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Abstract
To further the understanding and knowledge about fusion plasmas and

their  behaviour  during  different  conditions,   it   is   important   to  be  able   to
collect information about the plasma and the processes occurring within it.
Visible spectroscopy, or the study of the visible wavelength light emitted by
the plasma, is a useful tool in this search for knowledge.  

This thesis is based on experiments where visible wavelength light has
been   measured   and   analysed   in   order   to   determine   quantities   about   the
emitting source.   Doppler shift  measurements of spectral   lines have been
utilised to determine the toroidal rotation velocities of plasma impurity ions
and  to   study  the  correlation with  mode  rotation and  the  effect  of  active
feedback control of the resistive wall modes.  Information on the impurities
present in the plasma has been determined and the calibrated intensities of
spectral   lines   has   yielded   impurity   concentrations,   particle   fluxes   and
electron temperature and densities.  Ion temperatures have been determined
from Doppler broadening measurements.  

The  measured  vibrational   and   rotational  band  structure  of  deuterium
molecular   spectra  has  been  analysed   in  order   to   calculate   rotational  and
vibrational temperatures, relative populations and molecular particle fluxes.
The effect of the molecular flux on simple calculations of atomic flux has
also been studied.   Specific molecular states and transitions of deuterium
have also  been probed with  synchrotron radiation  to  study  the  level  and
transition energies.

The  measurement   and  analysis  of   visible  wavelength   light  has   been
demonstrated   to  be  a  sensitive  diagnostic   tool   in   the quest   for   increased
knowledge about fusion plasmas and molecular structure.
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1. Introduction 
This thesis is based on work carried out on two European fusion experiments, the ASDEX 
Upgrade tokamak in Garching, Germany and the EXTRAP T2R reversed field pinch in 
Stockholm, Sweden.  Although these machines are very different from each other, my work 
on both experiments is based on the principle of using visible spectroscopy as a plasma 
diagnostic tool. 
 
1.1 Fusion 
Fusion: the principle of two light elements joining together to form a heavier product with 
the release of energy; the reaction that powers the Sun; the solution to all our energy needs?  
It is a hot topic generating much interest.  We know that the issue of energy supply is a 
growing problem, with the burgeoning world population and increasing development and 
industrialisation our traditional dependence on fossil fuels is not going to meet our needs in 
the future.  We need to look at diversifying, and increasing, our energy supply (as well as 
managing our resources better).  Whilst the renewable energy sources such as wind, wave 
and solar power will be part of the solution they cannot provide for all our needs and 
nuclear fission has its issues of safety and radioactivity.  Harnessing fusion power on Earth, 
with the expectations of an efficient process without the fuel supply limits of fossil fuels or 
the long-lived radioactive product problems of nuclear fission, looks to be a promising 
avenue to pursue. 
 
And pursuing it we are.  Just at the end of June 2005 we saw the announcement that finally, 
after a deadlock of more than 2 years, the site for the next step fusion experiment ITER [1] 
had been decided.  ITER is the work of an international collaboration of scientists and 
governments, currently the European Union, Russia, China, South Korea, Japan and the 
United States of America.  The machine will be built in Caderache, France and is designed 
to achieve burning plasma conditions, to test the devised scaling laws and to provide a rich 
research environment for the continued development of the fusion reactor concept.  For 
example, ITER should enable the testing of technology such as the superconducting coils 
which will mean that higher toroidal magnetic fields can be produced.  The wall materials 
and interaction between the plasma and the wall can also be studied in the high flux, high 
energy and long pulse environment that we cannot reach with today's machines.  A 
schematic of the ITER vessel is shown in figure 1. 

Figure 1: Schematic of the future ITER fusion experiment [1]. 
 
Fusion power is based on the reaction (fusion) of deuterium and tritium (two isotopes of 
hydrogen) to produce a helium nucleus (alpha particle) and a highly energetic neutron.  The 
energy of the alpha particle can be used (with additional heating sources) to heat the plasma 
whilst that of the neutron is harvested to generate electricity through, for example, 
conventional steam turbine technology. 
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Today's machines are on a much reduced scale to what will be required for a future reactor 
plant (and ITER).  Currently the largest machine in Europe is the JET tokamak [2] in 
Oxford, England, with a major radius of 2.96m and a plasma cross-section of 2.1m in 
height by 1.25m wide.  The JET plasma is still only a fraction of the size the ITER plasma 
will be, as can be seen in figure 2.  There are also other smaller machines of the tokamak 
design as well as a variety of machines based on different confinement principles.  The 
research done on these machines is aimed towards the development of viable fusion power 
through experiments designed to understand the physics of the plasma, the transport and 
confinement, to improve the design of control and heating methods and to research 
materials for surfaces and other components.  Issues with activation associated with tritium 
operation and effects due to high neutron flux mean that many of the present machines 
carry out their research and experiments with deuterium or hydrogen plasmas. 
 
 
 
 
 
 
 
 

 
 
 
Figure 2: Relative cross-sections of the ASDEX Upgrade, JET and ITER [3]. 

ithin a desired volume. 

 magnetic field 

 
1.2 Confinement 
Whatever the reactants, the hot (100 million oC) plasma of ions and electrons must be 
contained in some way.  There are various methods of accomplishing this.  One well 
developed idea is the use of magnetic fields which interact with the charged particles that 
make up the plasma and, with careful shaping of the magnetic field lines, keep the plasma 
w
 
One of the most promising magnetic confinement designs for fusion, and indeed that used 
for ITER, is the tokamak concept [4].  In this design, the fusion plasma is confined in a 
torus shaped vessel with a circular or elongated cross-section.  The main magnetic field 
(toroidal) is provided by external current carrying poloidal loops.  The smaller (by typically 
a factor of 10) poloidal field is generated from a toroidal current induced in the plasma (by 
a transformer).  Together the two magnetic fields result in an overall helical

hich balances the plasma pressure confining the plasma within the vessel. w
 
Another popular design for magnetic confinement of fusion plasmas, at least for research 
experiments although not at present thought to be viable for future reactors, is the reversed 
field pinch (RFP).  As for a tokamak, the plasma is confined by magnetic fields in a torus 
vessel, usually circular in cross-section.  However, the confining helical magnetic field 
differs in that the poloidal and toroidal components are of similar magnitude.  A toroidal 
current (induced by a transformer) provides the poloidal magnetic field.  The toroidal 

agnetic field is produced mainly by the plasma itself in a dynamo process [5]. m
 
The issues of imperfect confinement, heat and particle exhaust and impurities due to the 
interaction of the plasma with the vessel walls are important and have led to the 
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development of two additional design elements, the limiter and the divertor.  In a divertor 
machine, additional magnetic fields are used to shape the plasma such that the energetic 
particles are directed away from the main plasma into a second region (the divertor) and 
onto specific target plates.  The divertor materials and cooling and exhaust systems are 
designed to deal with the high heat and particle fluxes.  The machines in figure 2 have 
divertors.  In the limiter case the plasma is kept from the vessel wall by physical limiters of 
a specially designed material that protrude from the walls.  The limiter system may also 
include a cooling system.  Different designs are possible including mushroom shaped 
limiters at various positions around the vessel or a toroidal limiter that extends around the 
circumference of the machine. 
 
1.3 Visible light 
Electromagnetic radiation covers the whole range in wavelengths from radio-waves to 
gamma rays.  Visible light corresponds to only the part of the spectrum spanning (4000 – 
7000)Å.  We are in our everyday lives becoming increasingly familiar with such concepts 
as radio-waves for the transmission of our favourite music, UV radiation from the Sun 
causing damage to our skin and X-rays to look inside our bodies in hospitals or in our 
luggage at airports.  Visible light, however, is perhaps the part of the spectrum that we are 
most aware of (although perhaps unconsciously) as we read the morning paper, admire the 
changing colours of the trees in autumn or recognise the faces of our friends and family. 
 
1.4 Visible spectroscopy 
Like we use visible light to diagnose the world around us with our eyes and brains as 
detectors and analysers, we can use visible light emitted from a plasma as a tool to examine 
what is going on in the plasma.  This is a vital step towards understanding and exploring the 
plasma and its interactions, a requirement for the continued development of fusion.  If we 
are just observing the light emitted then it is a passive technique and our measurements will 
not disturb or alter the plasma conditions. 
 
Spectroscopy is an umbrella term covering the experimental observation, investigation and 
analysis of electromagnetic radiation spectra.  By definition then, visible spectroscopy is 
concerned with the observation and analysis of the spectra of radiation with visible 
wavelengths.  Visible light is emitted from a plasma due to transitions between energy 
levels in the atoms, ions and molecules of the plasma.  The wavelength of the radiation is 
equal to the energy change and hence characteristic of the levels and interactions involved.  
Analysis of observed spectra can therefore provide information on transitions and energy 
levels providing a useful tool to determine various quantities of the emitting source.  With 
the addition of atomic and molecular physics concepts and models, parameters such as 
electron temperature and density can be determined making visible spectroscopy a sensitive 
diagnostic tool for plasmas. 
 
1.5 Atomic and molecular data 
The interpretation and analysis of observed spectra requires knowledge of the underlying 
the atomic and molecular processes leading to the emission of light and of the structure of 
the emitting atoms, ions and molecules.  Extensive measurements and cataloguing of 
spectral line wavelengths and transition probabilities of atomic ions exist in many sources 
such as [6, 7].  Suites of programs also exist to model populations and transitions of atoms 
and ions in plasmas using databases of atomic data.  One such example which was used in 
this work is the Atomic Data and Analysis Structure, ADAS [8].  The structure of 
molecules is also determined through experiments and theoretical modelling.  One way to 
examine the structure is to use synchrotron radiation to excite specific electrons and 
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transitions and then examine the subsequent decay paths.  As part of this work experiments 
were done at the Swedish national synchrotron facility MAX [9] in Lund, see paper V.
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2. The machines 
As previously stated, the visible spectroscopy work on fusion plasmas was carried out on 
two machines, the Swedish RFP experiment EXTRAP T2R and the German tokamak 
ASDEX Upgrade. 
 
2.1 EXTRAP T2R 
The Alfvén laboratory [10] at the Royal Institute of Technology (KTH), Stockholm, 
Sweden, hosts the medium sized reversed field pinch experiment EXTRAP T2R [11].  The 
machine, a torus with circular cross-section, has a major radius of 1.24m and minor 
(plasma) radius of 0.183m.  The inner vessel is stainless steel with molybdenum mushroom 
limiters.  At various positions around the vessel there are ports allowing different 
diagnostics access to the hydrogen plasma either directly, such as in the case of the VUV 
diagnostic, or through quartz windows in the case of the visible spectroscopy diagnostics 
used in this work.  Figure 3 shows the location of some of the main diagnostics utilised.  A 
feature of the RFP confinement is the presence of unstable resistive wall modes (RWMs), 
performance is improved if these can be controlled.  EXTRAP T2R has an active feedback 
control system [12] consisting of set of (flux loop) diagnostic sensor coils which give 
information on the individual modes in the plasma.  This is used to apply the appropriate 
voltages to a set of active saddle coils to control multiple RWMs and hence prolong the 
plasma discharge.  This active feedback control system is being investigated/developed at 
EXTRAP T2R.   

Figure 3: Main diagnostics on a plan view of EXTRAP T2R. 
 
Typical parameters of the EXTRAP T2R (hydrogen) plasma are a plasma current Ip of ca 
85kA, electron density <ne> of 8x1018m-3, central electron temperature Te of 200eV and 
discharge length up to 50ms with full active feedback mode control. 
 
2.2 ASDEX Upgrade 
Based at the Max Planck Institute for Plasma Physics [13] at Garching near Munich, 
Germany, ASDEX Upgrade [14] is a divertor tokamak with typical major plasma radius 
1.65m, minor horizontal plasma radius 0.5m and minor vertical plasma radius 0.8m.  Figure 
4 shows a typical (for this work) poloidal cross-section of the vessel and plasma.  There are 
a wide variety of diagnostics in the main plasma and divertor regions of the tokamak.  The 
experiment can operate in deuterium or hydrogen plasmas, for this work deuterium plasmas 
were studied.  At present ASDEX Upgrade is greatly involved with studying plasma wall 
interaction and the effect of wall materials and as such is gradually replacing the carbon 
plasma facing tiles around the vessel with tiles coated with tungsten (a wall material 
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planned for ITER). 

Figure 4: Typical poloidal cross-section of the ASDEX Upgrade plasma and vessel. 
 
Typical parameters of the ASDEX Upgrade plasma (at least for the experiments herein) 
were a discharge length of around 7 seconds, neutral density in the divertor of 4x1020m-3 or 
6x1020m-3, 1MA of plasma current, a vertical sweep in strike point position and D2 gas 
puffing in the divertor during part of the discharge. 
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3. The spectroscopy 
Visible spectroscopy relies on light being emitted from the source under investigation.  In 
plasmas, there are different ways in which light can be emitted. 
 
3.1 Continuous and characteristic radiation 
Radiation emitted by a fusion plasma can be divided into two main types.  Firstly, there is 
continuous radiation.  This causes a background or continuum in the observed spectrum and 
is due to bremsstrahlung radiation with additional contributions from recombination.  
Bremsstrahlung radiation arises due to electron-ion collisions with a loss of energy for the 
electron.  The intensity of the continuum radiation is inversely proportional to the 
wavelength. Measurements of the continuum can be used to determine the effective plasma 
charge Zeff. 
 
The second type of radiation emitted from a plasma is the characteristic radiation or line 
radiation arising from the radiative decay of an excited state.  This state can have been 
excited by electron impact or by interaction of the ion with the plasma electrons causing 
radiative or dielectronic recombination.  Charge exchange between energetic neutrals and 
highly ionised impurity ions in the plasma (such as from neutral heating beams) can also 
give rise to line radiation.  The wavelengths of the lines are characteristic of the emitting 
ions providing a useful diagnostic tool.  This radiation can be a major source of energy loss 
in the plasma. 
 
3.2 Line integrated measurement 
With a single line-of-sight into a plasma, the emission that is measured is the line integrated 
or total emission along the whole length of the line-of-sight cone/cylinder in the plasma.  It 
is often important to consider that a source may not be emitting equally over the whole line-
of-sight.  For instance, an ion in a high ionisation stage may be present in the core of a 
plasma and not at the edge.  A poloidal line-of-sight that looks through the centre will see 
emission coming from the central region of the line-of-sight and none from the regions at 
either end corresponding to the edge of the plasma.  A line-of-sight that is offset from the 
centre may see little or none of this radiation as it does not cross the region in which the 
source ion is located.  A radial emission profile or density profile of the source ion can 
often be useful in the interpretation. 
  
In order to have a more localised diagnostic measurement it is necessary to be able to 
define that the emission is originating from a particular location, perhaps by having an 
intersection of two lines-of-sight or of a line-of-sight and, for instance, a beam which is the 
source of the interaction causing the emission to occur (for example by charge exchange of 
the plasma with the beam ions).  An array of lines-of-sight can also assist in determining 
more localised conditions. 
 
3.3 Spectral lines 
Radiation emitted from atoms and ions consists of individual spectral lines that contain 
information on the atomic level structure.  The spectral lines can be grouped in terms or 
multiplets of lines originating from a transition between the same two electron 
configurations (states) of an ion but differing in the J-levels involved.  The number of lines 
or transitions in a multiplet depends on the configurations involved; the intensities of the 
different lines depend on the probability of different transitions occurring.  For example, 
the three spectral lines of OV at 2781.0Å, 2787.0Å and 2789.9Å shown in figure 5 
correspond to transitions from the 1s22s3p 3PP

0 upper state to the lower state 1s22s3s 3S.  The 
upper state 3P0

P  can have values J = 0, 1, 2 whilst the 3S state has only J = 0 so three spectral 
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lines arise in this multiplet due to ΔJ = -2, -1, 0 transitions respectively (see figure). 

Figure 5: Spectral lines of the OV multiplet at (2781 - 2790)Å (measured with the 1m 
spectrometer on EXTRAP T2R).   
 
Molecular emission is more complex with the spectral lines revealing the band structure of 
the emitting molecule.  The spectral lines can be grouped into vibrational bands 
corresponding to particular transitions between two vibrational states, for instance if the 
upper state has v = 0 and the lower state also has v = 0 then transitions between the two 
result in the v = 0 - 0 diagonal vibrational band.  On a finer scale, within each vibrational 
band there will be rotational structure.  This forms different branches (series of lines) such 
as the P, Q or R branch depending on the change of J between the two states, ΔJ = +1, 0, -1 
respectively for these branches.  The electronic angular momenta of the states involved 
determine which rotational branches are observed.  As an example, the Fulcher band is a 
prominent molecular band of hydrogen and its isotopes and corresponds to a transition from 
a d 3Πu state to a 3Σg

+ state.  The diagonal vibrational bands, v = 0 - 0, v = 1 - 1, and so on, 
are most clear and within each band there are rotational branches.  In the work of paper III, 
the spectrum of the Q rotational branch of the v = 0 - 0 and v = 1 - 1 vibrational bands in 
deuterium is measured, see for example figure 6, and analysed. 

 
Figure 6: Spectrum of the v = 0 - 0 (left) and v = 1 – 1 (right) vibrational bands of the 
(deuterium) Fulcher system with the Q rotational lines indicated as measured in the 
ASDEX Upgrade divertor.  
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3.4 Instruments 
In the EXTRAP T2R experiments two spectrometers formed the main visible spectroscopy 
diagnostic arsenal.  These were a 0.5m Jarrel-Ash spectrometer of Ebert design and a 1m 
Hilger & Watts spectrometer of Czerny-Turner design.  The 0.5m spectrometer had a 1180 
lines/mm grating, the 1m a 2400 lines/mm grating that was operated in second order.  The 
detection system is as much part of the diagnostic as the spectrometer itself.  For both 
spectrometers, light exiting the spectrometer was detected by a gated optical multi-channel 
analyser with intensified silicon photodiode array detector.  The gating control improved 
the versatility of the diagnostic by enabling the choice of the interval - time delay and width 
- during a discharge in which the measurements were made.  Coupling of the photodiode 
array to a micro-channel plate intensifier gave a spectral window of 300Å in the 0.5m 
spectrometer case and 100Å for the 1m spectrometer.  It was also possible to measure a 
reduced spectral range at multiple time intervals in a discharge.  Measurements of narrow 
metallic spectral lines from the plasma indicated a spectral resolution of the order 1.85Å for 
the 0.5m spectrometer.  Mercury spectral lamp measurements for the 1m spectrometer 
determined an instrumental function of 0.73Å. 
 
Additional measurements were made with two lower spectral resolution spectrometers, of 
25cm and 28cm focal lengths, each operated with a PM tube detector giving high temporal 
resolution of a narrow spectral bandwidth.  A set of four PM tubes with Hα filters were also 
utilised to measure the Balmer Hα signal at various positions. 
 
Visible light emitted by the plasma was transmitted through a quartz window in the vessel 
port into a 600μm diameter optical fibre (ca 18m) leading to the entrance slit of the 
spectrometer (or to the Hα  filter). 
 
For the ASDEX Upgrade measurements two spectrometers were again utilised, in this case 
a 1m Czerny-Turner spectrometer and 1.5m Fastie-Ebert spectrometer with Echelle grating.  
The 1m spectrometer with 1200 lines/mm grating was capable of measuring on ten 
different lines-of-sight simultaneously and the 512 pixel CCD detector gave a 77Å spectral 
window.  The 1.5m spectrometer, also equipped with a CCD detector, covered a window of 
25Å in 1024 pixels and could measure on sixteen lines-of-sight simultaneously.  In both 
cases the exposure time and number of scans during a discharge could be set. 
 
Visible light from the plasma reached the spectrometers through optical fibres ca 50m in 
length, initially passing inside the vessel then coupling to fibres outside the vessel and then 
passing a fibre switching board which allowed easy selection of which of the lines-of-sight 
in the vessel to monitor with each spectrometer. 
 
3.5 Calibration 
Calibration of a diagnostic is important since this enables the measurements to be used 
more quantitatively.  In the case of visible spectroscopy, calibration in terms of absolute 
intensity and wavelength are required. 
 
The 0.5m spectrometer in the EXTRAP T2R experiments was absolutely calibrated in 
terms of intensity using an integrating sphere calibration source at the vessel end of the 
fibre. A calibration (sensitivity) curve was obtained for all intensified pixels at each of a set 
of wavelength settings which covered the measurement of wavelengths from 3050Å to 
6850Å.  The curve obtained for each wavelength setting was kept separate, as in figure 7, 
and not combined into a single smooth calibration curve so as to preserve the calibration 
information of the individual pixels.  This is manifested in the variation of the calibration 
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with pixel number, for example, the figure shows that the wavelength 4000Å is measured 
with two wavelength settings.  The sensitivity is higher in the higher wavelength setting 
where 4000Å is at the left of the measured spectral window, than in the next lower 
wavelength setting where 4000Å is in the centre of the window.  This is discussed in more 

Figure 7: Absolute

detail in paper II.   

 intensity calibration curve at each wavelength setting of the 0.5m 

he size of the torus vessel precludes the possibility of placing the source inside the vessel 

resent measurements did not require the 1m spectrometer to be intensity calibrated.  Both 

Figure 8: Distance on the divertor w oint.  

spectrometer on EXTRAP T2R. 
 
T
and there are no spare windows which could be introduced into the light path during 
calibration.  Additionally there is the issue of particle accumulation on the inside of the 
windows from the plasma operation.  This possibility was discovered from anomalous 
results of another diagnostic and further investigation revealed a thin film on the window 
(the film consisting of iron, chromium, molybdenum, nickel and manganese).  It seems 
clear that any build up on a window would happen over time and may lead to a changing 
attenuation of the visible light emitted from the plasma and that any such attenuation could 
be wavelength dependent.  This is a difficult issue to resolve and so at present the intensity 
calibration includes attenuation in the fibre from the vessel to the spectrometer but not in 
the vessel port window.   
 
P
of the EXTRAP T2R spectrometers were calibrated in terms of wavelength using a series of 
spectral lamps and distinctive spectral lines emitted from the plasma. 

all of the line-of-sight to the strike p
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Both spectrometers used for the ASDEX Upgrade experiments were wavelength calibrated.  

igure 9: Intensities of the Balmer Dα line measured by the 1m spectrometer on five lines-

he uncertainty in the calculated cross-calibration was of the order 20% causing this cross-

The 1m spectrometer had been absolute intensity calibrated previously with a calibrated 
integrating sphere light source inside the tokamak vessel.  Attenuation values for the fibres 
to all the lines-of-sight were known.  The 1.5m ASDEX Upgrade spectrometer was cross-
calibrated as part of these experiments and the details of the cross-calibration can be seen in 
paper III.  Briefly, both spectrometers were set to measure the Balmer Dα   line emission 
on alternating lines-of-sight in an array in the divertor.  The strike point, the position of the 
last closed flux surface (LCFS) on the divertor wall, was moved during an otherwise steady 
discharge.  The intensity measured on each line-of-sight was plotted as a function of the 
distance to the strike point (see figure 8).  The closeness of the neighbouring lines-of-sight 
caused the curves to overlap and a single (average) profile curve was determined as shown 
in figure 9 for the 1m spectrometer.  Alternating the lines-of-sight between the two 
spectrometers meant that they measured a similar region of the divertor plasma.  The ratio 
between the average profile curves of the two spectrometers then gave the cross-calibration 
of the 1.5m spectrometer at the Dα wavelength. 

 
F
of-sight in the ASDEX Upgrade outer divertor as a function of the distance between the 
line-of-sight spots and the strike point on the divertor wall.  The solid line shows the 
average profile curve.  
 
T
calibration to be one of the main limiting factors in the accuracy of the ASDEX Upgrade 
measurements with the 1.5m spectrometer (determination of the flux of deuterium atoms 
from the Dα signal and the effect on this from the contribution from D2 molecules).  The 
uncertainties arose due to problems with the measurements and processing.  These included 
saturation of the Dα  line on some lines-of-sight meaning that the whole line intensity for 
these scans was inferred from fitting of just the wings.  If the cross-calibration were to be 
improved it would of course be better to avoid this.  However, the line-of-sight array where 
the Dα  emission was measured in the later experiments and on which the cross-calibration 
factor result was primarily based was not affected.  Additional uncertainty arose in the 
profile reconstruction where, as can be seen in figure 9, the intensity measured on different 
lines-of-sight at the same separation of strike point to line-of-sight spot (occurring at 
different times in the plasma) could be different.  In taking this profile approach it was 
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assumed that the emission and hence the local plasma conditions would principally be 
influenced by the proximity of the strike point.  However, we see that this assumption 
might not be totally justified and should be considered more fully.  Finally, we have taken a 
single value of the cross-calibration where the ratios of the profiles are not constant with 
respect to the line-of-sight spot to strike point separation, although no clear trends are 
visible either, it may be better to average the intensities in smaller time steps.  Ideally, one 
would measure with both spectrometers on exactly the same view but this is not possible 
for most of the lines-of-sight used here and even for the wide angle lines-of-sight which do 
look at the same volume some variation is seen.  The profile reconstruction method is a fair 
technique to determine the cross-calibration where it is not possible to have both 
spectrometers individually intensity calibrated. 
 
3.6 Line profiles 

 emitted spectral line can often be represented by a simple Gaussian 

 – λo)/ Δλ1/2 ]2 }    (1) 
where Io is the peak height o  i the fu  width

Figure 10: The general band sh ree values of the 

ometimes Gaussian functions were found not to be the optimum representation of a 

*  ( λ  – o) / Δλ1/2 ]  ]    (2) 
where, like for the Gaussian, elen th of 

The profile of an
function as in figure 10 such that the intensity I is  

I = Io exp {-ln 2 [2 ( λ 
f the line, λo is the wavelength and Δλ1/2 s ll  at 

half maximum. 

ape function of equation (2) for th
parameter b. 
 
S
spectral line especially away from the peak.  An alternative representation is a Lorentzian 
function, also seen in figure 10, which has more pronounced wings.  More flexibility can be 
achieved by using a general band shape function     

I = Io / [ 1 + (2b – 1) [2  λ 2 1/b

 Io is the peak height of the line, λo is the wav g the 
line peak and Δλ1/2 is the full width at half maximum and now additionally b represents 
how Gaussian or Lorentzian the line is.  As is evident from figure 10, the line is completely 
Gaussian when b = 0, completely Lorentzian when b = 1 and has more pronounced tails as 
b tends to 2 [15].  A potential drawback to using this general band shape function that was 
met during this work is the high degree of dependence of the area of the line on the 
parameter b - the formula for the area contains two gamma functions of 1/b.  This made it 
possible to obtain widely different line areas with small differences in the parameters 
output by a fitting routine.  To reduce the potential uncertainty induced by this issue, 
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wherever possible results calculated with line fits using this general line shape function 
were verified using other spectral lines or averages of several spectral lines or of multiple 
measurements and fits. 
 
3.7 Resolution 

f a spectroscopic system is an important aspect to consider as it determines 

 a real plasma, many spectral lines will not be well separated and a higher resolution 

 

The resolution o
the extent of the spectral detail that can be seen.  It is a function of the grating angle, the 
groove density and order, the spectrometer slits and focal length, the pixel size of the 
detection system and the alignment of the whole system.  In practice, the limiting resolution 
or instrumental function of the system can be defined as the full width at half maximum of 
a narrow spectral line such as from a spectral lamp. 
 
In
spectroscopic system can enable the lines to be distinguished from each other more clearly.  
For example, from the shape of the lines in the spectrum in figure 11a, taken with the 0.5m 
spectrometer on EXTRAP T2R, we can guess that there is more than just a single CrI line 
contributing to the peak around 3580Å.  In the same region taken with the 1m spectrometer, 
which has approximately twice the resolution of the 0.5m spectrometer, (figure 11b) the 
3578.7Å CrI line is clearly separated from the FeI line at 3581.2Å.  Higher resolution 
systems can also be used to see structure within a single spectral line.  Although this aspect 
of visible spectroscopy diagnostics is not explored in this work, it can be used to examine 
different Stark or Zeeman split components.  For example, the high resolution 
measurements of the Dα line in the ASDEX Upgrade divertor show some structure as seen 
in figure 12. 

Figure 11: Spectrum from the EXTRAP T2R plasma measured by (a) the 0.5m
spectrometer and (b) the 1m spectrometer. 
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Figure 12: Structure is asured with the high resolution 

he enhanced detail obtained does not mean that lower resolution spectroscopy does not 

 observed in the Dα line when me
1.5m spectrometer on ASDEX Upgrade.  The measured line structure is resolved into four 
Gaussian components (dotted). 
 
T
have its uses.  The trade-off with higher resolution is generally a smaller measurable 
spectral window.  For an application involving the measurement of a wide wavelength 
range such as the spectral survey in paper II, a lower spectral resolution system may be 
more appropriate.  This was also the case, for instance, in the ASDEX Upgrade 
experiments where the spectrometer with the lower resolution was utilised in measuring the 
Fulcher molecular band, and still two discharges were required to cover the wavelength 
range of both the v = 0 - 0 and v = 1 - 1 diagonal vibrational bands. 
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4. The physics  
Whilst measured spectra alone can give some information, for a more quantitative 
interpretation the processes behind the emission need to be considered.  This analysis is 
what enables visible spectroscopy to be utilised so successfully in diagnosing a fusion 
plasma.  Most of the atomic and molecular physics concepts used in this work are, of 
course, given in the relevant papers or can be found in the associated references.  However, 
to demonstrate the breadth of plasma parameters that can be diagnosed with visible 
spectroscopy and how sensitive a tool it is, a few aspects of the physics are highlighted 
here. 
 
4.1 Rotation velocity 
Understanding the rotation of the ions in a plasma can lead to insights into the plasma flow 
and transport and the internal radial electric field [16].  The rotation is hence a useful 
quantity to be able to diagnose and one for which visible spectroscopy is well suited.  The 
movement of a source with respect to an observer causes a shift in the frequency of 
observed light, a Doppler shift.  This is true for all types of electromagnetic radiation and 
also for sound, in fact for anything transmitted in the form of waves.  In the everyday world 
we may have met this phenomenon in the change of tone as an emergency vehicle with a 
siren first approaches us, passes, then goes away.  It is also used in applications such as 
radar speed cameras and blood flow measurement.  The Doppler shift is related to the 
velocity of the ion and with an appropriate line-of-sight allows us to measure rotation of the 
ions in the vessel.  To measure toroidal rotation a toroidal line-of-sight is required, it 
simplifies matters if the line-of-sight is in the vessel mid-plane and passes tangentially 
through the r=0 position as shown in figure 13.   
 

θ 

 
Figure 13: The toroidal line-of-sight in the vessel mid-plane for the toroidal rotation 
velocity measurements and the central poloidal line-of-sight for measurement of the zero 
velocity wavelength.  
 
In this case we have that  
    vactual = c (λtor - λv=0)/(λv=0 cosθ )    (3) 

where λtor is the wavelength of the line peak as observed on the toroidal line-of-sight, λv=0 
is the zero-velocity line peak wavelength, c is the speed of light and θ is the angle between 
the line-of-sight and the direction of rotation, as in the figure.  Avoiding issues of very 
accurate wavelength calibration, λv=0 can be measured from a line-of-sight that is 
perpendicular to all rotation.  For example, assuming cylindrical symmetry a poloidal line-
of-sight through the centre r = 0 of the plasma (as in figure 13) can be used.  In real plasmas 
the emitting ion will not be located at a single radial position in the plasma but will have 
some radial density profile and corresponding emission profile.  The cosθ factor for the ion 
should be taken as the average cosθ along the line-of-sight weighted by the line-of-sight 
emission profile of the ion.  This method of calculating toroidal rotation velocity of ions 
from Doppler shifted spectral lines was utilised in paper I. 
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4.2 Particle flux 
Another parameter of a plasma for which visible spectroscopy can be used as a diagnostic 
is in the determination of particle fluxes from surfaces within the plasma vessel.  This 
diagnostic is based on the principle that the flux of ions from a surface can be related to the 
line-of-sight integrated emission of a spectral line of that ion [8].  This assumes that the 
whole particle flux is seen by the line-of-sight - that there are no losses sideways out of the 
line-of-sight or in particles returning to the surface - and that the ionisation stage ionises 
fully in the line-of-sight.  The particle flux is then     
    Γ   = [ (S/XB) * Ι * 4π  ]     (4) 
where I is the line-of-sight integrated intensity of the spectral line and S/XB is the number 
of ionisations per photon for the line, S is the ionisation rate, X the excitation rate and B the 
branching ratio.  For this application the spectral line measurements must be absolute 
intensity calibrated and the intensity used should be the intensity of the whole spectral line 
not just the peak, for example obtained by fitting the line-shape.  The factor S/XB for a line 
or term is dependent on both the electron temperature and density.  Particle fluxes are 
calculated this way in papers II and III. 
 
For molecular emission bands, the flux of molecules can be determined in the same way if 
the intensity I is that of the whole band (all vibrational and rotational lines) and S/XB is 
replaced by D/XB the number of ionisations and dissociations per photon [17], where D is 
the decay rate (ionisation and dissociation) and X and B are as above.  Like S/XB, the value 
of D/XB for a molecular band is dependent on the electron temperature and density.  This 
method is utilised in paper III. 
 
4.3 Electron temperature and density 
Equation (4) above can also be used to determine the electron temperature Te and density ne 
by exploiting the dependence of the S/XB factor on these two plasma parameters.  This 
technique requires that multiple spectral lines of the same ion are measured and that 
separate S/XB factors are known for each.  For example as in paper II this could be several 
members of the hydrogen Balmer series.  Applying equation (4) for each of the spectral 
lines measured should give the same particle flux Γ  in each case, so equating the particle 
fluxes we can obtain 

(S/XB)a / (S/XB)b = Ib / Ia     (5) 
where the ratio of the experimental intensities of two lines (a and b) is equal to the inverse 
ratio of the S/XB factors of the lines.  Belonging to the same emitting ion, the Te and ne 
should be the same and hence the temperature and density found that gives the best fit of 
the corresponding S/XB factors to the experimental line ratios.  In certain Te and ne ranges 
some of the line-ratios are more sensitive to changes in the temperature and density than 
others.  In addition, since there are two free variables it can be simpler to find the best fit of 
one parameter with the other set and iterate. 
 
4.4 Molecular rotation temperature 
Moving over to molecular physics, then as for the Balmer series above we can relate the 
intensities of a series of spectral lines to a temperature.  In this case, the intensities of the 
lines in a single rotational branch of particular vibrational band can give the upper state 
rotational temperature in the vibrational band.  A rotational line with upper state quantum 
number J has intensity IJ such that 

IJ = WJ SJ υ3 exp(a) exp[Fv(J) hc/kTrot(v)]    (6) 
with frequency υ  and upper state statistical weight WJ due to nuclear spin, Hönl-London 
factor SJ [18], energy Fv(J) (=BvJ(J+1) + DvJ2(J+1)2 ) and rotational temperature Trot(v).  
Plotting the logarithm of the measured (intensity calibrated) rotational line intensities 
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divided by the three factors WJ, SJ and υ3 against the energies Fv(J) (as in figure 14) will 
give a straight line of slope hc/kTrot(v) from which the rotational temperature can be 
determined.  This Boltzmann plot method was utilised in paper III. 

Figure 14: A Boltzmann plot of measured Q branch rotational lines of the deuterium 
Fulcher v = 0 - 0 vibrational band.  
 
4.5 Ion temperature 
Analysis of visible spectroscopic measurements of a plasma can also determine ion 
temperatures.  This relies on the Doppler broadening of spectral lines due to the thermal 
movement of the emitting ions which results in a broadening as the ions are statistically 
(Maxwell/Boltzmann) moving at slightly different velocities and in different directions.  
The full width of the (Gaussian) spectral lines at half the maximum height, Δλ1/2 is related 
to the temperature by [19]  

   Tion = [ (Δλ1/2 /2) / λ  ]2 (m c2) / (2 k ln2)   (7) 
where λ  is the peak wavelength of the line, c is the speed of light, m the mass of the ion 
and k is Boltzmann's constant.  It should be noted that the experimentally observed line 
width cannot be directly used in this equation as the observed width is folded with the 
instrumental function of the spectrometer system.  The instrumental function (resolution 
limit) was discussed earlier and was measured for the EXTRAP T2R spectrometers.  The 
width Δλ1/2 due to Doppler broadening that should be used in equation (7) is  
    Δλ1/2 (Doppler) = √ [ (Δλ1/2 (Expt))2 - (Δλ1/2 (Inst))2 ]  (8) 
Diagnosis of the ion temperature by this spectroscopic method is not contained in the 
papers but appears in section 5. 
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5. The results 
This work is based principally on three papers on which I am first author and have done the 
principle experimental work and analysis, and on two additional papers to which I have 
contributed.  All but one of the papers are based on using visible spectroscopy as a 
diagnostic tool in fusion plasma experiments and are concerned with interpreting 
experimental spectral measurements to determine various quantities of the plasma in 
question.  The final paper also uses visible spectroscopy as a diagnostic tool. 
 
5.1 Paper I: Ion and mode rotation in the EXTRAP T2R device during discharges with 
and without the application of feedback control 
[S Menmuir, M Cecconello, M Kuldkepp, E Rachlew, PR Brunsell and JR Drake, Proc. 
32nd European Physical Society Conf. on Plasma Physics (Tarragona, 2005)] 
 
In this paper the toroidal rotation of intrinsic oxygen impurity ions in the EXTRAP T2R 
plasma was measured and compared to the rotation of the m = 1 internally tearing modes.  
Additionally, the effect on the rotation of the application of active feedback control was 
examined.  I was responsible for the ion rotation part including the measurement of the 
spectral lines and analysis to obtain the velocities and for writing the paper.  A poster of the 
paper results was also presented at the conference. 
 
Visible spectroscopy with the high resolution 1m spectrometer was utilised to examine the 
spectral lines at 4414.9Å (OII), 3759.9Å (OIII), 3385.5Å (OIV), 2781.0Å (OV) and 
3433.7Å (OVI).  The toroidal rotation was diagnosed by measuring the Doppler shift of the 
spectral lines when viewed on a toroidal line-of-sight compared to their zero velocity 
position, measured on a central poloidal line-of-sight.  Figure 15 shows how the observed 
velocities of the ions OII to OV evolve over the discharge (the results are averaged over 
measurements on multiple reproducible discharges and the error bars show the standard 
deviation at each interval).  The OVI toroidal rotation velocities follow a similar pattern.  It 
is evident from the figure that the more centrally located higher ionisation stages have a 
higher toroidal rotation than the lower more edge located stages.  A two phase behaviour is 
observed with the velocities initially increasing then slowing down to the end of a 
discharge.  The effect of active feedback mode control is to lengthen a discharge and to 
cause a slowing of the second phase rotation velocity decrease as shown in the figure.  
Comparisons with the tearing mode rotation showed that the most central mode was co-
rotating with the plasma ions but that the other modes demonstrated a possible locking 
behaviour to the central mode causing differences between ion and mode rotations at the 

Figure 

edge.  

15: Evolution of toroidal rotation velocities of the OII to OV ions with (dotted) and 
without (dot-dashed) the application of active feedback control. 
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5.2 Paper II: Impurity concentrations and particle fluxes from spectral measurements of 

nd E Rachlew, submitted to The European Physical Journal D, 

 this paper, the spectrum of the visible wavelengths of the EXTRAP T2R plasma was 

rom the emitted visible wavelengths we can conclude that the hydrogen plasma contains 

ssumed radial profiles of the electron temperature and density were used to determine the 

he particle fluxes of hydrogen, chromium and molybdenum (all emitting from the edge) in 

.3 Paper III: Measurements of the deuterium Fulcher band and Balmer Dα   emission 

lew, U Fantz, R Pugno, R Dux and the ASDEX Upgrade team, 

the EXTRAP T2R plasma 
[S Menmuir, M Kuldkepp a
November 2005] 
 
In
measured and the spectral line intensities were used to determine the impurity content of 
OIV and OV in the plasma, the particle fluxes of hydrogen, chromium and molybdenum 
and, through the line ratios of the hydrogen Balmer lines, the Te at the edge.  The spectral 
measurements and analysis are my work and I also wrote the draft of the paper. 
 
F
oxygen, chromium, iron, molybdenum, nickel, nitrogen, manganese and carbon impurities.  
The metallic lines originate from the material of the stainless steel walls and the 
molybdenum limiters.  The full spectrum can be found in the paper.  It was apparent from 
the measurements at different time intervals in the discharge that the hydrogen and oxygen 
emission decreased when measured later in the discharge whilst that of the neutral 
chromium or molybdenum increased or stayed approximately constant.  This was reflected 
in the results of the high time resolution traces made with the 25cm and 28cm 
spectrometers with PM tubes detectors.  The 0.5m spectrometer was used for the survey 
scan as it measures a wider spectral window.  Measurements with the higher resolution 
spectrometer were also made showing, as expected, better separated and more distinct 
spectral lines.  This issue is explored in more detail in the paper. 
 
A
profiles of the photon emissivity coefficients of the OV multiplet at 2781-2790Å and the 
3063/3072Å doublet of OIV and hence with emission profiles (from [20]) and 
spectroscopic measurements of these multiplets, the concentrations of these ions with 
respect to the electron density were estimated.  Average values of 0.3% OV and 0.2% OIV 
were determined for the core region out to over half the minor radius with averages of 0.6% 
OV and 0.7% OIV for the outer region excluding the edge. 
 
T
the plasma were determined from measured calibrated line intensities using the relationship 
outlined in the section 4.2 above.  The hydrogen fluxes were highest of the three.  At 4-5ms 
into the discharge the hydrogen flux was (1.2±0.4)x1016 particles/cm2 s whilst the 
chromium and molybdenum had (6.7±7.5)x1013 and (3.0±2.2)x1013 particles/cm2 s, 
respectively.  Measurements of the hydrogen Balmer lines at different times showed an 
initially high flux of (4.5±1.9)x1016 particles/cm2 s followed by a decreased constant 
particle flux of around (0.5-1.0)x1016 particles/cm2 s.  As discussed earlier, the relative 
intensities of the hydrogen Balmer series lines in combination with their ionisation per 
photon (S/XB) factors - Te and ne dependant - were utilised giving temperatures of 0.5-2eV 
at densities of (5-10)x1011cm-3, in line with our estimates. 
 
5
in the divertor of the ASDEX Upgrade experiment by cross-calibrated high resolution 
visible spectrometers 
[S Menmuir, E Rach
submitted to Journal of Quantitative Spectroscopy and Radiative Transfer, June 2005] 
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In this paper, spectroscopic measurements of visible light emitted from molecular and 

ll lines-of-sight showed an increased intensity of the measured D2 molecular rotational 

) 

he intensities of the observed Q lines in the two vibrational bands were extrapolated to the 

.4 Paper IV: Active control of multiple resistive wall modes 
YQ Liu, T Bolzonella, M 

 this paper, different schemes for the active feedback control of resistive wall modes were 

atomic deuterium in the divertor of the ASDEX Upgrade tokamak were made and analysed.  
From the molecular Fulcher band emission, the rotational and vibrational temperatures, 
relative vibrational band populations and molecular flux were determined.  Following 
cross-calibration of the two spectrometers, the influence of the molecules in the Dα signal 
on estimates of the atomic deuterium flux was investigated.  The measurements, much of 
the analysis (with guidance and suggestions from co-authors) and the draft of the paper is 
my work.  
 
A
lines and Dα emission when the strike point on the divertor wall was closer to the line-of-
sight spot.  Puffing of deuterium gas from a valve in the outer divertor wall was seen in 
increased spectral line intensity on the lines-of-sight with spots closest to the valve.  By 
plotting the spectral line intensities of the rotational Q branch of the v = 0 - 0 and v = 1 - 1 
diagonal molecular vibrational bands in a Boltzmann plot, the rotational temperature of the 
upper state in each band was determined to be of the order 1000K (see for example figure 
16) with no correlation to the proximity of the strike point or gas puffing.  Relative 
temperatures of the two vibrational bands were not consistent on all lines-of-sight.  
Calculated temperatures were then utilised to determine the relative upper state vibrational 
populations nv=1/nv=0 (around 1.0-1.5) and hence (assuming a thermal population) the 
ground state (X 1Σg

+) vibrational temperature.  A fairly constant vibrational temperature of 
(4000±1000)K was obtained on all lines-of-sight.   

Figure 16: Calculated upper state rotational temperatures for the diagonal v = 0 - 0 (solid
and v = 1 – 1 (dashed) vibrational bands from Q branch intensities measured on the 
VOU002 line-of-sight. 
 
T
full Fulcher band intensity and hence to the molecular particle flux and then to the 
Dα photons due to the molecule.  The atomic deuterium particle flux was calculated 
assuming the Dα signal to be of atomic origin only (a common assumption) and then the 
reduction in the atomic flux calculated when the molecular contribution to Dα was 
included.  A reduction of up to 10% was estimated for these divertor plasma conditions. 
 
5
[PR Brunsell, D Yadikin, D Gregoratto, R Paccagnella, 
Cecconello, JR Drake, M Kuldkepp, G Manduchi, G Marchiori, L Marrelli, P Martin, S 
Menmuir, S Ortolani, E Rachlew, G Spizzo, P Zanca, Invited paper to 32nd European 
Physical Society Conf. on Plasma Physics (Tarragona, 2005), Plasma Phys. Control. Fusion 
47 (2005) B25] 
 
In
investigated and the experimental results compared to the cylindrical MHD 
(magnetohydrodynamic) model.  The unstable RWMs with poloidal mode number m = 1 
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are those with toroidal mode number n = -11 to -2 (internally non-resonant) and n = +1 to 
+7 (externally non-resonant).  It was demonstrated that the use of active feedback control 
could suppress the growth of these unstable modes through the application of current of 
appropriate amplitude and phase in the feedback saddle coils.  In the active feedback 
scheme with control coils at only 16 toroidal positions a coupling of the unstable m = 1 
modes differing in mode number n by 16 was observed.  Using the feedback control 
scheme with control coils at 32 toroidal positions (100% coverage of the torus surface) no 
unstable modes were coupled.  Agreement was seen between the experimental time 
evolution of the unstable modes and the linear MHD model.  Feedback control enabled a 
two-fold extension of the pulse length.  I was responsible for Doppler ion velocity 
measurements of the toroidal rotation.  These showed a sustainment of the velocity when 
feedback was applied, correlated with a sustainment in the tearing mode rotation.   
 
5.5 Paper V: The npσ, π   to EF emission systems in D2 studied by selective excitation 

 M 

 this paper, synchrotron light was used to selectively excite particular states in D2 and the 

.6 Papers not included in this thesis 
, Y Corre, PR Brunsell and M Cecconello, Oxygen 

 Kuldkepp, S Menmuir, E Rachlew, PR Brunsell, M Cecconello, Measurements and 

.7 Ion temperatures in the EXTRAP T2R plasma 
 the intrinsic oxygen impurities in the 

[G Vall-llosera, J. Alarez Ruiz, P Erman, E Melero Garcia, E Rachlew, S Menmuir and
Stankiewicz, J. Phys. B: At. Mol. Opt. Phys. 38 (2005) 659-664] 
 
In
dispersed emission to a specific state was observed and analysed.  The synchrotron light 
which crosses the jet of D2 gas in the high vacuum experimental chamber is monochromatic 
and can be tuned in energy.  Scanning the energy allows individual npσ  1Σ u

+ and npπ  1Π u 
Rydberg states to be excited.  The resulting visible wavelength fluorescence light emitted 
due to transitions to the EF 1Σg

+ state was collected by a mirror and lens system to a 
spectrometer with CCD detector.  The measured spectrum at each excitation energy are 
simple mainly showing only a single band therefore allowing straightforward rotational 
analysis of the band spectra.  The experimentally measured energies of the npσ, π to EF 
transitions showed good agreement with values calculated from known energies of upper 
and lower states confirming the EF 1Σg

+ energy levels.  Additionally, the probabilities for 
predissociation of the npπ  1Πu

+ levels above the dissociation limit of D(1s)+D(2l) were 
measured. 
 
5
M Kuldkepp, S Menmuir, E Rachlew
impurity profile studies in the EXTRAP T2R reversed field pinch, Proc. 32nd European 
Physical Society Conf. on Plasma Physics (Tarragona, 2005) 
 
M
modelling of impurity radial profiles in the EXTRAP T2R reversed field pinch, submitted to 
Plasma Phys. Control. Fusion, October 2005 
 
5
The Doppler broadening of the spectral lines from
EXTRAP T2R plasma was analysed to determine the temperature of the different ions.  The 
spectral lines of OII to OVI that were used in paper I for the study of toroidal rotation using 
the Doppler shift were utilised again here.  Measurements of the single spectral lines were 
made at repeated intervals throughout a discharge (with a repetition rate of 2ms).  At each 
time interval the measured line was fitted with a Gaussian line shape and the Doppler 
broadened full width at half maximum, unfolded from the experimental full width at half 
maximum, used to determine the ion temperature through equation (7).  Figure 17 shows 
the evolution of the ion temperatures for the different oxygen ions where the data points are 
averages over several shots and the error bars indicate the standard deviation.  The 
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measurements were taken along the toroidal line of sight indicated in figure 13.  It is clear 
from figure 17 that in all cases the ion temperature is fairly constant throughout the 
discharge and that the temperature is increased for higher ionisation stages (although OV 
and OVI are similar).  This follows what we expect with the more central higher ionisation 
stages experiencing a hotter temperature (and hotter temperatures required to reach the 
higher ionisation stages).  The application of active feedback control to the modes 
prolonging the discharge does not affect the ion temperature magnitudes or evolution 
significantly. 

Figure 17: Ion tem

ome differences in the measured ion temperatures using the Doppler broadening technique 

peratures of OII to OVI determined from the Doppler broadening of the 
spectral lines.  The shorter time evolution curve (dot-dash) for each ionisation stage 
corresponds to discharges without the use of active feedback control.  The dotted curves are 
with active feedback control.  
 
S
were observed.  In particular for the OVI stage, lower temperatures of approximately 50eV 
were calculated using the measurements taken in a different session.  To understand these 
results and resolve this apparent discrepancy, further studies are required.  One possibility 
is that something in the plasma changed in the period (of 2½ months) between the two sets 
of measurements.  Another aspect to consider is the width of the spectral window measured 
by the spectrometer and if this affects the experimental width of the line obtained by fitting 
the observed curve with a Gaussian function.  An attempt has been made to study this but a 
fuller effort is required.  Additionally, it is observed that after the plasma has ended there 
often remains some signal in the detector for subsequent scan intervals which means that all 
measurements will contain an element of the previous scans which may potentially affect 
the results of the Doppler broadening temperature calculations.  Further study is required.  
Ion temperatures were also determined using measurements taken on the toroidal line-of-
sight where it has been assumed that the rotation of the ions (causing a Doppler shift in the 
spectral lines of a few pixels, see paper I) will not otherwise affect the line widths.  The 
disadvantage with measuring on a line-of-sight which passes poloidally through the core of 
the plasma (the same line-of-sight used for the zero-velocity position λ v=0 in the Doppler 
shift rotation measurements) is the reduced intensity of the spectral lines, which for some, 
such as the OVI 3433.9Å line, means the background structure is more significant.  Further 
work is planned to combine the calculated Tion with knowledge of the ion emission/density 
radial profiles to construct a radial profile of the ion temperature and also to see how (if) 
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the temperatures are linked to the plasma conditions.

 24



6. The future  
 
6.1 Poloidal rotation 
Like the measurement of toroidal rotation of the oxygen impurity ions, it should be possible 
to measure their poloidal rotation using a suitable line-of-sight.  Measurement of the 
poloidal rotation should give us a more complete picture of the motion of the plasma during 
a discharge and how it can be related other plasma parameters.  As for the toroidal rotation, 
we can gain more information by measuring the rotation of different ionisation stages of the 
impurity ions which we know exist in different regions of the plasma.  The available 
poloidal lines-of-sight are shown in figure 18 where it can be seen that the angle between a 
rotation vector (which we assume to be cylindrically symmetric) is smaller (more oblique) 
for the outermost poloidal line-of-sight.  Recalling equation (3) (and replacing λtor with 
λpol), this means that the Doppler wavelength shift should be larger when measured on this 
outermost line-of-sight and will be easier to measure than the smaller shift observed with 
the next inboard line-of-sight.  One major drawback is the reduced plasma volume seen by 
the poloidal lines-of-sight compared to the toroidal line-of-sight which means that for the 
same gate width the intensity observed will be lower.  Poorer statistics, especially for 
particular spectral lines which are naturally less intense such as the OVI 3433.7Å line, will 
lead to increased uncertainty.  In addition, the poloidal lines-of-sight do not look through all 
regions in the plasma so emission from an ion which primarily emits in the core region will 
be much reduced (or not visible at all) for the outermost line-of-sight as the line-of-sight 
will only intersect with the tail of the emission profile.  Finally, the accuracy of the 
emission profiles used to calculate the line-of-sight average of the cosθ factor in equation 
(3) is reduced towards the edge region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Poloidal lines-of-sight in EXTRAP T2R for poloidal rotation measurements. 
 
Some preliminary measurements of the poloidal rotation velocities have been made but 
more work is required to explain some of the results obtained.  For example, there is an 
apparent ramp up in OV poloidal rotation throughout the discharge, reaching velocities of 
the order 40km/s, whilst the OIII velocity stays low and relatively constant. 
 
6.2 Rotation profiles 
It is hoped that the measurements of the toroidal rotation velocities (and in future those of 
poloidal rotation) of the oxygen ionisation stages can be combined to give an idea of the 
radial profile of the plasma rotation (it is assumed that the oxygen rotation is indicative of 
the rotation of the plasma).  Measurements of the radial profiles ion emission and density 
(see the papers in section 5.6) will likely be important in this matter. 
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6.3 CD+ molecular band emission 
The collaboration with ASDEX Upgrade will be continued with visible spectroscopic 
measurements of the molecular band emission of CD+ in addition to that of other molecules 
in the divertor region of the vessel.  The use of an Echelle spectrometer which can look at a 
very large wavelength range on a single line-of-sight should enable the whole bands of 
interest to be measured simultaneously removing the issues of shot to shot reproducibility 
and the necessity of extrapolating from a few vibrational bands to the whole molecular 
band.  Through an increased accuracy in the absolute calibration the influence of molecular 
processes will be interesting to study under various plasma conditions in the divertor.  
 
In the coming year there are plans to make visible spectroscopy measurements from the 
JET divertor plasma to be compared with the measurements from ASDEX Upgrade and 
from EXTRAP T2R. 

 26



7. Conclusions 
 
The measurement and analysis of visible wavelength emission from fusion plasmas 
provides a valuable diagnostic tool.  A wide variety of information about the plasma and its 
behaviour during a discharge can be derived from the visible spectroscopy.  From the 
simple question as to what impurities are present to issues such as electron temperature, ion 
temperature, rotation and particle flux, the art (and science) of analysing visible wavelength 
spectra collected from a fusion plasma is an important aspect of understanding the 
processes in the fusion plasma.  
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