A valid question concerning the miniatures in Fig 6.2.2 and Fig 6.2.3 would be why they have 
different shapes. The reason is that filters illuminated under an angle transmit light at a different 
wavelength and as a result illuminating a filter with a finite size light source will cause a 
broadening effect on the filter band shape. This was simulated before the filter purchase in order to 
determine if this could be detrimental for our diagnostic. Fig 6.2.4 shows results from simulations 
where a circular aperture (as in the filter spectrometer) illuminates a 1Å filter. Different sizes of 
the circular aperture are presented, with the size defined by the maximal angle that the illuminating 
source makes to the filter (since it is the angle rather than the size that matters). The filter 
spectrometer in our design has a maximal illuminating half-angle of 0.8° and would broaden the 
FWHM from 1.0 Å to 1.04 Å, which was deemed acceptable. It is preferable to have as much light 
as possible at low incidence angle and that is the reason for using mapped fibres instead of random 
mapping.      

 
Fig 6.2.4. Simulation of band pass shape of a 1Å filter illuminated with a finite circular spread of different half-angles. 
0.5°- FWHM=1.02Å (full), 1.0°- FWHM=1.10Å (dotted), 1.5°- FWHM=1.36Å (dashed), 2.0°- FWHM=2.10Å (dot-
dashed) 
 
Ability to tune the filter wavelength is preferable in an MSE diagnostic since the optimal 
wavelength changes with beam voltage, and the beam voltage may be changed as part of the 
physics program. It was early understood that tuning a 1Å filter spectrometer might be 
problematic. The reason for this is that the filter transmission wavelength depends strongly on 
incidence angle. Having a spread of angles (from a finite source) is much worse if it occurs at high 
angles than at small angles. Fig 6.2.5 shows what would happen if one tilts the filter to change the 
filter wavelength a few Ångström when it is illuminated by a quadratic source with maximal (1d) 
angle of 0.8 °. This represents the solution of having 36, 0.4mm diameter fibres stacked 
quadratically and tilting in one direction.  
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Fig 6.2.5 Simulation of bandpass shape of a 1Å filter illuminated with a finite quadratic spread of angles.(half 
angle=0.8 °). Tilt angle=0 °- FWHM=1.06Å (full), 1.0 ° - FWHM=1.66Å (dotted), 2.0 ° - FWHM=3.08Å (dashed), 3.0 
° - FWHM=4.68Å (dot-dashed) 
 
This is unnecessarily bad since it is possible to arrange the fibres in a rectangle and tilt the filter in 
the direction of small angular spread, this is how it is done on JET for example. Fig 6.2.6 shows a 
simulation where this is done for six, 1mm diameter fibres stacked in a row, a solution having 
similar etendué as for Fig 6.2.5.  

 
 
Fig 6.2.6 Simulation of bandpass shape of a 1Å filter illuminated with a finite rectangular spread of angles. (half angle 
1=0.3 °, half angle 2=1.7 °). Tilt angle=0 ° - FWHM=1.52Å (full), 1.0 ° - FWHM=1.58Å (dotted), 2.0 ° - 
FWHM=1.72Å (dashed), 3.0 ° - FWHM=2.02Å (dot-dashed) 
 
Unfortunately the conclusion from both simulations is that it is not possible to tune a 1Å 
interference filter by tilting without broaden it significantly. 
Another way to tune interference filters is to change the temperature. A higher temperature 
expands the filter and shifts the transmission wavelength without broadening it. We were, 
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however, advised by the producer (Barr Associates) not to temperature tune the filter why we were 
left with either to physically move the collecting optics or to change the beam voltage to fit the 
emission to the filter rather than the other way around. 

 
 
 

6.3   MAST MSE Overview: Simulations 
 

A numerical simulator for calculation of MSE spectra written by Patrick Carolan has previous to 
this work been used on MAST. This simulator calculates the beam emission spectrum from a 
toroidal device and includes broadening effects due to the collection optics and Doppler 
broadening from neutral beam divergence. During this work the simulator was expanded to include 
broadening effects due to beam energy spread, finite collection volume and filter bandshape. The 
simulator was also rewritten to separate between polarised σ, unpolarised σ and the π components 
of the emission as well as calculating Doppler shifts. 
Figure 6.3.1a shows the polarised σ, unpolarised σ and the π components for a simulation for a 
viewing chord directed at r=83cm on MAST (close to the plasma centre) using a 1 Å FWHM 
Gaussian shaped filter when the beam energy is 60 keV and the on axis toroidal magnetic field is 
0.5 T. The different components overlap completely and the polarised fraction is ∼20% at the 
centre. 

 
Fig. 6.3.1. (a) Simulated spectrum for plasma core showing π (full), polarised-σ (dashed) and unpolarised-σ (dash-dotted) 
beam emission (b) Polarised fraction (full) and polarised  intensity (dashed) of beam emission. 
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A second program was used to determine the expected S/N ratio as well as the overall performance 
of the diagnostic. For this it was necessary to determine what signal level we would expect and 
Michail Torneanskij supplied us with this information as the output from a neutral beam emission 
code. Fig 6.3.2 shows a simulation of the expected noise level if the diagnostic was to run with 1 
ms time resolution.  

 

 
Fig. 6.3.2. Simulation of noise in measured polarisation angle as a function of plasma radius. 

 
 
 
6.4   MAST MSE Overview: Bench calibration 
 
There are several methods to calibrate a MSE diagnostic. The most common include beam into 
gas, in situ calibrations, bench calibrations and measurements on current holes.  
 
An in situ calibration is possibly the best method as it means going into the machine and emit light 
of known polarisation and position and compare to what the diagnostic measures. This way the 
need for calibration of lines of sight (see sect 6.5) becomes unnecessary. One of the few things that 
is still unknown after an in situ calibration is any effect that the magnetic field may have on the 
components (such as Faraday rotation in the vessel window). In situ calibration is, however, 
difficult to perform since it needs access to the inside of the vessel. 
 
In the absence of in situ calibration, a bench calibration can be used to determine the performance 
of the PEMs. It can be done to different levels of similarity to the experiment itself. On JET, for 
example, the exact geometry is recreated using a moveable arm to illuminate the PEMs from 
different angles. In the bench calibration setup on MAST (Fig. 6.4.1) only light illuminating 
straight through the PEM is considered. This means that corrections due to viewing geometry need 
to be applied later. This correction is essentially a projection of the polarisation vector onto the 
plane of the PEM.   
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Fig 6.4.1. A photograph of the MAST MSE Bench calibration setup. 

 
Figure 6.4.2 shows the remaining error between input and detected polarisation angle after 
compensating for misalignment of the analysing polariser after the PEMs. The error is small, less 
than 0.1 °, but it also shows some small structure. After low pass filtering the data can be used as 
our calibration. Since figure 6.4.2 was measured for a specific position of the fibres, the same 
procedure was repeated for several positions. The result is a matrix with angle and position as 
dimensions and our final result needs to be corrected by an interpolation to that grid.     
 

 
Fig. 6.4.2. Remaining error in channel 1 after calibration as a function of angle. 

 
 
 
6.5   MAST MSE Overview: Lines of sight calibration 
 
It is important to determine what the line of sight is for different positions of the fibres. The 
motives are threefold. Firstly, it is necessary to know the line of sight to correctly determine what 
radius we are measuring. Secondly, we need the line of sight to know the Doppler shift of the 
beam emission, essential to sample the correct part of the spectrum. Thirdly, we need the line of 
sight to determine how the polarisation angle projects onto the PEM, this involves both an offset 
(the zero direction on the PEM) and it affects the A5 and A0 coefficients (see section 5.4 for more 
information). 
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The lines of sight were measured by back-illuminating the fibres and photographing the spot it 
made on the inner vessel wall through another window using a digital camera with long exposure 
time. The fibres were stepwise moved to different positions and new pictures were taken. Fig 6.5.1 
shows a digitally enhanced photograph of a sum of all the pictures. 
 

 
Fig. 6.5.1. Digitally enhanced picture of calibration of sight lines of the MAST MSE. 

 
An IDL (interactive data language) program called LEON was adapted for the MSE fibres. LEON 
uses input information on position and direction where the photo was taken. From this it maps the 
internal geography of MAST such as windows, beam dumps and coils. The input parameters are 
tweaked until the LEON mapping and the photograph match. In the next step it projects the MSE 
backlight spot on the wall using information on the position of the fibres. When this mapping also 
agrees with the photograph the line of sight is known. This procedure is somewhat cumbersome 
since LEON currently only projects the spot as where it would be on the wall. But in Fig. 6.5.1 a 
beam dump is clearly visible and many lines of sight end on this. This problem was circumvented 
(but not entirely solved) by artificially changing the “wall” position to the beam dump position. 
This, however, leads to some uncertainty in the measurement. Future work could focus on 
improving this part of the program.   
 
When the lines of sight in this manner had been found it was not difficult to find the expected 
Doppler shift for different fibre positions and different beam energies. The result is shown in Fig 
6.5.2 below. In the range 50-60 keV the light is expected to have a wavelength between 658.5 and 
656.0 nm depending on fibre position. The first 4 filters bought for this experiment had 
wavelengths 659.3, 659.6, 660.0 and 660.3 nm. The reason was that we had been expecting a 
higher beam voltage.  
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Fig 6.5.2 Doppler shifts as function of beam energy for different fibre positions in (left panel) Ch1 and (right panel) 
Ch2. The fibre positions are counting from above for Ch1, 47.6, 44.6, 41.4, 37.9, 34.5, 32.2 mm and for Ch2, 38.7, 
35.2, 31.7, 28.2, 24.7, 21.1, 17.6, 15.5, 13.3, 11.2 mm.  
 
Due to the mismatch between filters and beam energy only 2 filters (659.3 and 659.6 nm) have 
been used and the filter positions have always been rather large, mainly monitoring the inner part 
of the plasma R<110 cm. See figure 6.5.3 for the relation between fibre position and the plasma 
major radius where the line of sight intersects the neutral beam.   
 

 
Fig 6.5.3 Relation between the fibre position in its holder and from where in the plasma the diagnostic collects light.  

Ch1 (solid), Ch2 (dashed). 
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6.6   MAST MSE Overview: Software 
 
This is a quick guide to the code created for the interpretation of MAST MSE data. It is intended to 
show future users the essential parts needed and also the parts that need checking or further work. 
The structure of the code is similar (as well as many variable names) to the MSE code on JET 
written by Nick Hawkes.  
 
All programs are written in IDL. The primary program is called calc_pa.pro. It is printed in the 
Appendix for convenience. It will typically be called using the line: 
IDL>calc_pa,pulno=’XXXXX’,channel=Y,/wind,smo=Z 
Where XXXXX is the pulse number. The channel (Y) can be either 1 or 2. Using the optional 
keywords smo, smoothes the result over Z ms. The optional keyword wind compensates for 
polarisation scrambling effects in the vessel window. The only reason not to use it would be if it is 
of interest to study the raw data. Information on all keywords and how to use them can be found by 
setting the keyword ”help” or by looking in the beginning of the code. 
 
The main structure of the program could be summarized as follows: 

1. Get the data signal from the detector and the reference signals from the PEMs.  
2. Determine the modulation frequencies of the PEMs 
3. Extract “in-phase” and “out of phase” frequency components from the data signal (digital 

lock-in) 
4. Determine the correct phase of the signals and rotate the data signals into the “in-phase 

signal” 
• At this point we have a vector with entries that represent the magnitude of different 

frequencies, these are related to the Stark vector as described in section 2.5. 
5. Adjust the magnitudes for detector frequency roll-off 
6. Determine the Stark vector from the frequency magnitudes 
7. Correct the Stark vector for: 

• Analysing polariser not at 22.5 degrees 
• Changes in polarisation as light passes through vessel window 

8. Determine “values of interest” such as measured angle and linear polarised fraction from 
the Stark vector 

9. Determine the pitch angle from the measured angle by taking into consideration 
• Bench calibration results 
• Offset from rotation of the PEM casing surface with respect to bench calibration 
• Projection of zero pitch angle direction onto PEM plane. 
• PEM zero is 22.5 degrees offset from PEM casing surface. 
• Projection coefficients A0,A1…. 

10. Store/print result  
 
Some of the above points are worth special attention. The “Projection of zero pitch angle” means 
that different lines of sight have their zero pitch angle at different measuring positions. This is 
solely due to the out-of plane geometry of the MAST MSE system and is not something that 
happens for MSE systems with lines of sight only in the plane. This topic has not been discussed 
anywhere in the literature which may be due to the lack of experiments with out of plane 
geometry. The varying offset can be seen in Figure 6.6.1 below (Offset to PEM casing is also 
included but this naturally does not depend on the line of sight).  
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Fig 6.6.1 Calculation of the variation of the offset angle as function of viewing geometry (minor radius). 

 
A further interesting fact is that the MAST bench calibration is performed in such a way that the 
rotating polariser is “stiff” and not aligned perpendicular to the lines of sight. Since the PEM 
surface normal not exactly points in the same direction as the lines of sight this means that two 
projections need to be made in the calculation of the offset. The first is from the “lab-frame” onto 
the LOS and the second is from the LOS to the PEM. However, the second projection only creates 
a minor change.  
 
 
6.7   PINI voltage sweep 
 
Since the MAST MSE diagnostic lacks the possibility to tune the filter wavelength one of the first 
experiments was to instead sweep the voltage of the neutral beam and monitor the response. Due to 
misfortune we have not yet had the possibility of having a single controlled sweep so instead the 
sweep has been made parasitically. This unfortunately means that the scenarios are not identical. 
Two main scenarios were attempted, one high current (*) and one with lower single null 
discharges (◊). The high current scenario was furthermore not constant all through the series. 
Figure 6.7.1 and 6.7.2 show the result for the two channels. The general feature is an intensity 
profile that seems to peak around 47 kV, the small intensity bump at 50 kV is believed to be due to 
a scenario change. The linear polarised fraction seems to be in the order of 10% in the centre and 
then decreases to a minimum close to 0% and then sharply increases to more than 20%. There also 
seems to be a fair amount of circular polarisation. This goes against the common understanding of 
the Stark effect but the observation is not unique and has been seen on other machines 
previously74. As the beam energy is swept, the filter first collects π emission, then σ and then π 
again. Therefore, two 90° jumps are expected with mostly flat angles in between. This is 
qualitatively seen but the jump is not 90° but closer to 100°. This may indicate that something is 
not working properly. A possibility is that the effect of the window is not properly compensated 
for. 
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Fig 6.7.1. The response from the inner channel (R≈86cm) for a beam voltage sweep.  

 
Fig 6.7.2. The response from the outer channel (R≈107cm) for a beam voltage sweep.  
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The linear polarised fraction at the centre is smaller than expected from simulations but still large 
enough for useful measurements. A partial reason for the lower polarised fraction could be that this 
study was made only using a 1-cavity filter with a Lorentzian band pass shape. The original 2-
cavity design should improve this. Furthermore, the beam is still being conditioned and it is 
conceivable that this also will improve the measured spectrum. There is, however, also the 
possibility that effects not included in the simulations are detrimental enough to reduce the 
maximum central linear polarized fraction to what is seen in this study.     
 
 
 
6.8   Specific studies 
 
Plasma shots and Sawteeth: A typical good performance shot is shown in Fig 6.8.1. The 
measurement has been smoothed for 5 ms and the rms-noise is rather small. For 1 ms time 
resolution the standard deviation has been calculated to be ∼0.5° for discharge #16246, not far 
from the simulated value. The larger excursions seen in the pitch angle evolution is believed to be 
related to actual changes rather than noise. The typical raw signal is large in comparison with 
detector and background radiation noise. This can be inferred from the immediate drop in signal 
when the beam loses power. Since this was a point of concern and worry it is worth to emphasise 
that the large H-alpha peak seems to be completely blocked even by the 1-cavity filter with which 
this measurement was done.  

 
Fig 6.8.1 An example of the diagnostic performance, channel 1 in discharge #16246. 
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The polarised fraction is quite stable around 10% in this shot. The rather large polarised fraction 
seen when the beam power is off is not something to worry about. It can be explained as follows. 
Point 7 in the code (section 6.6) compensates for the effect of the window. However, when the 
beam is off the main part of the signal is actually inherent detector noise. Since all data is corrected 
for the window this introduces a “fake polarisation” when the beam is off. The MSE data has also 
been directly compared with the equilibrium code EFIT. This is done in Fig 6.8.2 for shot 16246 
and in fig 6.8.3 for shot 16374. The most striking in the comparison is potentially how much the 
data from the two MSE channels and from EFIT resembles each other. The slope of the pitch angle 
before 150ms shows how the magnetic axis is changing, the rather large steps in pitch angle at the 
sawtooth triggered H-mode at 300ms is also predicted by EFIT.  

 
Fig 6.8.2 A comparison of MSE measured pitch angles (light-gray) with EFIT angles (gray) together with SXR (black) 

to illuminate sawtooth crashes (discharge #16246) 

 
Fig 6.8.3 A comparison of MSE measured pitch angles (light-gray) with EFIT angles (gray) together with SXR (black) 

to illuminate sawtooth crashes (discharge #16374) 
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Beam into gas: A number of discharges where the beam was fired after the discharge had 
terminated have been studied. In these discharges there is still a toroidal field and possibly also 
stray poloidal fields.  
 

 
Fig 6.8.4 Beam into gas shot (with toroidal field) 

 
The purpose of such a discharge is that in theory it should give an angle of 0°. In Fig 6.8.4 the π 
transition was monitored (hence the close to -90° angle). There are some points worthy of special 
attention. The signal is much lower than when firing the beam into plasma but the polarised 
fraction is higher (over 30%). The pitch angle shows two problems. The first is that it is changing. 
This is believed to, as mentioned above, be due to stray magnetic fields from the coils. However, it 
is a rather large change and possibly stray fields cannot account for this. Other possibilities include 
that the rather large drop in beam voltage affects the measurement, but since the polarised fraction 
is so high it is difficult to understand how. The second problem related to the pitch angle is that it 
does not show exactly –90° as would be expected. This is probably an indication that there are still 
unresolved systematic error sources. Of course, keeping in mind that the difference between σ and 
π is not 90°  (section 6.7) this could just be another side of the same coin. 
One discharge specifically studied is #16227, shown in figure 6.8.5. The shot was aborted but the 
beam fired into the vessel nevertheless. Therefore it can be considered as a beam into gas shot but 
without any fields whatsoever. Emission from hydrogen atoms without external fields is assumed 
to be uniform and unpolarised. What was seen (Fig 6.8.5a) was, however, a large fraction of 
polarised light at a rather constant angle. This has been interpreted as unpolarised light being 
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polarised by the passage through the vessel window at an angle. Fig 6.8.5b shows the same shot 
but adjusted for the window. As can be seen the polarised fraction is close to 0 % and the pitch 
angle is much more noisy. A remaining problem is unfortunately that calculations of polarisation 
in glass-vacuum interfaces predict lower levels of polarisation than seen experimentally. Solutions 
to this could be that the window is covered by a thin layer or in the worst case, that we have 
pollution from polarised wall reflections.  In-vessel calibrations can hopefully resolve this issue. 

 

 
Fig 6.8.5 Beam into gas discharge 16227  with no toroidal field. Analysis without compensation for the vessel window 

(left panel) and with compensation  (right panel). 
 

6.9   Further developments 
 
With a new diagnostic that at this time can hardly even be called properly commissioned there are 
always several things needing attention and the prospects of improvement are plentiful.  
An in-vessel calibration where both polarised and unpolarised light sources are placed inside the 
vessel during a vacuum break is something that has a high priority. Plans for this are already being 
made but there are also unsolved details. An in-vessel calibration system is currently successfully 
used on Alcator C-Mod, and some of the ideas used in their approach may be followed for the 
system on MAST. The benefit of having an in-vessel calibration system is that the transfer 
function all the way from the emission source to the output from the code can be determined in a 
single measurement.   
Likewise a shutter for the MSE diagnostic window is quite desirable since the problems associated 
with polarisation changes in an evolving window may be serious.  
There are plenty of plasma scenarios which would be considered important. To verify the 
diagnostic it would be suitable to use a rapidly sawtoothing discharge (in order to safely assume a 
monotonic q-profile) and look at the pitch angle for similar discharges with different currents. 
Such discharges ought to show the gap between the pitch angle for the two channels increasing 
with increasing current. Further studies of the connection between Alfvén cascades and MSE 
measurements could also be quite interesting.  
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Chapter 7.  Conclusions  
 
 
The main conclusions in this thesis are the following. 
The calibration issue needs to be properly addressed in the design of the new ITER MSE 
diagnostic, preferably by installing an in-situ calibration capability. Measurements on a mirror 
exposed to TORE SUPRA plasma highlights the problem of surface evolution due to erosion and 
deposition, with large changes in polarising properties. Extending mirror labyrinths to 3D 
significantly reduces the polarisation scrambling from the labyrinth but adds to design complexity. 
It is possible to extend the filter approach in MSE to low-field experiments like MAST. Clear 
correlation between MSE measurements and EFIT calculations has been obtained in particular for 
sawteeth discharges. RMS-noise ~0.5° is attainable at a time resolution of 1 ms.  
In EXTRAP T2R a large influx of neutral metals was observed at the end of discharges without 
feedback control. This influx is believed to originate from increased plasma wall interaction. 
Oxygen emission profiles on EXTRAP T2R are very broad with significant contribution from parts 
far from the edge for OVI and OV emission. Similar emission profiles have been obtained with a 
new technique using the correlation between different line integrated channels. Changes in 
temperature profile using comparison of Thomson scattering and the VUV diagnostic has shown 
how the temperature profile becomes more peaked in EXTRAP T2R during PPCD. Oxygen ion 
density profile reconstruction shows how the diffusion is reduced by a factor ∼2 during PPCD 
discharges but how transport remains unaffected by feedback. This implies that although the 
tearing modes increase significantly at the edge without feedback, the core amplitude is mostly 
unaffected. We have furthermore shown that it is possible to use PPCD and feedback at the same 
time.      
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Chapter 8.  Outlook 
 
 
In the beginning there was classical transport theory. That did not work. Neoclassical transport 
theory was developed to take care of the effects from the toroidal confinement. It turned out that 
plasma transport is not neoclassical either. Transport is to a large part driven by other mechanisms. 
And ever since the fusion scientists realized exactly how far away plasma transport is from the 
optimal they have tried their best to decrease transport.   
There has been a clear connection between the development of advanced confinement scenarios 
and the development of diagnostics for such scenarios. This is perhaps nowhere more evident as 
with the discovery of current holes, reversed shear profiles and internal transport barriers in 
tokamaks. Today there are many experiments that have or are developing diagnostics such as the 
MSE diagnostic. In the future it is even conceivable that results from experiments without direct 
measurements of the internal magnetic field will be looked upon with a slight frown.  
This work has focussed on the study of new confinement scenarios, in particular q-profiles 
(internal transport barriers) on tokamaks and PPCD and feedback control on RFPs. A lot of work 
has gone into the development of techniques and new hardware to do these studies (the MAST 
MSE diagnostic, the 5-channel visible spectrometer on EXTRAP T2R, correlation of line 
integrated signals etc). The MAST MSE diagnostic has been successful and there are immediate 
plans for expanding the system to more than 20 channels. I will not even attempt to write down all 
the intriguing studies that will be done in the future with such a diagnostic (or even with the 
current one). There are, however, challenges expanding the current design into 20 channels. In 
particular, the non-tuneability of the filter spectrometer will have to be considered and solved 
perhaps by having a large array of different filters or by temperature tuning. The difference in 
performance between a one-cavity filter and a two-cavity filter likewise needs to be addressed. 
On EXTRAP T2R the future needs for advanced plasma confinement put new requirements on 
hardware. The power supply for the vertical field limits the pulse length at the moment and the 
PPCD discharge is rather short and there is no possibility of shaping the pulse, something that 
could be remedied by new/changes to the capacitors.  
It will be interesting to see if the two new techniques described in this work (line correlation and 
Thomson-VUV) are used on some other experiments and in such a case if their observations agree 
with ours. The last thing I will comment on in this outlook is that there is one more perspective to 
consider. Us. Us humans I mean. We need fusion. Because of this the future for fusion is bright. 
There really isn’t much of an alternative. It’s fusion in 100 years or the candle will go out. I , I 
believe the candle will keep on burning. Hot like the sun. 
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Summary of the included papers 
 
 
Paper I 
This paper shows the effect that mirrors have on the polarisation of light, and how this can change 
when the mirrors get coated. If the mirrors are plasma facing such coatings may originate from 
deposition of plasma material, or erosion of the mirrors themselves. This paper investigates in 
particular a set of mirrors exposed to the TORE SUPRA tokamak. This is highly relevant for ITER 
where the plasma discharges are expected to be very long and diagnostic mirrors are likely to be 
affected. Diagnostics like the MSE will therefore need to have in-situ calibration possibility. The 
work was performed over an extended period in the fall of 2003 and many unknown problems 
were encountered and dealt with.  
 
The contribution I made to this was to set up the experiment and perform the tests. I was also 
responsible for the analysis of the data and the writing of the paper.  
 
 
Paper II 
When using a photo-elastic modulator for the measurement of polarisation many things have to be 
considered if high accuracy is wanted. This paper explores further the results and experiences 
during measurements on how mirrors affect the polarisation (paper I).  It is mostly experimental in 
the sense that a lot of error sources were identified during our experiments. Suggestions are given 
on how to avoid these error sources as well as descriptions on how much they may affect the 
measurement. The effect of a mirror or a set of mirrors in a polarisation measurement is also 
treated and how 3D symmetry solutions may provide help are discussed.  
 
I contributed by setting up the experiment, doing the measurements, analysing the data and by 
writing the paper.  
 
Errata to paper. Equation (5) should read  
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Paper III 
Summer 2004 when the project started, the MAST team was well on its way of exchanging one of 
its neutral beam injectors. The new PINI type neutral beam injector was projected to operate at 
higher power, higher beam energy and lower beam divergence. This enabled the idea of 
implementing a new MSE diagnostic viewing the neutral beam. Since the magnetic field is low on 
MAST the project was challenging and the main idea was to adopt another approach than had been 
implemented on the spherical tokamak NSTX. The paper describes much of the simulation work 
done in the design phase of the project but also outlines the experimental hardware in detail. Bench 
calibration data in line with the simulation is furthermore described.  
 
I contributed to the paper both theoretically and experimentally by being the main person 
responsible for both the simulations (including writing code) and by managing the experimental 
side (including writing analysis code). I was also main responsible for writing the paper.    
 
 
Paper IV 
By using the 5-channel spectrometer at EXTRAP T2R emission profiles were determined and used 
to model impurity density profiles. As outlined in Chapter 3, information on transport processes in 
a plasma, can be gained by impurity density profiles that are compared to modelled profiles. The 
transport during  PPCD and during growth of resistive wall modes are also explored. 
 
My contribution to this paper was to calibrate the instrument, perform the measurements on T2R, 
analyse the data, write the paper as well as identify some of the emission lines. 
  
 
Paper V 
The fluctuations in the signal from the emission lines in the plasma early caught our attention. It 
was discovered that certain emission lines had almost perfect agreement in the fluctuating signal 
level between different channels. Had the same held true for all emission lines we would have 
suspected only influence from global plasma parameters, but closer investigation showed 
systematic differences between different ions. The idea came up that poloidally symmetric but 
radially incoherent fluctuations may explain the results. This led to the possibility of determining 
the emission profiles of ions by only monitoring the correlation in the line integrated signals.  
 
I contributed by writing the paper, doing the experiment and developing the model to analyse the 
correlation between the line-integrated signals. 
 
 
Paper VI 
 
The properties of the interaction between the feedback system on EXTRAP T2R and the MHD 
modes had been examined rather closely but the effect on the global parameters and in particular 
the parameters monitored by spectroscopic techniques had not been explored so thoroughly. We 
set up a campaign where these connections were studied closely. Impurity influx, plasma rotation, 
SXR profiles, bolometry and VUV monitoring are only some of the aspects covered in this paper. 
 
My contribution to this paper was mainly experimental. I worked with and analysed data from 
several diagnostics and took active part in the experiment. I also co-wrote some parts of the paper.  
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Appendix 
 
The main analysis program for MSE on MAST  
 
; ---------------------------------------------------------------- 
; Analyses data from the MAST MSE diagnostic 
; ---------------------------------------------------------------- 
; Written by Mattias Kuldkepp, with lots copied and   
; modified to MAST from Nick Hawkes code on JET 
;---------------------------------------------------------------------- 
; Examples of program calls  
; 
; calc_pa,pulno='15964',chan=1,/plo,smo=10 
; or 
; calc_pa,pulno='16246',/plo,smo=5,/write,/wind 
; 
; run for testshots with ... 
; calc_pa,pulno='2138',chan=1,testshot='2337', calib=1  
; 
; for invessel calibration use: 
; calc_pa,pulno='-2405',chan=2,smo=5,pstr=p,/wind,inves='2585',out=out2 
; 
;---------------------------------------------------------------------- 
 
;Further developments of the code could include compensations for 
; 
; 1. Faraday rotation in window,  
; make theoretical calculation, measure in future 
 
; 2. PEM operation points  
; We might be able to compute these with higher harmonics comparisons.  
; Tests show unsatisfactory results, remains unsolved 
 
; 3. Background light 
; Difficult to implement. As long as it is not polarised we should be alright 
 
pro calc_pa,pulno=pulno,channel=channel,testshot=testshot,pstruct=pstruct, 
calib=calib,passnumber=passnumber, $ 
moreplots=moreplots,printfile=printfile,smo=smo,help=help, 
out=out,plot_cur=plot_cur, writeida=writeida, $ 
windowcal=windowcal, vectoroffset=vectoroffset, invesselínvessel 
 
print,'---------------Important------------------------------------------------------------' 
print,'The program fibrepos.pro contains a logbook over the fibre positions. Whenever 
the ' 
print,'position of the fibre in the holder is changed the logbook needs to be updated' 
print, '----------------------------------------------------------------------------------' 
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if keyword_set(help) then begin 
  print, "   calc_pa, channel=channel, pulno=pulno" 
  print, "   Analyse and plot mse data" 
   
  print, '--------------necessary keywords-------------------------------------------------' 
  print, "   channel    - channel number (1 or 2), required unless keyword writeida is set 
" 
  print, "   pulno      - pulse number " 
   
  print, '--------------keywords necessary for a calibration run---------------------------' 
  print, '   calib - set keyword for calibration run' 
  print, '   testshot - assign the XIM testshot number to the testshot-keyword and 
the XVS testshot number to' 
  print, '                the pulno-keyword' 
   
  print, '--------------optional keywords--------------------------------------------------' 
  print, '   moreplots - set keyword to make plots' 
  print, '   printfile - set keyword to print plots' 
  print, '   pstruct - output p-structure will be assigned to this variable' 
  print, '   out - output structure including pol. frac. and pitch angle. Used for 
calibration file creation and other purposes' 
  print, '   smo      - if set it changes the smoothing to this number of ms otherwise 
default is 14ms' 
  print,  '  plot_cur   - plots plasma current for the shot as well as beam voltage and 
current' 
  print,  '  writeida   - writes an IDA file wtih the data, if keyword is set the program 
runs twice, one each channel'  
  print,  '  windowcal  - Tries to compensate for the port window' 
  print,  '  passnumber - Only used by the scheduler' 
  print,  '  vectoroffset - Use this to use vector projections instead of A-coefficients' 
  print,  '  invessel   - Set this to keyword to the XIM data number if the pulse is an 
invessel calibration shot' 
  return 
endif 
 
;---------------------------------------------------------- 
;---------------------Initialisations---------------------- 
;---------------------------------------------------------- 
 
tvlct,255*[0,0,0,0,1,1,1,1],255*[0,0,1,1,0,0,1,1],255*[0,1,0,1,0,1,0,1] 
n_channels=2  ;number of channels 
 
if keyword_set(smo) then begin 
 smo=200.*14.28/smo 
endif else begin 
 smo=200. 
endelse 
 
if keyword_set(writeida) then begin  
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 IDAfilename='IDA/ams'+SHOTSTR_DT(pulno) 
 fid=OPEN_IDA_DT(IDAfilename) 
end 
 
if keyword_set(writeida) then begin 
 start=1  
end else begin 
 start=2 
end 
 
;---------------------------------------------------------- 
;------------------Start of main loop---------------------- 
;---------------------------------------------------------- 
 
for zzz=start,n_channels do begin 
 
if keyword_set(writeida) then begin 
 channel=zzz  
end 
 
;---------------------------------------------------------- 
;---obtaining the frequency from the reference waveforms--- 
;---------------------------------------------------------- 
 
if keyword_set(testshot) then begin 
 print,'Fitting 23 kHz reference' 
 ref = read_data(-pulno,'XVS_MSE/ref23') 
 fit23 = fit_freq(ref) 
 print,'Fitting 20 kHz reference' 
 ref = read_data(-pulno,'XVS_MSE/ref20') 
 fit20 = fit_freq(ref) 
endif else begin 
 print,'Fitting 23 kHz reference' 
 ref = read_data(pulno,'XVS_MSE/ref23') 
 fit23 = fit_freq(ref) 
 print,'Fitting 20 kHz reference' 
 ref = read_data(pulno,'XVS_MSE/ref20') 
 fit20 = fit_freq(ref) 
endelse 
 
;---------------------------------------------------------- 
;-Extracing the inphase and out of phase signals for the---  
;------------different frequency components---------------- 
 
;-------First get the data--------------- 
 
if (channel eq 1) then begin 
name_tag='XIM_MSE/ch1' 
endif 
if (channel eq 2) then begin 
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name_tag='XIM_MSE/ch2' 
endif 
 
if keyword_set(testshot) then begin 
 print,'--------' 
 print,'Testshot' 
 print,'--------' 
 signal = read_data(-testshot,name_tag)  
endif else begin 
    
  if keyword_set(invessel) then begin 
  
 print,'XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXX' 
   print,'WARNING!! Invessel calibration assumed!!!! ' 
 print,'XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXX' 
   signal = read_data(-invessel,name_tag) 
  endif else begin  
   signal = read_data(pulno,name_tag) 
  endelse 
endelse 
 
 
;Taking care of the transition between synchronized and unsynchronised detection, in 
the future it could be taken away  
sync=0  
if keyword_set(invessel) then begin  
 sync=1. 
endif 
if pulno GE 16454 then begin  
 sync=1. 
endif 
;--------------------------------------------------------------------------- 
 
 
if keyword_set(calib) then begin 
 print,'Extracting f23 and f46' 
 p23 = extract_freq(signal, fit23, /dc,/calib,smo=smo,sync=sync) 
 print,'Extracting f20 and f40' 
 p20 = extract_freq(signal, fit20,/calib,smo=smo,sync=sync) 
 print,'Extracting mixing frequencies' 
 pmix= extract_mixfreq(signal, fit20, fit23,/calib,smo=smo) 
endif else begin 
 print,'Extracting f23 and f46' 
 p23 = extract_freq(signal, fit23, /dc,smo=smo,sync=sync) 
 print,'Extracting f20 and f40' 
 p20 = extract_freq(signal, fit20,smo=smo,sync=sync) 
 print,'Extracting mixing frequencies' 
 pmix= extract_mixfreq(signal, fit20, fit23,smo=smo) 
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endelse 
 
phase20=-(fit20(1)+0.405)/fit20(0) 
phase23=-(fit23(1)+0.405)/fit23(0) 
 
;--------------------------------------------------------------------------- 
;-obtaining mechanical zero and index pulses if calibration run- 
;--------------------------------------------------------------------------- 
 
if keyword_set(calib) then begin 
 if keyword_set(testshot) then begin  
   
  if pulno GE 2350 then mech_zero=read_data(-
pulno,'XVS_MSE/MECH') 
  if pulno LE 2350 then mech_zero=read_data(-
pulno,'XVS_MSE/S/ch1') 
  index_pulse=read_data(-pulno,'XVS_MSE/INDEX') 
     
 endif else begin 
  mech_zero=read_data(pulno,'XVS_MSE/S/ch1') 
  index_pulse=read_data(pulno,'XVS_MSE/INDEX') 
 endelse 
   
 angvec = compute_angles(index_pulse,mech_zero,signal) 
 nt = n_elements(p20.harm1) 
 angvec=angvec(0:nt-1) 
  
endif 
  
;----------------------------------------------------------------------------- 
;--------------Creating timebase----------------------------------------- 
;timevector of reduced vector is different than original vector, changing vector 
;---------------------------------------------------------------------------- 
 
nt = n_elements(p20.harm1) 
 
time=findgen(nt)/(nt-1)*(signal.taxis.vector(n_elements(signal.taxis.vector)-1) $ 
-signal.taxis.vector(0))+signal.taxis.vector(0) 
 
;----------------------------------------------------------------- 
;--------- Creating output structure p ---------------------- 
;----------------------------------------------------------------- 
scale=1. 
p = create_struct('f20', reform(p20.harm1,1,nt)*scale, 's20', 
reform(p20.quad1,1,nt)*scale, $ 
                  'f40', reform(p20.harm2,1,nt)*scale, 's40', reform(p20.quad2,1,nt)*scale, $ 
                  'f23', reform(p23.harm1,1,nt)*scale, 's23', reform(p23.quad1,1,nt)*scale, $ 
                  'f46', reform(p23.harm2,1,nt)*scale, 's46', reform(p23.quad2,1,nt)*scale, $ 
    'f60', reform(p20.harm3,1,nt)*scale, 's60', 
reform(p20.quad3,1,nt)*scale, $ 
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                  'f69', reform(p23.harm3,1,nt)*scale, 's69', reform(p23.quad3,1,nt)*scale, $ 
    'f80', reform(p20.harm4,1,nt)*scale, 's80', 
reform(p20.quad4,1,nt)*scale, $ 
                  'f92', reform(p23.harm4,1,nt)*scale, 's92', reform(p23.quad4,1,nt)*scale, $ 
    'f37', reform(pmix.harm37,1,nt)*scale, 's37', 
reform(pmix.quad37,1,nt)*scale, $ 
                  'f49', reform(pmix.harm49,1,nt)*scale, 's49', 
reform(pmix.quad49,1,nt)*scale, $ 
    'f43', reform(pmix.harm43,1,nt)*scale, 's43', 
reform(pmix.quad43,1,nt)*scale, $ 
    'f3', reform(pmix.harm3,1,nt)*scale, 's3', 
reform(pmix.quad3,1,nt)*scale, $ 
                  'fdc', reform(p23.dc,1,nt)*scale, $ 
                  'time', time) 
;-----------------Rotating the phases to get everything into p.fxx ---------------------- 
;to get 40 and 46 kHz in phase with eachother as well as mixfrequency  
p=rotate_phase(p,[20,0,0,0,0,0,0,0,-10,-180]) 
calc_phases2, p, phases 
if (abs(phases(0)-phases(1)) GE 90) then phases(0)=phases(0)-180 
if (abs(phases(9)-phases(7)) GE 90) then phases(9)=phases(9)-180 
if (abs(phases(8)-phases(7)) GE 90) then phases(8)=phases(8)-180 
; to get dc signal in phase with 40 and 46kHz, (empirically found)  
if ((phases(1) GE -20)) then phases(0)=phases(0)-180 
if ((phases(1) GE -20)) then phases(1)=phases(1)-180 
 
phases(0)=phases(0)-180  
if keyword_set(invessel) then phases(1)=phases(1)+180 
if keyword_set(calib) then phases(0)=phases(0)+180 
 
 
print,'phases' 
print,phases 
p=rotate_phase(p,-phases) 
 
;lets repeat to be sure we have rotated it in phase 
for zz=0,4 do begin 
 calc_phases2, p, phases 
 p=rotate_phase(p,-phases) 
endfor 
 
 
;---------------------------------------------------------------------------------------- 
;--------- Calculating Stokes vector and correcting for calibration------------ 
;---------------------------------------------------------------------------------------- 
 
calc_stokes,p,Smeas 
 
 
if keyword_set(windowcal) then begin 
 if keyword_set(invessel) then begin 
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  windowcomp,Smeas,ch=channel,/invessel 
 endif else begin 
  windowcomp,Smeas,ch=channel 
 endelse 
endif 
 
lin_pol_frac=sqrt((Smeas(*,1)^2+Smeas(*,2)^2)/Smeas(*,0)^2) 
circ_pol_frac=Smeas(*,3)/Smeas(*,0) 
meas_pa=0.5*atan(-Smeas(*,2),-Smeas(*,1))*!radeg 
 
if keyword_set(calib) then begin 
  
 angle=-angvec ;rotator is rotating clockwise 
 offset=22.1 
 meas_pa=(((meas_pa-angle+360) MOD 90) -offset) 
  
 if keyword_set(moreplots) then begin 
  window,7 
  plot,angle+360-
offset,meas_pa,yr=[min(meas_pa),max(meas_pa)],ytitle='Error after inversion (deg)' 
 endif 
  
 out = create_struct('pol_frac', lin_pol_frac, 's', Smeas, $ 
                  'angle', angle+360-offset, 'error', meas_pa)    
  
endif else begin 
 
 corr_arctan,input=meas_pa 
 meas_pa=((meas_pa+7200.) MOD 180) 
   
  
 ;----finding fibre position------ 
 fibrepos,shot=pulno,pos=pos,channel=channel 
  
 ;----correcting for bench calibration------ 
  
 calibration_correction, input=meas_pa, ch=channel, pos, output=new_pa 
 meas_pa=new_pa 
   
 ;-------correcting for offset angle---------  
 restore, f='MASTacoeffs.ref' 
 if channel EQ 1 then begin 
  offset=interpol(ch1_offset,ch1_pos, pos) 
  offset=offset+22.1  
  meas_pa=meas_pa-offset  
  major_r=interpol(ch1_leon_r,ch1_pos, pos)   
 endif  
 if channel EQ 2 then begin 
  offset=interpol(ch2_offset,ch2_pos, pos) 
  offset=offset+22.1 
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  meas_pa=meas_pa-offset 
  major_r=interpol(ch2_leon_r,ch2_pos, pos) 
 endif  
   
 meas_raw=meas_pa ; used in IDA write as input to EFIT 
   
 ;-------correcting for viewing geometry (A0,A5)------ 
   
 if channel EQ 1 then begin 
  A0=interpol(leon_right_A0,ch1_pos, pos) 
  A3=interpol(leon_right_A3,ch1_pos, pos) 
  A4=interpol(leon_right_A4,ch1_pos, pos) 
  A5=interpol(leon_right_A5,ch1_pos, pos) 
 endif  
 if channel EQ 2 then begin 
  A0=interpol(leon_left_A0,ch2_pos, pos) 
  A3=interpol(leon_left_A3,ch2_pos, pos) 
  A4=interpol(leon_left_A4,ch2_pos, pos) 
  A5=interpol(leon_left_A5,ch2_pos, pos) 
 endif  
   
 print,'Offset used' 
 print,offset 
 print,'A0 coefficient used' 
 print,A0 
 print,'A5 coefficient used' 
 print,A5 
      
 if keyword_set(vectoroffset) then begin 
  if keyword_set(invessel) then begin 
   vector_correction, input=meas_pa, ch=channel, pos, 
output=new_pa,/inv 
   plot,time,new_pa 
   oplot,time,meas_pa,lines=1 
   meas_pa=new_pa 
  endif else begin 
   vector_correction, input=meas_pa, ch=channel, pos, 
output=new_pa 
   meas_pa=new_pa 
  endelse 
 endif else begin 
 ;----uses simple assumption tan(gamma_meas)=A0/A5*tan(gamma)----- 
  
  meas_pa=atan(A5/A0*tan(meas_pa*!dtor))/!dtor 
    
 endelse 
   
 out = create_struct('pol_frac', lin_pol_frac, 's', Smeas, 'meas_pa', meas_pa, 
'time',time,'circ_pol_frac', circ_pol_frac) 
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endelse 
 
;---------------------------------------- 
;--------------plotting----------------- 
;---------------------------------------- 
if keyword_set(moreplots) then begin 
 ; check that phases are rotated correctly 
 window,1 
 !p.background='ffffff'x 
 plot_phases, p,k=0 
 !p.background='000000'x 
  
 ;plot the raw data to check that it does not saturate 
 window,2 
 !p.background='ffffff'x 
 plot,signal.taxis.vector,signal.data,color='000000'x,ytitle='Raw 
data',xtitle='Time (s)' 
 !p.background='000000'x 
 window,3 
 !p.background='ffffff'x 
 plot,time,lin_pol_frac,yr=[0.0,1.2],ytitle='Linear polarisation 
fraction',xtitle='Time (s)',color='000000'x 
 !p.background='000000'x 
    
 window,4 
 !p.background='ffffff'x 
 plot,time,meas_pa,ytitle='Measured polarisation angle',xtitle='Time 
(s)',xr=[0,0.5],color='000000'x 
 !p.background='000000'x 
  
endif 
 
;------------------------------------------------- 
;--------- Printing to file---------------------- 
;------------------------------------------------- 
 
if arg_present(pstruct) then pstruct = p 
 
if keyword_set(plot_cur) then begin 
 ;plots plasma current and neutral beam 
 plot_current,Smeas,meas_pa,time,lin_pol_frac,pulno=pulno 
endif 
 
if keyword_set(printfile) then begin 
 ;prints plots of plasma current and neutral beam 
 plot_current,Smeas,meas_pa,time,lin_pol_frac,/printfile,pulno=pulno,channel
=channel  
endif 
 
if keyword_set(writeida) then begin 
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 if zzz EQ 1 then begin 
  IDAlength=n_elements(time) 
  r_chords=fltarr(n_channels) 
  IDAmeas_pa=fltarr(n_channels,IDAlength) 
  IDAmeas_raw=fltarr(n_channels,IDAlength) 
  IDAlin_pol_frac=fltarr(n_channels,IDAlength) 
  IDAcirc_pol_frac=fltarr(n_channels,IDAlength) 
  IDAa=fltarr(n_channels,4) 
 endif 
 timebase=time 
 r_chords(zzz-1)=major_r/1000 
 IDAmeas_pa(zzz-1,*)=meas_pa 
 IDAmeas_raw(zzz-1,*)=meas_raw 
 IDAlin_pol_frac(zzz-1,*)=lin_pol_frac 
 IDAcirc_pol_frac(zzz-1,*)=circ_pol_frac 
 IDAa(zzz-1,*)=[A0,A3,A4,A5]  
end 
;end of main loop 
end 
 ;------------------------------------------------ 
 ; write the data to IDA file 
 ;------------------------------------------------ 
 
if keyword_set(writeida) then begin 
 if keyword_set(passnumber) then begin  
  err=PUT_PASS_DT(fid,pulno,'ams',passnumber) 
 endif 
 err=PUT_TRACE_DT(fid,pulno,'ams_lin_pol_frac','arb.','linear polarised 
fraction',r_chords,timebase,IDAlin_pol_frac,XUNITS='m',XLABEL='Radius',TUNIT
S='s',TLABEL='Time') 
 err=PUT_TRACE_DT(fid,pulno,'ams_circ_pol_frac','arb.','circular polarised 
fraction',r_chords,timebase,IDAcirc_pol_frac,XUNITS='m',XLABEL='Radius',TUNI
TS='s',TLABEL='Time') 
 err=PUT_TRACE_DT(fid,pulno,'ams_meas_angle','degree','The percieved 
angle',r_chords,timebase,IDAmeas_raw,XUNITS='m',XLABEL='Radius',TUNITS='s
',TLABEL='Time') 
 err=PUT_TRACE_DT(fid,pulno,'ams_pitch_angle','degree','The actual pitch 
angle',r_chords,timebase,IDAmeas_pa,XUNITS='m',XLABEL='Radius',TUNITS='s',
TLABEL='Time') 
 err=PUT_TRACE_DT(fid,pulno,'ams_a','arb.','A-
coefficients',r_chords,1+findgen(4),IDAa,XUNITS='m',XLABEL='Radius',/NO_TBA
SE,YUNITS='None',YLABEL='Vector index') 
 if max(IDAlin_pol_frac) LE 0.04 then statusvalue=0 
 if max(IDAlin_pol_frac) GE 0.04 then statusvalue=1 
 err=PUT_STATUS_DT(fid,pulno,'ams',statusvalue) 
 err=CLOSE_IDA_DT(fid) 
end 
 
 
end 

 84


	Intro_ver3.0.pdf
	Diagnostics for advanced fusion plasma scenarios
	Mattias Kuldkepp
	Doctoral Thesis
	Diagnostics for advanced fusion plasma scenarios
	Mattias Kuldkepp
	ISBN 91-7178-474-8
	( Mattias Kuldkepp, 2006
	Doktorsavhandling vid Kungliga Tekniska Högskolan
	TRITA-FYS 2006:64
	Atomic and Molecular Physics
	Department of Physics
	Royal Institute of Technology
	SE-106 91 Stockholm, Sweden
	Printed by Universitetsservice US-AB, Tryck & Media Stockhol
	Diagnostics for advanced fusion plasma scenarios
	Atomic and Molecular Physics, Department of Physics, Royal I
	Abstract
	Preface
	Abstract         iii
	Preface         v
	List of publications        vii
	Acknowledgements        ix
	Summary of the included papers      69


	Main_ver3.0.pdf
	Chapter 1.  Introduction
	EXTRAP T2R
	MAST
	JET



	Chapter 2.  Measuring and interpreting line emission
	Chapter 3.  Radial profiling
	Chapter 6.  The MAST MSE diagnostic
	Chapter 7.  Conclusions
	Chapter 8.  Outlook




	Paper I
	Paper II
	Paper III
	Paper IV
	Paper V
	Paper VI

	Paper VI.pdf
	1. Introduction
	2. Experimental
	2.1. EXTRAP T2R device
	2.2. Diagnostics
	2.3. Active MHD mode control system

	3. Experimental results
	3.1. Plasma equilibrium
	3.2. MHD mode amplitudes
	3.3. Plasma and TM toroidal rotation
	3.4. Plasma confinement
	3.5. Impurity influx from wall
	3.6. Plasma radiation

	4. Discussion
	5. Conclusions
	 Acknowledgments
	 References




