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Abstract

This thesis addresses the use of impurity species in a fusion plasma as they are
applied to diagnostics to interpret the behaviour of the plasma. The work gives a
brief overview of the interpretation of emission coming from light species, with
particular attention paid to the modelling and fundamental atomic data entering
the analysis of soft x-ray helium-like spectra.

A framework for the modelling of heavy species (e.g. tungsten) is presented
with comment made on the quality of atomic data, models and what parts of the
light-element problem do not scale sufficiently to heavy species.

The application of atomic modelling to fusion plasmas is treated in de-
tail; discussing the use of diagnostics measuring line-radiation, quasi-continuum-
radiation and radiated power. Particular emphasis is given as to how valid inter-
pretations from spectral emission are in the determination of impurity transport.



Extract from ‘A glossary for research reports’, Graham (1957)

The W=Pb system was chosen the fellow in the next lab had

especially suitable to show theSome Already made
predicted behaviour... y p.

Extract from section 2.2.4 on page 17:

In order to study the behaviour and emission of heavy met-
als in ITER relevant conditions, laser ablation experiments
were performed at JET with a number of sources such as
tungsten, hafnium, bismuth and lead.

1C D Graham, Jr 195Ketal Progress71 75
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Chapter 1
Introduction

The spectral emission from light impurities within a fusion plasma has, for many
years, been promoted as a key diagnostic to temperature, density and transport
characteristics of the plasma. In actuality, the diagnostic results obtained from
such analysis are not always as successful as one could hope for, or expect.

Key deficiencies are often present in the analysis procedure. The cornerstone
of these deficiencies is usually a lack of highly specialised knowledge of each
of the aspects, and their linkage, which make up the problem as a whole. For
instance, plasma physicists, usually attached to labs, are non-expert in the sources
of fundamental atomic data while fundamental atomic data producers, usually
attached to universities, are non-expert in the eventual application of their work.
Exceptions do exist, of course.

The present work seeks to address this problem in general and at a high level
of detail for specific problems (namely helium- and lithium-like systems and the
diagnostic potential of heavy species). The gap is bridged between fundamental
atomic data production using a state of the art method {t-enatrix) and mod-
elling the transport characteristics of a fusion plasma. These two topics are of
great scientific interest in themselves but between them there is a great deal of
work which is often dismissed as trivial. Knowledge of both extreme ends of the
production and use of atomic data allows for a greater appreciation of, and hence
greater success in, the task to proviceeful atomic data to plasma physicists.

For diagnostic purposes, cross-sections are not of themselves useful atomic



data for plasma analysis, they must first be processed before they can be consid-
ered usable in direct application to experiment. This highlights a key problem
in many atomic databases — they archive cross-sections. More useful quantities
to archive for diagnostic purposes are direct indications of emission (see sections
2.3.1.1 and 2.3.1.2), ionisation and recombination (see section 2.3.1.3).

Another key problem in the diagnosis of fusion plasmas is over-interpretation
of the measured data; often not enough is recorded to tie down all of the un-
knowns. This leads to a situation where differences between measurement and
theory is simply put down to something immeasurable, such as transport. There
exists a real need for a rigorous treatment of theoretical, experimental and propa-
gated uncertainties to underpin analysis. For instance, of the more than one hun-
dred submissions from JET to the 2001 European Physical Society plasma physics
conference, fewer than ten contained error bars (Cordey 2001). It is insufficient
to draw two curves which are close, label them ‘model’ and ‘measurement’ and
because they are close say they match or, because they disagree, to blame a sin-
gle effect and claim measurement of that effect. Covariances must be obtained
between free parameters to provide a true indication of what can and cannot be
measured. For example, the covariance between a simple influx model and edge
diffusion coefficient in a fusion plasma can be greater than 99% if only charge
exchange measurements are used (see section 4.5.4). If an edge spectrometer is
added to the suite of diagnostics then the covariance drops significantly (see sec-
tion 4.5.5.2).

Turning to impurity species in a burning plasma, it was widely held as nec-
essary to minimise these impurities since the resultant radiative power loss can
easily quench the fusion reaction, e.g. 0.1% of molybdenum will easily quench a
fusion reaction (Summers and McWhirter 1979). However, impurities have been
shown as having key diagnostic and controlment roles.

For the purposes of controlling a fusion plasma noble gases are often used —
see, e.g., Higashjimet al (2003) where argon was used to control the heat flux to
the divertor in JT60-U, and Kubet al (2003) where the impurity accumulation
via an internal transport barrier (ITB) and subsequent radiation enhancement were
studied. Such gases also include krypton and xenon — much heavier elements
than those which are routinely used for diagnostic purposes in a fusion plasma.
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Figure 1.1: Radiative cooling curve for xenon in equilibrium at an electron density
of 103cm=3. The ‘bumps’ are features of the line emission from key ionisation
stages contributing heavily to the radiated power in the temperature range where
these stages are particularly abundant.

It is also important to obtain an estimate of the radiative cooling an element such
as xenon will produce when introduced to a plasma. Recent experiments with
krypton and xenon have been performed at JT60-U and the analysis of the results
falls within the scope of the present work. A typical radiative loss function for
xenon as a function of temperature is shown in figure 1.1 (see section 4.3 for more
details).

On the control function of heavy impurities in radiated power loss, it is noted
that the radiative power loss also has an intrinsic use, as touched on above. We
now turn to this in greater detail. The majority of heat flux will go to the divertor in
a modern tokamak (e.g. JET, ASDEX-U, JT60-U) (see Appendix A for a summary
of the character of these machines). For the next generation of fusion devices
(specifically ITER) and, indeed future burning plasmas, this heat flux will be
much larger than previously attained. Impurity seeding into the scrape off layer

1see ITER Physics team, (1999a-f).



(SOL) as a way to cool the plasma before it reaches the divertor (thus reducing
the heat flux to the wall) has been proposed for ITER (Mandrekas and Stacey
1995, Mandrekast al 1996) following the (non-ITER specific) work of Lackner

et al (1984) and Neuhauser (1992). General studies on impurity seeding have
recently been performed on JET (Maddisemnal 2003) while Kukushkinet al
(2002) recently studied the impurity seeding need for ITER. They showed that,
while the radiative cooling itself is important, the impurity causing this cooling
will not significantly affect divertor performance.

Even with impurity seeding, the heat flux to the divertor will still be large.

To this end, tungsten has been proposed as an alternative to lighter materials as a
first wall material for the ITER divertor because of its low sputtering yield (due to

a higher sputtering threshold energy (Eckstetiml 1993)). Such low sputtering
yields are necessary to cope with the predicted power flow onto plasma facing
wall, ~ 20 MWm~2 being a maximum but 10 MWm~2 being desirable (ITER

team 2000). However, the radiative losses from tungsten are far higher than from
lighter materials. For a burning plasma the concentration must stay below a limit
of around 0.0002%, as opposed to the permissible 1% allowed for lighter species
(Peacoclet al 1996).

The first wall on ASDEX-U has recently been replaced by tungsten walls in
order to simulate such a scenario following a lot of preparatory work, notably
Naujokset al (1996). These experiments have been successful and details can be
found in Neuet al (1996, 1997, 2001, 2002, 2003a, 2003b) and Neu (2003). In-
vestigations into the power deposition have been performed recently by Herrmann
et al (2003) and the subsequent erosion, deposition and transport in the SOL have
been studied by Geiet al (2003).

A novel proposal is to use heavy species such as tantalum in fusion plasmas
(specifically ITER) for the purposes of monitoring wall erosion. Such elements
would be embedded into the first wall material and be revealed to the plasma as,
and when, the wall is sufficiently eroded. Released into the plasma, these would
be spectroscopically detected and identified, making a tangible measurement of
wall erosion possible whilst the plasma is running. It would be necessary to detect
a marker species, such as tantalum, against a ‘natural’ (possibly tungsten) back-
ground. Experiments have been performed at JET by laser ablating heavy metals

4
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Figure 1.2: Spectra recorded from ablation of a tungsten tile into JET using a
grazing incidence spetrometer for shot 55155.

into the plasma (O’Mullanet al 2002). The key importance of using JET, as
opposed to other current devices, is that JET can typically attain a much higher
temperature than other machines. These experiments are interesting in that more
than one impurity is ablated at the same time, giving an opportunity to detect, e.g.,
tantalum in the presence of tungsten and, indeed, see if they can be distinguished.
An example of a recorded spectrum from ablation of a tungsten tile is shown in
figure 1.2 and one from a mixture of tungsten/hafnium in figure 1.3. More ex-
amples are given in section 2.2.4. A first attempt at modelling this emission was
performed by Loclet al (2002a) and O’Mullanet al (2002). The work presented
in this thesis can be seen both as an integral part of that work and also as an
extension to it.

The recent studies by Ohg al (2003) on tungsten and tantalum test limiters
in TEXTOR are also noted. They used the work of Reisdl (1977) to calculate
radiation losses to analyse the results.

The most comprehensive work to date on radiation losses from fusion plasmas
is that of Poset al (1977) mentioned above. The average—ion modeb(Sgren
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Figure 1.3: Spectra recorded from ablation of a tungsten/hafnium composite tile
into JET using a grazing incidence spetrometer for shot 55159.

1932) was used to construct radiative cooling curves for ions in equilibrium. We
compare the work presented in this thesis to that of Bbat (1977) in section
4.3.4. Limited work was done by other authors before that of Bbat (1977),

we make particular note of Gervids and Kogan (1975) who calculated radiative
cooling data for tungsten.

More advanced ways to calculate radiative power and spectral emission now
exist. Underpinning these calculations are fundamental data which can come from
anumber of different sources. A lot of work was done by Sampson and co-workers
(e.g. Sampson (1986) and references therein) to systematically produce rate coeffi-
cients for many applications. This work was extensive in that it generally covered
a wide range of elements but the methods (although not the comprehensive data
coverage) have since been superseded by more modern techniques. Partly, this
thesis seeks to address the lack of data coverage by creating a scheme to automate
the production of atomic data. Other techniques to calculate fundamental data in-
clude R-matrix (Burke and Berrington (1993), and discussed in detail in section
2.5) and HULLAC (Bar-Shaloret al (1988), and discussed in section 3.3.4).



For fusion plasma analysis, these fundamental data feed into a collisional—
radiative model. This was first put forward by Bagtsl(1962) and then extended
by many people — notably, for this work, Summers (1999).

The need for collisional-radiative modelling is best illustrated by a specific
case. In figure 1.4 the three main (electron-impact dominated) population struc-
ture regimes in an optically thin plasma are shown for the ca6g afAt very low
densities, the regime is that of coronal equilibrium where each level is only effec-
tively populated (internal to the ion) from the ground state before spontaneously
decaying back to the ground state, either directly or indirectly, and emitting ra-
diation; no cross-coupling between levels is observed due to the low number of
electron-impact events. Given a population, the probability of a specific level
emitting a given spectral line is described by a branching ratio. This branching ra-
tio is only dependent upon spontaneous emission coefficients and is, hence, tem-
perature independent. One important consequence of this is that, in the coronal
regime, the only temperature dependent process within a given ion (i.e. neglect-
ing ionisation and recombination) is that of direct collisional excitation. Thus the
atomic physics going into the analysis of such a coronal regime plasma is much
more straightforward than for a plasma in the collisional-radiative regime. The
coronal model is still in extensive use at the time of writing despite it being shown
that it is invalid at moderate densities — this is an unacceptable way to analyse
many fusion plasma regimes.

The other extreme, at very high densities, is that of local thermodynamic equi-
librium (LTE), where the population of each level is given by Boltzmann statis-
tics. Once this regime has been reached, the dependence on electron density is
removed, in contrast to the coronal regime. When a plasma is in LTE the relative
intensity of spectral lines are given only by the relative values of spontaneous
emission coefficients with no dependence on electron-impact rate coefficients,
provided the plasma remains optically thin. This is a strong qualification in dense
plasmas. The densities required for LTE are not normally reached within current
magnetically confined fusion plasmas; such densities typically exist in the core of
the sun and in laser induced plasmas.

The region bridging between coronal and LTE is known as the collisional—
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radiative (CR) regim& For many important ions, this regime occurs at densities
typical of those found in magnetically confined fusion devices. The basic theory
underpinning CR modelling was first proposed by Batiesl (1962) and has been
extensively developed by Summers and co-workers (1999) with a recent review
by Summert al (2002) (and references therein).

Inthe CR regime, itis necessary to consider the cross-coupling between levels
using explicit collision rates (from cross-sections). In the simplest case, for op-
tically thin plasmas (usually a valid assumption in current magnetically confined
fusion devices) these rates will be electron-impact excitation and de-excitation
along with spontaneous emission rates.

At the present time, the most sophisticated method of handling the CR regime
is called generalised collisional radiative (GCR) modelling. Attention is drawn to
two projects which this thesis is closely linked with, namely the DR project (Bad-
nell et al 2003) and the GCR project (O’Mullane and Summers, unpublished).
The DR project is a programme for the assembly of a comprehensive dielectronic
recombination (DR) database in order to supply the necessary rates to model fully
plasmas within the generalised-collisional-radiative (GCR) framework. The di-
electronic recombination data produced by the DR project is usable at finite den-
sities (i.e. valid for the CR regime as outlined above) as opposed to much of the
earlier data as summarised by Mazzatal (1998). At the present time the O-
like (Zatsarinnyet al 2003) and Li-like (Colgaret al 2003) DR sequences have
been presented in the literature with another six papers in the publication process.
The GCR project is discussed in detail in section 2.3.1.5.

On non-plasma studies of heavy species, attention is drawn to extensive mea-
surements of ionised tungsten in electron-beam ion-trap (EBIT) experiments,
specifically those at IPP-Berlin. From the perspective of the fusion program,
these experiments provide a key insight in to how tungsten will behave in a fu-
sion plasma. A great deal of atomic modelling has also taken place to support and
explain these experiments (e.g. Radéteal 2001). Comparison with these data
should be seen as a rigorous test of the current work. We also note the ionisa-
tion cross-section measurements of Steetkal (1995) for near-neutrals of tung-

’Note that the CR description implicitly encompasses and describes both extremes; it moves
smoothly between the coronal and LTE limit.



sten (up toW!°*) and the calculations of Pindzola and Griffin (1997) to describe
the measured data. Earlier measurements were also performed for singly ionised
tungsten by Montague and Harrison (1984).

The work presented here deals firstly with the problem of light impurities,
specifically those where individual spectral lines can be easily distinguished and
analysed with respect to other spectral lines — most often in the same spectral
region. A re-working of the specific problem of the helium-like emission spectrum
along with its associated lithium-like satellite lines is performed, based oR-the
matrix method for excitation cross sections. This highlights new refinements of
the cross-section calculations which can significantly alter results. Such methods
for few-electron systems are typical of those used for light elements.

The techniques developed for light elements are then reviewed, expanded and
modified so as to be able to address very heavy species, such as tungsten. Con-
sideration is given as to what part of the analysis procedure from light ions can be
retained and what parts need a complete or partial re-working. In particular, the
fact that the emission lines merge into an effective quasi-continuum necessitates
the replacement of individual line emissivities with ones which describe a group of
many (blended) lines. Special attention is given to the size and complexity of the
problem with the specific view of generating a framework for arbitrarily complex
systems which provides diagnostically useful atomic data for fusion experiments.

An analysis environment for using this data is then presented. The main novel
issue in this analysis system is the extended use of quantitative data and, specifi-
cally, error analysis and propagation. Particular attention has been given to corre-
lations in measurable quantities so as to give a proper indication of what can and
cannot be measured and derived given the experimental data available.

The work presented here is driven by application rather than utilisation of fun-
damental data. Rather than generating fundamental data (such as cross-sections)
and then seeking an application, the approach taken here is to identify what is re-
guired for plasma diagnostics. Then a prescription may be laid out on the basis of
which appropriate theory and tailored data may be prepared. While this approach
may seem natural and more useful it is often the case that fundamental data is
generated and then an application sought. Thus, the structure of the chapters are
such that diagnostic needs are first outlined, and then met using atomic physics. In
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section 2.2, for example, we give examples of spectroscopic measurements from
fusion plasmas, identifying ones which lead to different types of analysis. To anal-
yse these examples, we identify diagnostically useful deliverables (section 2.3.1),
subsequently explain how collisional-radiative modelling can provide these data
(sections 2.3.2 and 2.3.3) and finally (section 2.3.4) go into the details of the data
which feed into the collisional-radiative model. This presentation does not have
the elegance of starting froab initio calculations and showing how they are built

up to plasma diagnostics but rather it shows how a diagnostic need is identified,
researched, developed and met — this is a more accurate portrayal of the modern
analysis environment.

11



Chapter 2

Interpretation and modelling of line
radiation

2.1 Introduction

The modelling of line radiation has been the basis of most atomic physics, going
back to the fundamental work of modelling the line emission of hydrogen in a
discharge lamp and the resultant quantum mechanical description which is still in
use today. It also has a long history in astrophysics where it has been used both to
describe the evolution of plasmas, often very active plasmas such as solar flares
and also for more fundamental measurements such as the first proper experimental
evidence for the existence of helium. This chapter discusses in detail how line
emission is currently modelled for application to a magnetically confined fusion
device using explicit excitation, recombination and ionisation rates to determine a
population structure which gives rise to line emission.

The techniques used to combine all of this atomic data as well as the sources
of fundamental data are discussed. Emphasis is then given to a particular spec-
tral region, namely the soft x-ray emission of helium-like systems along with its
associated lithium-like satellite lines. This is given as an example of how diagnos-
tically useful the information given by spectra can be and a re-working is given
to the modelling of these spectra, a necessary improvement on earlier work in
light of recent spectroscopic measurements and available atomic data generation
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techniques.

Atomic data is then generated for helium- and lithium-like systems using the
R-matrix method, a (state of the art) technique used here to generate excitation
and de-excitation rates. Attention is given to the validity of this data as a function
of temperature, as well as the energetic behaviour of the fundamental collision
strengths at both low and high energy.

2.2 Examples of spectroscopic measurements

We present here a number of examples of spectroscopic measurements from fu-
sion devices to highlight and justify the approach to atomic physics used and de-
veloped in this thesis. Each of these measurements is unique and merits a particu-
lar type of analysis. In section 2.2.1 we give an example of a VUV measurement
where individual spectral lines can be readily observed and hence only requires
modelling of a single transition, without any spectral resolution. In section 2.2.2
we give an example of molecular emission where single lines cannot be resolved
and thus a complex feature must be built up to model the spectrum. In section
2.2.3 we expand on the need for modelling of special features by showing soft
x-ray measurements from TEXTOR and Tore-Supra, the modelling and precise
description is later discussed in section 2.4. Finally, in section 2.2.4 we show ex-
amples of laser ablation of heavy elements into JET — a problem which requires
spectroscopic resolution and also the handling of a large amount of atomic data.
The theoretical techniques to describe these spectra are given throughout chapter
3.

2.2.1 VUV spectroscopy of neon near the plasma edge

During a series of neon and argon gas-puff experiments at JET (Git@ia004),

VUV spectroscopy was performed ofe’" and Ar'>". We take the neon as an
example here as observed in shot 60933. Spectra were recorded throughout the ex-
periment in the VUV region, the spectral interval Wherelh?@pZP% - 1s22s28%
and1s?2p QP% — 18225 QS% transitions occur are shown in figure 2.1. Immediately
before the puff, the lines are very weak but following the puff the lines become

13
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Figure 2.1: VUV spectrum as recorded during a neon gas puff experiments in JET
shot 60933. The solid line denotes the signal before the gas puff and the dashed
line the signal just after. The VUV lines dfe’" at 77 and 784, corresponding

to the1s?2p 2Ps — 1s%2s 281 and1s?2p 2P1 1s22s 2S. transitions respectively,

can be seen after the puff ’

much stronger as the neon enters the plasma. Sinteonly occurs at the edge

of JET (typicallyr/a = 0.8 with peak abundance arounda ~ 0.95) the emis-

sion is seen almost immediately. Fits were performed to these two lines and their
brightness summed as a function of time. This time trace can be seen in figure
2.2. Qualitatively, the neon can be seen entering the plasma rapidly then coming
back out with an exponential decay.

Atomic data for a number of processes is required in order to model the VUV
emission. If one knows the abundance\ef © then a local emissivity is required
(which will be a function of temperature and density). Such an emissivity, called
a’PEC, is introduced in section 2.3.1.1. However, if the abundan®é:6f is also
to be determined in order to calculate the emission then effective ionisation and
recombination coefficients are required (see section 2.3.1.3) to enter an impurity
transport model (see section 4.4).

Modelling of VUV emission at the edge of a fusion plasma in this way is often
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Figure 2.2:Ne”™ VUV emission for a summation of fits to the emission from the
1s22p QP% — 1s%2s QS% and1s?2p QP% — 1s%2s ZS% transitions in JET shot 60933.

used to determine the influx of impurities into the core, this is discussed in detail
in section 4.4 and demonstrated to be useful in determining plasma behaviour (i.e.
transport coefficients) at the edge in section 4.5.5.2.

2.2.2 Molecular emission from BeD and BeT

During the JET trace tritium campaign, experiments were performed attempting
to distinguish different isotopes of beryllium hydrides — the theoretical work per-
formed was successful but the detectability of different isotopes was difficult to
observe due to the low tritium concentrations in the experiments. During the dis-
charges, visible spectra of the divertor region were recorded. One such spectrum
recorded from JET shot 60433 is shown in figure 2.3 (Meigs, 2003).

This type of spectra clearly needs a different sort of analysis from the far
simpler line spectra given in section 2.2.1. Modelling by fitting lines on purely
mathematical models (e.g. Gaussian curves) cannot be performed whilst retaining
all of the diagnostic information contained within the spectrum. Instead a ‘spe-
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Figure 2.3: Emission from BeD and BeT during JET shot 60433, the A-X transi-
tion array is observed.

cial feature’ is created, which is a collection of simulated spectra parametrised
according to physically meaningful quantities such as temperature and density.
These features still model local emission so line integration at each wavelength
point (corresponding to a pixel on a spectrometer) must still be performed. See
Duxbury et al (2004) for details of this analysis, it is noted that the spectrum
shown here is of only moderate resolution.

Special feature analysis forms a major part of this thesis and is introduced in
section 2.3.1.4.

2.2.3 Helium-like satellite line region

Soft x-ray helium-like spectra near the resonance line have been used for a great
many years in astrophysical and laboratory diagnostics. Previous analysis centred
around taking various line ratios, such as the (temperature dependent) G-ratio
(Gabriel 1972). The preferred analysis procedure is now to use special feature
analysis to fit spectra based on physical parameters such as electron temperature
and density. Such a method allows a much better use of the high quality atomic
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Figure 2.4: Helium-like resonance regioni'®™ measured on TEXTOR in shot
88710 between = 3700ms andt = 4700ms.

models and data available.

A spectrum ofAr'%* recorded on the TEXTOR tokamak is shown in figure
2.4 and a similar spectrum froffi'®" recorded on Tore-Supra is shown in figure
2.5 (Marchuket al 2003, Marchuk 2004).

The special feature analysis of the helium-like resonance region is discussed in
detail in section 2.4. A complete model is produced and discussed and examples
of experimental comparisons are presented which used the models (section 2.4)
and data (section 2.5) given in this thesis.

2.2.4 Emission from heavy metals in the core plasma

In order to study the behaviour and emission of heavy metals in ITER relevant
conditions, laser ablation experiments were performed at JET with a number of
sources such as tungsten, hafnium, bismuth and lead. A tungsten spectrum is
shown from JET shot 55155 in figure 2.6 and a hafnium spectrum is shown from
shot 55154 in figure 2.7. These spectra are interesting in isolation but if ITER has
tungsten plasma facing components and, say, hafnium doped tiles to measure wall
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Figure 2.5: Helium-like resonance region Bf'*" measured on Tore-Supra in
discharge 23706 between- 4620ms andt = 5040ms.

erosion then it will be necessary to detect and distinguish both species simulta-
neously. Figures 2.8 and 2.9 show such a mixture of tungsten and hafnium. The
former figure, from shot 55159, is a composite tile for the laser ablation and the
latter, from shot 55153, is an alloy tile.

The special feature analysis of highimpurities is discussed in detail in sec-
tion 4.2. As in the case of the helium-like region spectral analysis, complete for-
ward modelling is presented along with examples of experimental comparisons
performed using the atomic data and models presented here.

2.3 Population and emission modelling

2.3.1 Diagnostically useful deliverables

For analysis of the emission and transport of impurity species in a fusion plasma
there exist a number of useful atomic deliverables — exactly the sort of deliver-
ables which would be used to confront the example spectra given above in section
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Figure 2.8: Spectra recorded from ablation of a tungsten/hafnium composite tile
into JET during shot 55159.
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Figure 2.9: Spectra recorded from ablation of a tungsten/hafnium alloy tile into
JET during shot 55153.
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2.2. These quantities can be applied directly to spectroscopic measurements with-
out unnecessary complications. It has been the trend in ‘atomic data centres’ (e.g.
IAEA! and NIFS) to collect, archive and validate cross-sections. While cross-
sections are valid quantities to collate, they are not immediately useful to a fusion
plasma diagnostician studying trace impurity species, in contrast to claims of-
ten made by such data centres. Within the Atomic Data and Analysis Structure
(ADAS) database (Summers 1999) a number of different types of atomic data are
archived, many of which are directly applicable to fusion plasmas. In particular,
photon emissivity coefficients, photon efficiencies, total ionisation and recombi-
nation rates and radiated power coefficients. These quantities are calculated with
highly complex atomic modelling and often underpinned with high quality cross-
sections but the values themselves are presented in a simple form for a diagnosti-
cian to use.

2.3.1.1 Photon emissivity coefficients

For an ion,X**, within a plasma at local temperature and densit{;0édnd N,
respectively, it is useful (for spectroscopy) to know how many photons that ion
will emit for a given transition; — k. We call such a quantity a photon emissivity
coefficient PEC. ;_ (T., Ne)). If we know the electron temperature, electron
density and ion density profileqy, (), N, (I) andn, (I) we can obtain a line
integrated emission along a line of sighffrom ! = 0tol = L) from,

/L ,PECZJHIC (Te (l) , Ne (D) N (l) L (l) dl. (21)

In reality, thePECs are more complicated: there is an excitation and recombina-
tion part, but the basic principle remains the same. There is a diagnostic need for
a quantity which gives photons emitted per second as a function of electron tem-
perature and density, as was highlighted with the VUV analysis in section 2.2.1.
PECs are used, and developed, throughout this thesis and are defined in section
2.3.2.

http://wvww-amdis.iaea.org/
2http://dbshino.nifs.ac.jp/
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2.3.1.2 Photon efficiencies

The photon efficiencies, or ionisations per photon, are often used to determine

influx from measured line intensities. The number used is ted@ds which is

the ionisation ratey, divided by the excitation rateX, and the branching ratio,

B. These are functions of temperature and density and are defined in section 2.3.2.
Early work using this technique was done by Staghal (1987) and Behringer

(1987b) with a review by Behringat al (1989). Recent studies of carbon influx

from the walls of ASDEX-U have also been successfully performediliteRch

et al (2003a) using this methodS/X' Bs are not utilised in this thesis but have

been included here for completeness as one of the three main types of deliverable

data PECs, S/ X Bs and effective ionisation & recombination coefficients).

2.3.1.3 Total ionisation and recombination rates

In order to determine a dynamic ionisation balance inside a tokamak plasma, or,
indeed many other types of laboratory or astrophysical plasmas it is normal to
use a temporal and spatial model commonly referred to as a transport model (or
impurity transport model to distinguish it from, e.g., an energy transport model
or majority species plasma transport model). This type of modelling typically
involves solving a set of equations of the form:

on. __12(
ot ror

rI",) + Sources — Sinks (2.2)

wheren, is the density of ionisation stageof a particular species. The sources
and sinks include:

e electron-impact ionisation from lower charge states,
e electron recombination from higher charge states,

e charge exchange recombination with neutrals.

The particle flux]',, is described by either a plasma model or it can be ‘measured’
by least-squares fitting based on forward modelling (see section 4.4).

To describe the ionisation and recombination from and to a given ionisation
state, it is necessary to build up an atomic model to give effective ionisation
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and recombination coefficients. The highest quality coefficients come from a
collisional-radiative model. The procedure for the determination of these coef-
ficients is detailed in section 2.3.3 and the calculation of these data for heavy
species (e.g. tungsten) is one of the main outputs of the present work, as discussed
in chapter 3.

2.3.1.4 Spectral features

We define a spectral feature (i.e. special feature) to be a group of connected lines
from a collisional-radiative model parameterised according to physical parame-
ters, typically those which would be used in a fitting procedure. The justification
for these features was given in sections 2.2.2, 2.2.3 and 2.2.4. All of these ex-
amples contained interconnected lines which must be treated together in order to
perform self-consistent modelling or multi-parameter fits.

A special feature is general in that it may retain information about the ori-
gins of individual lines (i.e. the transitions they correspond to) or the lines may
be bundled together. This definition also allows special features to describe both
quasi-continuum (see chapter 3) and true-continuum radiation. Two special fea-
tures in particular are developed in this thesis, one for the modelling of soft x-ray
helium-like emission is developed in section 2.4 and one more suited to the mod-
elling of heavy species in section 3.2.1.

2.3.1.5 Metastable-resolution

The GCR project calculates and provides self consistent atomic data primarily
for the fusion community (Summers 1999), but is also useful to the astrophysi-
cal community. It builds upon the generalised collisional-radiative (GCR) (Sum-
mers and Hooper 1983) picture. In this level of approximation, metastable (long
lived) states are assumed to evolve on the same timescales as the plasma evolves.
Metastable states have lifetimes of (Summers 1999)

10
N%S.

(2.3)

Tm
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Excited states, on the other hand, are very short lived and have lifetimes typically
of

1078
Tex ™ 74 S. (24)
There also exists a decay time for doubly—excited (autoionising) states which
scales as )
107 o Ta \2 E;
Tauto ™ E(Z + 1) (kTe) exXp (kTe S. (25)

The different timescales are ranked as follows,
Tp ™~ T >> Tex >> Tautos (2.6)

wherer, is the timescale at which the plasma evolves

Thus, for application to many aspects of the spectral emission from fu-
sion plasmas, the derived atomic data provided must be metastable-resolved.
This means that ionisation and recombination rates must be from metastable to
metastable (for the purposes of modelling, we refer to a ground state as simply
being one of the metastable states) and the emission coefficients for radiation
emitted from the plasma must be based on metastable, and not ionic, densities.
The metastable-resolved coefficients described here are the main outputs of the
GCR project (O’Mullane and Summers, unpublished).

GCR-modelling is the theoretical cornerstone of the present work in terms
of the calculation of data to enter the GCR-model, the modelling itself and the
application of the models to experiment.

2.3.2 Population structure

Consider an ionX**, of the elementX with adjacent ionisation stageg:+1)+
and X =D+, We separate the levels within the i6ff* into

e metastable levels — long-lived levels (including the ground state) indexed
by Greek indices and denoted &§", X:* etc.

3For non-fusion plasmas the plasma timescales can be much slower or faster than the rate at
which the metastables evolve.
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e ordinary levels — short-lived levels indexed by Roman indices and denoted
asX;", X7 etc.

We denote the population densities of an ordinary level\pya metastable
level by N, and a metastable level of the parent ion (K&")F) by N F. Itis
assumed that the populations of the metastable levels are known. These would
typically come from a transport model (see section 4.4) or an ionisation balance
calculation (see section 2.3.3). We also assume that the free electron d&psity,
the proton densityV,,, and the neutral hydrogen densily, are all known. These
are considered inputs to the collisional-radiative model. Of course, in practice,
these can be free parameters and varied in a fitting procedure should one wish to
determine, e.g., the electron density.

Let M denote the number of metastablésthe number of ordinary levels
and M the number of metastable levels in the parent ion. The statistical balance
equations then take the form

o M Mt M+
370U = 3Gl SNt 3NN 101
j=1 o=1 p=1 p=1

(2.7)
C;; andC;, are elements of the collisional-radiative matrix,.; is the free elec-
tron recombination directly to the levéfrom the parent metastabteand qi(cx)
is the charge exchange (CX) recombination coefficient from neutral hydrogen di-
rectly to leveli. The element;; of the collisional-radiative matrix is composed
as
Cij = —Aj_i — Neq(e) - Npq(P) i #j (2.8)

Jj—i J—t

where A4,_,; is the radiative rate (see section 2.3.4.2) qﬁﬁ and qj(.pji are the
rate coefficients for electron (e) and proton (p) induced transitions (see section
2.3.4.3). The diagonal elements of the collisional-radiative madfjy &re com-

posed differently:

Cii = Z Ainj+ Ne Z qz(e—)g' + Ny Z qz(i)j + Neng) (2.9)

J<i J# J#
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this term represents the total loss rate from leveith qi(I) the electron-impact
ionisation rate coefficient. The solution for an ordinary leyels then,

o M o] M+
N; = - Z ;! Z CioNo + 3OS 1NN
M+ =1 o=1
Z 7 Z o NV (2.10)

M
Z FEINN, + Z FEONNG + 3 FII NN

where the]:]((‘jxc), f;ffc) and f;fx) are, respectively, the effective contributions
to the excited populations from excitation from the metastables, from free elec-
tron capture from the parent metastables and from charge exchange recombination
from neutral hydrogen onto the parent metastables. All of these coefficients de-
pend on both density and temperature and the actual populations of an ordinary
level may be obtained if the dominant population densities are given.

For transitionj — k, the emissivityg,_.;, of the spectral line is then given by,

€k = Aj_%zf-exc)NN +AJ—>1€Z.7§;€C)NQN;
M* (2.11)
+ Ajx Y Fi Y NuN;.

It can be seen that the photon emissivity coefficients as outlined in section
2.3.1.1, can then be simply extracted according to,

PECE), = AjyFi (2.12)
Pec;jik = Aj_ g Fi) (2.13)
PECEN, = A W FITY. (2.14)
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The S/XBs(i.e. reciprocal photon efficiencies), as described in section
2.3.1.2, can also be extracted according to

M+

1
S/XB —————— ) Sco—p (2.15)

oj—k (exc)
Aj—’k‘;rja p=1

whereScp ,—., is the collisional ionisation rate from metastablef X** to the
metastable parent, of X (=+1)+,

2.3.3 lonisation balance

Starting with the collisional-radiative formalism, is is possible to obtain effective
ionisation and recombination rate coefficients in finite density plasmas. This was
first established by Batest al (1962). It is possible to perform this analysis in
keeping with the metastable-resolved picture as used in section 2.3.2. However,
since the application of metastable-resolved ionisation balance data does not play
a major role in this thesis we choose to present the details assuming only the
ground state is significantly populated. We discuss briefly at the end of this section
the implications of applying metastable-resolution.

As in section 2.3.2, an ion in a plasma is viewed as being composed of a
complete set of levels indexed byand ; and a set of radiative and collisional
couplings between them denoted 6Y; to which are added direct ionisations
from each level of the ion to the next ionisation stage (coefficrjé’ﬁ) and direct
recombinations to each level of the ion from the next ionisation stage (coefficient
r;). Without loss of generality, we can ignore other ionisation stages, provided
that couplings to and from them are only via ground states. For each level there is
a total loss rate coefficient for its population denoted by

—Cy = Z Cji + Neqi(l)' (2.16)
J#i

The population of any level is determined by the balance of processes pop-
ulating and depopulating it, as described in detail in section 2.3.2. Suppose the
dominant populations are a recombined ion ground state () and a recom-
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bining ion ground state denoted by These two states alone are assumed to be

significantly populated (compared to the excited level populations) from the point
of view of the ionisation balance problem. With this assumption, all excited levels
are relaxed and so the quasi-equilibrium statistical balance is,

dN,

TS :ZCIij + C11 N1 + NNy, (2.17)
J#1

0 :ZOUNJ +OZ'1N1 —|—NeN+7’Z'. (218)
J#1

In matrix form these become

ah | _
0

where(;; is a column vector;; is a row vector, and’;; is a matrix.

Cn Oy
cil Cj

Ny
N;

+ NN, [ " ] , (2.19)

i

From section 2.3.2 we know that the populations of the excited levels in quasi-
equilibrium,N]‘?q, are given by,

N§t = =NoNy Y~ Ciltri = Y G5 Ca Ny (2:20)
i#1 i1

Substitution of 2.20 into 2.19 allows identification of an effective ionisation
coefficient,S¢p, given by

Sep=Ci— Y Y Cy;Ci~'Cy (2.21)
J#1 i#1
and an effective recombination coefficient;p, given by
acp=r1— Y Y Ci;C;i'ry, (2.22)
J#1 i#1

where the CD denotes ‘collisional-dielectronic’ to indicate that the coefficients
include collisional effects and recombination/ionisation processes (including di-
electronic recombination), these are the coefficients whose use was described in
section 2.3.1.3 and th#-, is the coefficient required in the definition of &X' B
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(equation 2.15).

From an application viewpoint, the coefficients given above specify the contri-
butions to the effective growth rates for the ground state population due to recom-
bination from, and ionisation to, the state so that the time dependent equation

for N; becomes
dN;

dt
In a finite density plasma, the populations of metastables can be significant,
as discussed in section 2.3.1.5 and 2.3.2. Some extension is required to the above
equations to treat this correctly. We use the term ‘metastable’ to refer to both

= _NeSCDNl + NeaCDN+- (223)

ground and metastable states and index themp by the recombined ion and

v for the recombining ion. Therefore, the ion of charge stateas metastable
populationsN;* and the recombining ion metastable populationslﬁfe“)*.

It is common to call the recombining ion metastable states ‘parent’ states. Gen-
eralised collisional-radiative theory provides effective coefficients which are the
metastable-resolved analogues of the ones derived above, viz.

e the ionisation coefficients =S¢p .. ,

the free electron recombination coefficientseep,,—., ,

the charge exchange recombination coefficient€'ep .., ,

the metastable cross-coupling coefficientSep /. ,

the parent metastable cross-coupling coefficientXep ,/_., .

Note that the latter two are only present for the case of metastable-resolution.
TheQcp -, couples two metastable levels of the same ionisation stage together
via excitation within the ionisation stage while th&., ,/_,,, couples them by a
transition occurring via the adjacent ionisation stage, e.g., ionisation to an excited
(i.e. non-metastable) level of the next ionisation stage and then recombination
back to a metastable of the original ionisation stage.

The ionisation, recombination and cross-coupling coefficients are what typi-
cally enter an impurity transport model, as described in section 2.3.1.3 and dis-
cussed in detail in section 4.4. In practice, transport modelling of the core plasma
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is often not done at metastable-resolution so cross-coupling coefficients are not
required.

In the astrophysical domain, it is common to establish an ionisation balance
equilibrium. That is, the state which a system at a given temperature and density
will eventually converge upon with no transport. It is often instructive in the fusion
regime to consider ionisation equilibrium where insufficient transport information
exists and/or to give a first estimate of an ionisation stage distribution without the
need for detailed plasma modelling. An analytical solution exists for this problem,
bypassing the need to propagate a set of equations until equilibrium is reached.
For brevity, the solution for the non-metastable-resolved case is given here. See
Summers (1999) for more detalils.

Consider the evolution of populations of ions of an element in a plasma. For
an elementX of nuclear chargey, the populations of the ionisation stages are
denoted by

N®:2=0,...,2. (2.24)

The time-dependence of the ionisation stage populations is given by the equations

dN*) s
—— =N, WSSy T NED

(N Sep Y + Nealiy ™™V + NuClp) ,ffp,) N© (2.25)

+N.a (Z+1—>Z)N(z+1 + NHCC%;1_>Z N(Z+1).

This is called an unresolved or stage-to-stage picture. The coefficients are the
(ordinary) collisional-radiative coefficients. In equilibrium ionisation balance, the
time derivatives are set to zero and the stage populations are the solutions of the
matrix equation

—Suy Y ki’ + (N /Ne) Cop” 0 0] [nNO
v | sen” —(5(“2)+a“0+<NH/N )C55) alp? 0| | NO — 0
- 50-2) | | e
0 0
(2.26)

30



subject to the normalisation condition

20
Nit = Y _N®, (2.27)
z=0
whereN,,; is the number density of ions of elemeXitin any ionisation stage. The
equilibrium fractional abundanceé®) /N,,, at a set of temperatures and densities
are then available for application to plasmas considered (or approximated) to be
in equilibrium.

2.3.4 Fundamental atomic data

A large amount of fundamental atomic data is necessary to model a given species
in typical fusion plasma conditions. Key types of data are outlined here along with
explanations and discussion of how they are obtained, compared and validated,
along with the applicability of different approaches.

2.3.4.1 Energy levels and wavelengths

Accurate energy levels (hence wavelengths) have been tabulated for many species,

most notably in the work of Kelly (1987) and the NIST datalda#teis noted that

a lot of the data contained in the NIST database originates from Kelly (1987).
While it is possible to calculate wavelengths (see, e.g., Eissnair(1974)),

it tends to be the case that they are best measured. See Kelly (1987) for more

details of the sources. However, for many systems the number of observed energy

levels is too small or non-existent, in this case the energy levels must be calcu-

lated. Measurements for other (similar) systems are then used to benchmark the

techniques.

2.3.4.2 Radiative Data

Radiative data, in the context of this thesis, is referring to anything which is a
function of the N electron system and independent of external influences such
as radiation fields and electron collisions. The most common form of radiative

“http://physics.nist.gov/
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data is the A-value or ‘radiative rate’, denotéld .; which is the probability of
an electron in a statggoing to a lower (in absolute energy) statey emitting a
photon.

Transitions are categorised into different multipole types, only the lowest of
which are relevant for this work, labelled:

e EO — electric monopofe

e E1 — electric dipole,

e E2 — electric quadrupole,
e M1 — magnetic Dipole.

See Eissneet al (1974) and Cowan (1981) for more details and expressions
used in the calculation of radiative data. We note that the Cowan (Cowan 1981),
SUPERSTRUCTURHEEIssneret al 1974) andAUTOSTRUCTURE (Badnell 1997)
codes can calculate data for higher multipole transitions besides these.

These same data can be expressed in a number of equivalent ways, namely
A-values, oscillator strengths and line strengths. Care has to be taken when con-
verting between them but no further data needs to be calculated, see [eisaher
(1974) for detalils.

2.3.4.3 Excitation and de-excitation rates

Consider the electron-impact excitatian{ j) (or de-excitation > j)) reaction
denoted by

with ¢, + E; = ¢; + E;, whereE; is the excitation energy of the statede-
noted byX " relative to the lowest level of the iaki**, similarly for j. Without

loss of generality we assume that stgtes higher in energy (i.e. closer to the
continuum) than staté giving rise toE; < E;; ¢; is the energy of the incident
electron and; the energy of the scattered electron. The reaction can be described
by a cross-section denoted by, (¢;). Energetically, this reaction requires that

SWe note that an electric monopole A-value is zero but the same nomenclature is also used for
excitation transitions where the cross-sections are finite.
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e, > AE;; = E; — E;. The de-excitation cross-section is denotedrhy; (¢;).

It is preferable to use a dimensionless quantity which is symmetric between ex-
citation and de-excitation reactions for a giveand ;. This quantity, called the
collision strength (introduced by Hebb and Menzel (1940) and named/used by
Seaton (1953b,1955)), is denoted®y (¢)°. As well as being symmetric, it also
has the advantage that it is typically slowly-varying in energy. It is connected to
the excitation and de-excitation cross-section via,

wherely is the ionisation potential of hydrogen; is the statistical weight of the
lower level,w; is the statistical weight of the upper level angis the Bohr ra-

dius. Since the collision strength is slowly varying with energy, it is a more useful
guantity to analyse qualitatively and compare quantitatively. Figure 2.10 indicates
how differences are highlighted in plots much more easily when comparing col-
lision strengths as opposed to cross-sections, particularly at high energies. The
two pieces of data are for thie2s 3S; — 1s2p 'P; transition inAr'®", the data

are fromR-matrix calculations (see section 2.5) with one set of data including a
contribution from ‘top-up’ (contributions to the process from high angular mo-
menta — see section 2.5.2.4) and the other not including this contribution. It can
be seen that a comparison using collision strengths lends itself to distinguishing
differences and behaviour (hence potential errors) across all energy ranges.

For a thermal plasma, i.e. one where the electrons have a Maxwellian distri-
bution, it is useful to convolute the collision strength with an electron distribution
for a temperaturel,.. The resultant quantity is then a slowly-varying function of
temperature, denoted 1;;, and defined by

T, :/ O, (€) e /*Teq (L) (2.30)
J 0 J ( ) kTe

T,; is then related to the excitation rate coefficignt; (7.) and de-excitation rate
coefficienty;_; (1¢) as required for the population modelling described previously

6The distinction betweeabeing the incident or ejected energy is sometimes ambiguous in the
literature.
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Figure 2.10: Two plots of thés2s®S; —1s2p' P, transition inAr'®*, the upper plot
shows this comparison using collision-strengths while the lower plot shows the
same data compared using cross-sections. The solid curves include a contribution
from ‘top-up’ from high angular momenta while the dashed curves do not.
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in section 2.3.2 by

1 Iy \ 2
Gy (T2) = Qﬁacag;e_AE“/kTe (k—;) T, (2.31)
and )
o1 [ Ig\2
qj—i (Te) = 2\/’7_TOZCCLOQT ﬁ Tij (232)
J e

where « is the fine structure constant ands the speed of light. Note these
equations satisfy the relationship

Wi -
qj—i (Te> = —€AE”/kTeqi_>j (Te) . (233)

Wi

Burgess and Tully (1992) introduced the ‘C-plot’ which maps the whole colli-
sion strength or effective collision strength onto a finite rangé.df| correspond-
ing to the physical range @6, oc). Designed to reveal both the low energy and
high energy behaviour in a balanced way, the mapping is dependant on the type of
transition. It is also numerically and computationally more efficient and accurate
to perform interpolations and integrations on reduced energy grids of this type.
For more details see Burgess and Tully (1992), or see section 2.5 where use is
made of these plots.

The collision strengths (or cross-sections) as described above can come for
a variety of different sources, these are summarised along with advantages and
disadvantages in table 2.1.

There exist a number of key physical processes affecting collision strengths
(and hence effective collision strengths) which have been developed as part of
the present work. Analysis and discussion is given in section 2.5. It is, how-
ever, worthwhile to highlight here the importance of resonances and the damping
(radiation and Auger) of these resonances.

Consider an electron impacting a helium-like ion. During the process of exci-
tation, the system will become lithium-like as it captures the incoming electron. If
the energy of the total system (i.e. electron and helium-like system) corresponds
to an allowed energy level in the intermediate lithium-like system then a reso-
nance will occur. This is observed as a sharp increase in cross-section at the given
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Type Advantages Disadvantages

Measurement Real Results Restricted energy ranges
Plane Wave Born Quick to perform Baseline quality results
Unitarised Born Quick to perform Baseline quality results
Distorted-Wave Fairly quick No resonances

cce Valid at all energies Slow resonance resolution
R-matrix Rapid resonance resolution  Not valid at all energies
TDSP Very accurate Very slow

& — Convergent Close Coupling
b Time Dependant Schdinger Equation

Table 2.1: Summary of main cross-section determination techniques along with
the major advantages and disadvantages

incoming electron energy.

The effect of this resonance can be reduced if the intermediate lithium-like
state has branches other than re-ejection of an electron to remain excited (i.e.
Auger breakup). The most usual other process is for the lithium-like system to
undergo a radiative transition (i.e. we have a DR process, not an excitation pro-
cess). This ‘damps’ the effect of the resonance by an amount given by:

Aq

Damping =

whereA, is the radiative probability (i.e. damping) add is the Auger probabil-
ity (i.e. the excitation reaction takes place). This was first implemented within the
R-matrix framework by Robicheaust al (1995) and was numerically refined as
part of the present wofk

Another damping process is Auger damping (see Gorczyca and Robicheaux
(1999)), which is discussed in detail in section 2.5.2.3. This had not previously
been included in ak-matrix excitation calculation. Subsequent work by Bautista
et al(2003) confirms the work presented in this thesis (also published in Whiteford
et al (2002)) on the Auger damping process.

’See http://amdpp.phys.strath.ac.uk/rmatrix/serial/ UPDATES , update
dated 07/02/02.
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2.3.4.4 Recombination rates

The recombination of an io ¢t to ionisation state{** can be achieved by

a number of different physical processes. Key in a fusion plasma environment are
radiative recombination and dielectronic recombination. Radiative recombination
is the simplest, occurring when an electron ‘falls’ into the potential well created
by the target ion and emits a photon,

XED+ o™ 5 Xt 4 b (2.35)

These rates can be calculated by a number of approximations, see section 3.3.3.2
for more details.

Dielectronic recombination is often the dominant recombination process in
plasmas. It is a two stage process starting with resonance capture then radiative
stabilisation. The overall rate is reduced by Auger decay occurring before the
radiative stabilisation can occur. It can be described schematically by

(z+1)+ - . z z
XE<E§Z+1)+ + € XEEE;+ - XEiEi-F + h]/’ (2'36)
where the intermediate stat&ﬁjélﬁ) is autoionising.
I

Detailed calculations of these rates are given in sections 3.3.3.2 and 3.3.5, with
application to tungsten discussed in section 3.5.2.

2.3.4.5 lonisation rates

The ionisation of an ionX** to ionisation stateX **)+ can be achieved by a
number of different physical processes such as ion collision, electron collision
and photo-ionisation. The main one of interest in the fusion regime is electron-
impact ionisation. This process can be subdivided further into direct ionisation
and stepwise ionisation along with excitation—autoionisation (EA). Direct ionisa-
tion occurs when an incoming electron has enough energy to ionise the target ion.
It can be represented thus,

Xt e — XFDt 4o, (2.37)

37



This is the simplest form of ionisation. There also exists the possibility that an ion
is excited into a higher state and then another electron impact completes the ion-
isation process, this is known as stepwise ionisation. The second electron impact
has to compete with the radiative decay of the excited ion, leading to the effect
only being important at higher densities. Since the process can also occur with
less energetic electrons than the direct ionisation it is often the dominant process
at low temperatures.

Excitation—autoionisation (EA) is where the electron-impact excites the ion
into a state from which it can autoionise (i.e. Auger decay), this autoionisation
rate competes with a radiative stabilisation rate. The intermediate state of this
process is identical to the intermediate state found in the DR process as described
in section 2.3.4.4.

Techniques to calculate ionisation rates based on electron impact can be log-
ically divided into three groups, namely semi-empirical, perturbative and non-
perturbative methods.

Semi-empirical ones include Lotz (Lotz 1968), ECIP (Burgessl 1977),
Burgess-Chidichimo (Burgess and Chidichimo 1983) and BEB (Kim and Rudd
1994; Kim 2001). The Burgess-Chidichimo approximation includes the effects
of EA. The BEB method also includes EA, the implementation is to use Born
excitation rates as discussed in Kim (2001).

Perturbative techniques are usually based on a distorted-wave (DW) type ap-
proach as recently used by Loeh al (2002b) to calculate the ionisation rates
of every stage of krypton. They used a configuration-average distorted-wave
(CADW) approach and generated term and level resolved data using the angu-
lar splitting techniques as given by Sampson (1986). A more detailed discussion
of these calculations (which form part of the present work) along with illustrative
results can be found in section 3.3.5.

Non perturbative theories include-matrix with pseudo-states (RMPS) as
originally formulated by Bartschat al (1996}, convergent close coupling (CCC)
(Bray 1993) and time dependent close coupling (Pindzola and Robicheaux 1996).
For neutrals and near neutrals it is generally necessary to use one of these non-
perturbative approaches to obtain acceptable precision. However, it is often the

8We note that this formulation was incomplete — see Badnell and Gorczyca (1997).
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case that for these complex systems the ECIP approach is in surprising agreement
with non-perturbative theories — in the case of neutral lithium, ECIP is within
40% of CCC whereas DW is significantly worse (Loch, 2003), this level of agree-
ment should not be extrapolated or relied upon, however.

2.3.4.6 Radiation driven processes

Radiation driven processes, namely stimulated emission, photo-excitation and
photo-ionisation are usually negligible for fusion application in the core plasma.
A recent study was carried out by Reitdral (2002), confirming that opacity ef-
fects could be important in the divertor, where the density is greater. Work in a
similar area was performed by Behringer (1998) who used escape factor methods
to model opacity. The latter modelling was used by Loch (2001) and implemented
within the ADAS Project (Summers 1999). The primary optically thick lines (i.e.
lines where re-absorption is important) in the magnetically confined fusion regime
are those of the Lymann series of hydrogen. Opacity is far more important in as-
trophysics and laser induced plasmas. Detailed analysis of the upper solar atmo-
sphere can be found in Brooks al (2000) and Fischbachet al (2000, 2002).

2.4 Special feature analysis of helium- and lithium-
like systems

2.4.1 Introduction

The spectral emission of highly-charged helium-like ions has been used heavily
in the diagnostic analysis of solar coronal and laboratory plasmas since the 1960s
(Gabriel 1972). Its value stems from the fact that the ionisation equilibrium frac-
tional abundance of the helium-like ionisation stage has an extended temperature
range. This leads to large spectral intensities in temperature-stratified plasmas
such as the chromosphere and corona. Thus, collectively, the helium-like ionisa-
tion stages of elements span virtually all temperature regimes of a plasma. Hence,
a particular zone of a plasma may be studied by the emission lines of the helium-
like ion which exists there. In recognition of this, soft x-ray instruments such as
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the bent-crystal spectrometer (BCS) on 8dM satellite were targeted on these
lines. This practice which has continued to the present with satellites such as
YOHKOHfor solar studies an@handra& XMM—-Newtorfor deep-space obser-
vations. Using these instruments, soft x-ray emission from cosmological objects is
now observed with unprecedented resolution. Astrophysical phenomena such as
galactic cooling flows and accretion columns around black holes show soft x-ray
emission of iron, but often in contrasting excitation conditions.

In view of these new high-quality observations, it is timely to re-appraise the
atomic data and modelling entering the interpretation of helium-like systems. The
differences between low density photoionised environments and the higher den-
sity collisionally ionised environments warrant the incorporation of more sophis-
ticated data.

Argon and iron have been chosen for this work, partly because of their im-
portance in fusion and astrophysical plasmas, but also because they display the
range of more complex collisional aspects now recognised as necessary to obtain
high-precision cross-sections.

In magnetic confinement fusion, argon is a species of choice for the modifi-
cation of edge conditions by radiative cooling (see chapter 1) and this has led to
the decision to establish argon as a reference species. Diagnostic experiments are
planned at the EFDA-JET facility to compare and evaluate measured argon spec-
tra against modelled emission. Also, the International Atomic Energy Agency
(IAEA) has established a diagnostics collaborative research proposal (CRP), of
which the assembly of argon electron-impact data (as presented in this thesis) is
a part. Spectroscopic deduction of argon concentrations uses core observations of
the helium- and lithium-like ionisation stages. Such deduction exploits the soft
x-ray along with visible lines of charge exchange spectroscopy. The high-quality
atomic data presented here is part of the theoretical input to these activities.

High-resolution soft x-ray spectra of both argon and iron are measured at the
TEXTOR tokamak (Marchulet al 2003, Marchuk 2004). A significant concen-
tration of thermal neutral hydrogen can penetrate to the core of the plasma in
this device. The familiar helium-like resonance line spectral vicinities show small
modifications of relative intensities, as discussed in the case of argon by Rosmej
et al(1999). These modifications are believed to be due to the disturbing effect of
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charge exchange from the thermal neutral hydrogen on the conventional electron-
impact driven emission. The separation of these effects places a high demand for
accuracy on the electron-impact collision cross-section calculations.

The data and GCR calculations described in this thesis allow, in principle,
prediction of the complete spectrum in wavelength or pixel space as observed by
a spectrometer. This ‘forward modelling’ is our preferred route for application
in the fusion plasma regime and for handling widely varying spectral resolutions
as illustrated in figure 2.11. We use certain terminologies. A connected group
of spectrum lines is called a feature primitive, feature or super-feature depend-
ing upon whether the connections are via pure branching ratios, via an excited
level population balance or via an ionisation balance. The generic name ‘fea-
ture’ is used for all three types of connection. lonisation balance in this context
may include transport and/or transient influences and reflect the geometry of the
plasma. The feature is a local quantity but the super-feature is non-local. It is
super-features which are observed along a line of sight through the plasma and
which we seek to predict. In the present situation, we have two super-features,
namely the satellite line and continuum special features. Each of these are func-
tions of plasma parameters. In spectral measurements on real plasmas, additional
unconnected spectrum lines (called ordinary lines) from different ions or elements
may lie in the observed spectral segment possibly overlaying the connected group.
Special spectral feature fitting distinguishes the ordinary lines and background
from the special features and conducts a non-linear search for the parameters of
both simultaneously. Our assembly of data, which is designed to allow rapid cre-
ation of the superfeatures, follows the prescriptions of the ADAS Project (Sum-
mers, 1999).

The plan for the remainder of this section is as follows: in section 2.4.2 an
overview is given of the main transitions making up the satellite line special fea-
ture and some qualitative discussion is presented. In section 2.4.3 we describe
the generalised collisional-radiative approach to obtaining the satellite line fea-
ture, which allows us to extend the region of validity of the work to high densi-
ties. This section is much more rigorous then that qualitative arguments presented
in section 2.4.2. In section 2.4.4 we focus on the population calculation and in
section 2.4.5 we briefly describe the corresponding calculation of the continuum
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Figure 2.11: He-like spectra of different resolution, the lower plot shows spectra
recorded by the YOHKOH spacecraft®f‘* with a poor resolution and the upper
plot argon spectra from the TEXTOR tokamak at a much higher resolution
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feature. Fundamental atomic data is then discussed in section 2.5, in keeping with
the application-driven presentation used in this thesis. In these sections, we assess
in some detail the components and behaviours of satellite feature populations and
emission and the progress in precision of the new study in comparison with ear-
lier work. In section 2.4.6 we address the full creation of the spectral interval and
its fitting to observation. Section 2.4.7 gives some examples of fits to measured
spectra.

2.4.2 Overview of the spectral emission

The transitions giving rise to the helium-like spectral interval emission are four
transitions from the helium-like system itself and further transitions from the
lithium-like system. Important transitions for the helium- and lithium-like sys-
tems are presented in table 2.2, following the notation of Gabriel (1972) for the
labelling of each line, along with data fér'®" andAr'6*.

Note that the g and s lines have the same upper and lower levels in table 2.2.
The difference is in the parentage of the upper level, the q line comes from a
('P)?P term while the s lines comes from(&P)?P term, similarly (and respec-
tively) for the r and t lines. See also section 2.5.2.2 and Whitefbed (2002) for
a discussion of this point.

As an example, we consider theandz line. The radiative rate of the line
is far higher than that of theline so one would, naively, expect greater emission
(which would be true if the populations of the upper levels were the same). The
2z line has a branching ratio of exactly (since no levels lie below it) so, in the
absence of any other processes (i.e. at low density), any populationlis2t¥e
will result in emission no matter what the radiative rate — see chapter 1 for the
discussion of the low density coronal approximation where the line emission is
only dependent on the excitation rate and the branching ratio. Within the ion, the
depopulation of thés2s 3S, level is given by

dN
5, = A1525381—>152 1S9 + Ne Z 1525381 —i - (238)

dt A
i#1s2s 351

%We note that thev line also has a branching ratio of approximately
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Line lon Transition ANl A An st A s

wo AT 1s2p TPy — 17 1S, 3.9492 1.08 x 10M —
X Ar16+ 182p 3P2 — 182 180 3.9660 4.04 x 108 —
y Ar'T 1s2p3P, —1s21S,  3.9695 1.82 x 10! —
z  Ar'% 182838, —1s2'S;  3.9943 4.80 x 10° —
a Ar”" 1s2p’°Ps —1s"2p°Ps  3.9852 142 x 10" 1.04 x 10"
i AT 1s2p°®Ds —1s72p°Py 3.9941 1.53 x 10M 2.28 x 10M
k  Ar'™" 1s2p’°D; — 1s"2p°Py  3.9900 1.44 x 10" 1.67 x 10"
q Ar" 1s2s2p°P; — 157257S1 3.9815 9.91 x 10" 3.24 x 10"
ro A 1s282p %Py — 15725 7S; 3.9836 8.29 x 10" 1.60 x 10%
s Ar®" 1s2s2p?Ps — 15”2575 3.9678 8.07 x 10" 9.41 x 10"
t Ar®" 1s2s2p®Py — 15725, 3.9687 2.43 x 10" 8.18 x 10"

Table 2.2: Summary of important lines for helium-like argon soft x-ray spectra,
along with the corresponding transition. Data for argon are also included, namely,
the wavelength of each transitioy;, their radiative rated;;, and the Auger rate,

Af;, for the doubly excited states. The entries at the top of the table correspond

to emission from the helium-like system and at the bottom emission from the
lithium-like system.

Inspection of this equation shows that, at low density, the main depopulating pro-
cess is line emission and, as the electron density increases, the line emission will
fall off as the excitation/de-excitation becomes significant. The ratio ofitteez

line is a good density diagnostic for this reason.

2.4.3 Theory of the satellite line special feature

The dielectronic satellite line special feature is the connected set of spectrum lines
composed of: the manifold of dielectronic recombination stabilisation photons
Aoni—o’ i OCCUITING in the recombination of the iomjz via the parent excited
state A1* with different spectatoral; a similar manifold, ;.. ,, associated

with the radiative decay of resonancé$?, ' formed by inner-shell excitation of

an ionAj;Z—l; and the manifold of photon, ;_.,;» associated with transitions
between thed}* and A;Z complexes induced by electron-impact excitation of
A7# or recombination of the iomjz“. We broadly adopt the notation that
refers to excited parents in doubly-excited recombined systems and to excited
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recombining systemsg; refers to ground or metastable parents in singly-excited
recombined systems and to ground or metastable recombining systems.

The present study spans from light ions of low charge-state to heavy ions of
high charge-state and are conducted in intermediate coupling (IC). It will be con-
venient to identify levels with botl,j and LS nomenclatures. We use the nota-
tion A;fd‘} for a resolved level of distinguishable parent in either scheme for the
general development. Using equation 2.10, the population of the/ﬁd;’\,zlgﬁ may
then be written as

M1 M)
Nii = Z Fln NNFTL e N Fres NoNFF - (2.39)
p=1

and that of the levellT* may be written as

M=) M (z+1)
Ni# =" FlesINNS + Z Fre) NN = (2.40)
p=1

where the factorg-“ae,ffJ SNoN et ]—“UTSZCJ ., NoV.\* are the contributions from in-
ner shell excitation and dlelectronlc recombination forthel times ionised ion,
and the factorsFacz® N, Ntz F {red) N, N1 are the contributions from excita-
tion and recomblnatlon for atimes ionised ion. The sums are over the dominant

driver populations (ground and metastables) of each ionisation state, sittas
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of stagez. The emissivity function of a satellite line may be written as

z MGE-D z—1
Go,nlJ—>p’,nlJ’ o ( N1+ > Z [A L lJf exc) ]N;—
tot - tot onlJ—p' nlJY gnlJ;p Fz
N.N NN o N,
M (%)
Tec N+Z
+Z onlJ—p' mlJ! énl}p]Niz (2.41)
(z=1)
N1+Z " exc (z 1) 4(2—1,2)
= (N Ntot) Z SUnlJ—w nlJ";p R ‘APJ
e p:
M)
_‘_ZS{STSZC{)]_W nlJ’; Rgi))A;(iiZ) (242)
where €f,ffbp wrp(Tes Ne) is the  excitation emissivity —coefficient,
gjl‘z}_)p,ml 7:p(Te; Ne) is the dielectronic recombination emissivity coeffi-

cientandN** = 3" N}f*. R(Z Y andR , measure the dis-equilibrium in the
ionisation balance and

(-1 N (2,2) ,-
ASY = —|eg and A7 =L, (2.43)
N# Pl N

measure the metastable abundances in ionisation equilibrium relative t6 the
times ionised ion ground state. In most fusion and astrophysical plasma con-
ditions, metastable populations of a given ionisation stage are close to quasi-
static equilibrium with the ground so thﬂ‘z’l) = R(z’l) independent op and
REZ = 1. Thus, the emissivity function is a function of the three parameters
R§ b, T, and N, principally, although there is a weak&g; and7; dependence

at high density (see section 2.4.4 below).

In like manner, the emissivity function of an associated line of the recombining
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ion may be written as

Ga—»pl _ ( Nl—l—z ) ]%Z) [A /F(exC)]NL—i—Z
NeNtot NeNtot P osp N1+z

+ ) [Agy T N+Z (2.44)

p=1

(2)
N+Z — exc (2) zz)
- (NNtot> Zga—wp 1pAp

ME+D

+ Z gired RV AL (2.45)
exc . C . L. .. (rec) .
Whereé’aﬂp p(Te,Ne) is the excitation emissivity coeﬁlaenf.ﬁp/;p(Te, N,) is

the radiative (including dielectronic) recombination emissivity coeﬁicie’ﬁﬁg
anngfp“) measure the dis-equilibrium in the ionisation balance, with the same
simplification above so that{") = 1 andR"}" = R{"*" independent of.

N+z+1

1,2)
A(Z+ ; — |
p,1 +z leq
Nl

(2.46)

measures the ionisation equilibrium relative metastable abundances fortthe
1-times ionised ion. Again, the emissivity function is a function principally of
the three parameteri%f+1 T. and N,. Thus, the theoretical local emissivity of

the combined satellite lines and associated resonance line feature is functionally
dependent on four parametef%ﬁ,z’l), =+ 7 andN,. These parameters are
used in a least-squares fit as described in section 2.4.6.2.

2.4.4 The population calculations

Conventional population modelling in generalised collisional-radiative theory ad-
dresses ‘singly-excited’ states built on ground and metastable parents. Efficiency
of computation is achieved by handling the two-step dielectronic process as a sin-
gle effective process populating these singly excited states (BaztralR003).
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To model the satellite line feature on the other hand, the dielectronic process must
be separated out in the population structure — at least for the resolved satellite
lines with low-lying (» < 4) spectators. Spectrally unresolved satellite lines with
higher-lying spectators provide a second order supplementation of the parent ion
lines. Also, the associated upper level populations of these satellite lines give a
contribution to the observed satellite line intensities via cascades of the spectators.
Itis valid to bundle over outer quantum numbers for such populations and to adopt
some of the techniques of Badnetlal (2003) for their evaluation in finite density
plasma, although care is required to avoid double counting.

For the ionA™*~1, we introduce principal quantum numberg n; andn,.
ng is the principal quantum shell of the ground state valence shell. The range
ny < n < n; spans the spectator shells for which the individual satellite lines
are distinguished in the calculations. The ramge< n < n, spans spectator
shells for which the satellite lines are individually unresolved, withan upper
limit chosen sufficiently large for convergence in the calculation. Typically, in our
calculations, we take, = 2,n; = 4 andny ~ 15.

2.4.4.1 The unresolved dielectronic part

In the rangen; < n < ny, consider the bundled population (that is summed over
substates of aml- or n-shell), designated by, ,,;, built on an excited parent
o = (v.J,) such that

Ncr,nl - Z No,’rLljJ (247)
gy
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Then, following Badnelkt al (2003), the populations in a finite density plasma
are determined by the equations

€ Zeff Reff
- (Neqnlflﬂnl +N qnel 1—>nl) Ncr,nl—l

e Zoff Reff
"‘( E NeGr e + E N&=fg ot
V=i+1 U=i+1

o—1 I+1

+ Z Z AO’ nl—o’ ,kl’ + Z Ao‘nl—)o’ nl

o/'=10I'=l-1

n—1 I+1 ni I+1
+ E : E : Aanl%a”n’l’—i_ § : E , Aanlﬂan’l’ No,nl

n'=ni+10'=l-1 n'=ng l'=1—1

€ Zeff
- (Neqnl-l—l—ml + Nzeﬁqnl+1~>nl) NU ,ni+1
M=) 41 P>

= N Z Z qﬁﬁl'—’UnlN + Z Aa” nl—>anlNU” nl

p=11'=l-1 o""=0-+1
no 141

S S 2.48)

n'=n+110"=l-1

Here, M (*) denotes the dominant ground and metastables of the recombining ion,
which are the targets for recombination, aRtf) denotes the complete set of
active parents sa\/*) ¢ P®).

Both electron and ion dipole-allowed impact collisions are included, but only
between-levels of the same-shell. It is noted that these have very large cross-
sections (since thklevels are nearly degenerate) and that ion cross-sections are
usually larger that those for electrons, and in general have a density dependence.
This leads to a non-linear (and therefore not simply scalable) density behaviour
of the population equations and influences our method of calculation. Inner-shell
excitation from the ground and metastables of the recombined ion is ignored for
this highn-part. These equations may be solved recursively downwards through
n-shells and parents.
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2.4.4.2 The resolved part

The ranger, < n < n; provides the bulk of the dielectronic feature. It includes
dielectronic contributions parallelling those of section 2.4.4.1, but also contribu-
tions from inner shell excitation from the ground and metastables states of the
AT*=Lijon. Forn = ng, with equivalent electrons in the shell, parentage is not
in general well specified and so it is convenient to divide the resolved level popu-
lation equations into parent-attributalfteni.J’) and parent-unattributablen.J)
groups. This takes the form, for a doubly-excited parent-attributable level, of

E : e
- Neq'y/n’J’ﬂo'”nlJN'Y':”'Jl

vl
(]
z Neqo-’n/lljl_,ollnlJNo-/7n/l/J/
ol ! !
E/<E
g © Zeff Reff
: ( Nethioe + 3 NG (2.49)
U'=l+1 V=l+1

o—1 I+1 o —1

+ Z Z AU” ,nl—o,kl! + Z A " nl—ao’ nl

o=1 l'=l-1

n—1 +1 ni +1
+ § § A o' nl—ao' n'l’ + § : § : A " nl—o n'l U 'l

n'=n1+110'=l-1 n'=ng l'=1—1
e r
- § (Neqo’n/l/J’HU”nlJ + AO'/,TL/Z/J/—'U'//,TLZJ) NU',n'l'J’
ol ! gl
E'>E
M)
= N E § qanl’J’—m’” nlJN + E : E :Aa' n/l'—o’ nlJNU il s
o=11J n'=n1+1 U

with similar forms for parent-unattributable levels and single excited levels. There
are equivalent sets of equations to equations 2.48 and 2.49 for th&"forNote

the spectator electron cascade contribution from unresolved levels — the last term
of equation 2.49. In this formulation, the helium-like lines are envelopes of the
true helium-like line, and the satellite lines with spectator- n;, so that the
spectral emissivity coefficient for a helium-like lime— o’,driven by metastable

50



p, IS given by

eff _
Ea—w’;p(y) - 60—>U’;p+ E €onl—a'nl;p

n,lin>n1
= (Ag—w’qb(y)NU + Z Aitnl—w/nl X
n,lin>nq
¢<I/ - Al/nl)Nanl)/NeNm (250)

where¢(v) is the line broadening function. We are only concerned with the case
of o/ = p for the present helium-like system.

In spite of the apparent simplicity of the one-, two- and three-electron systems
considered here, the quality of excitation cross-sections, especially the excitations
from the ground states of the ions by promotion dkalectron, has been a lim-
iting factor on the precision to which analysis can be performed. In preparing the
population models above we have substituted high precision data for all transi-
tions between all singly and doubly excited states of the helium- and lithium-like
system of the formis?21, 1s27121%2~12]'n]"” with n < 4. The calculation of
these new data has been a substantial part of the work and are discussed in detalil
in section 2.5 and in Whiteforet al (2001,2002).

2.4.5 The background continuum

The background continuum underlying the satellite line special feature in actual
spectral observations can be instrumental in origin, but in many cases it is a true
plasma-sourced free-free (bremsstrahluadjee-bound continuum. In that case,

we call it the continuum special feature. A theoretical representation, as a para-
metric feature, can be assembled for contributing ions in a local plasma modelling
environment following the methods of Burgess and Summers (1987). As such, it
can be viewed as a second basis function to associate with the satellite line special
feature in analysis of the spectral interval, but usually with a different emission
measure. For this work, the continuum is treated as a simple (up to quadratic)
mathematical form to be fitted along with the ordinary lines (see section 2.4.6
below).
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2.4.6 Representing and fitting the spectral interval
2.4.6.1 Line broadening and calibration

Forward modelling to the observed spectrum must address the issues of intrinsic
(to the plasma) broadening and instrumental broadening. Semi-analytic phys-
ical or mathematical forms (usually Doppler or Gaussian) represent the intrin-
sic line broadening. Instrumental effects on an individual line are described
by a predetermined superposition of the original form but at specified displace-
ments and relative amplitudes to it. For example, the post-loss instrumen-
tal profile for the CDS-NIS1 spectrometer on the SOHO spacecraft is repre-
sented (Thompson 1999) as the triplet of Gaussian compondits’, o)) ~
(1.0,0.0,1.0),(0.2,0.002,1.0), (0.3, —0.002,1.0), where the primed quantities
are relative amplitude, wavelength and variance relative to the mathematical line.
The final step is then a simple convolution with our mathematical form in pixel
space but, as it is system specific, not addressed further here.

Concerning wavelength calibration, it is recognised thataénitio predic-
tion of energy levels of the methods of this thesis are expected to be accurate only
to within ~0.5%, see section 2.3.4.1. Because of the variation with atomic level
of self-screening for the = 2 shell (that is when the spectator electron is in the
n = 2 shell), helium- and lithium-liker{ = 2 spectator) lines must be adjusted
individually to observed wavelengths for the most exact work.

2.4.6.2 Fitting methodology

Mathematically, the ordinary lines and background are represented as several
Gaussian shaped lines together with a constant, linear or quadratic background,
as given by Brooks (1997). That is

L
19 = by + by + boxh + Z hQexp (((xk —zf) /in)2> , (2.51)
i=1

here,L is the number of ordinary lines in the spectrum, such thaitthéne has
central amplitudex?, pixel positionz? at the centre of the line and half-width

w?. my is the detector pixel number, indexed kyover the spectral segment
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distinguished for analysis.

Introduce a spectral profile for each line of the satellite line special feature,
indexed byc of natural wavelength)., of the formy,_, _ax(7;,0). T; is the
ion temperature anblis a second parameter of the profile shape. is a further
parameter which is displacement of lines driven from the lithium-like ground state
from those driven from the helium-like ground state. TS is zero for lines
driven from the helium-like stage ground state. Thus the theoretical count rate at
detector pixel positiony, is

If = b E(Ry, Ry, To, No)tbas—an(Ti, b) (2.52)

where& denotes a generic emissivity functional from the equations in previous
sections. The observed data are then fitted to the equation

I, =19 + IF (2.53)

wherel, is the observed count rate at a particular detector pixel positjon[’
represents the ordinary line & background and the special feature part is repre-
sented by/}". Statistical variation in;, is assumed to have the normal form, with
variance proportional to the mean valuelpf Hence

oy =varl, = o’E(Iy) k=1,2,...,P (2.54)

wheres? is an unknown constant of proportionalify,is the number of pixel posi-
tions andFE denotes the expectation value. Under these conditions, the likelihood
function can be formed and values which maximise it also maximise its (natu-
ral) logarithm. Thus, to maximise the (logarithm of the) likelihood in order to
estimate theV variableshy, by, by, {h, 29, WP}, Ry, Ry, Te, Ne, A, Ay, T;, b, the

need is to minimise the function

"1
> (—’; (19 + 1,5)) . (2.55)

T2
=1 \Tk Tk

The o2 are unknown. Assuming however that the counts per sampling interval
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follow the Poisson distribution, the? are equal to the true unknown mean count
per sampling interval divided by the number of sampling intervals. If the unknown
mean count rate is estimated By, then an estimate of; follows, namely,
divided by the number of intervals where the number of intervals is the dwell time
in seconds. A standard numerical routine will find the unconstrained minimum of
the function, i.e. minimise

p

F(z) =) (fi()*. (2.56)

=1

The functionsf;(z) (the residuals), their first derivatives and a starting point must
be supplied. The starting point was obtained from the observed spectrum by in-
dicating the number of lines to be fitted and estimating their peak positions and
full-width half-maxima. The background was also obtained from the spectrum
and estimates dfy, b;, b, made. Once estimates&f by, ... (denoted by, b1, ...)
have been found, a second routine is used to find the diagonal elements of the co-
variance matri>xC'. In the routine, it is assumed (see below) that the Hessian (i.e.
matrix of second partial derivatives) éf(z) at the solution can be approximated
adequately bg.J7.J whereJ is the Jacobian (i.e. matrix of first partial derivatives)
of F'(x) at the solutionC' is then given by

C=a*J" ), (2.57)

for JTJ non-singular, wheré? is the estimated variance of the residual at the
solution @ = by, by, ...)and is given by

Y i
U—F(P_N) (2.58)

The square root of the diagonal elementgofive the estimated standard errors
of the corresponding elements ©f A 95% confidence interval for each of the
elements oft is obtained using; + tp_N;97‘5(ij)1/2 wheretp_y.975 denotes
the upper 97.5% point of Student'slistribution with P — N degrees of freedom.
Note that the approximation of the Hessian®hy/ J is justified as follows: the
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Hessian matrixG(x) is of the form

G(x) =207 (2)J (2) + D fil2)Gi(w) (2.59)

whereG;(x) is the Hessian matrix af (x). In the neighbourhood of the solution

|| f(z)|| is often small compared tgJ7 (z).J(x)||, for example whery;(z) rep-
resents the goodness of fit of a non-linear model to observed data. In such cases
2J7(z)J(xz) may be an adequate approximatiort¢r). This avoids the need to
compute or approximate second derivatives of ffie).

2.4.7 lllustrative results

lllustrative results of fits to experimental data are shown for helium-like argon
in figure 2.12, helium-like titanium in figure 2.13 and helium-like iron in figure
2.14. These spectra correspond to the same ones as shown in figures 2.4 and 2.5
in section 2.2.3.

The plasma analysis based on these fits is presented in Magtaik2003)
and Marchuk (2004); they are only here for illustration.

2.5 Electron-impact excitation of helium- and
lithium-like systems

Electron-impact excitation collision strengths for transitions between all singly-
excited levels up to the = 4 shell of helium-like argon and the = 4 and

n = 5 shells of helium-like iron have been calculated using a radiation damped,
intermediate coupling frame transformatidfymatrix approach (Whitefordt al

2001). In addition, collision strengths for transitions among doubly-excited levels
up to then = 3 shell (excluding thds3/3!/’ configurations) of lithium-like argon

and iron have been calculated using a radiation and Auger damped, intermediate
coupling frame transformatioi?-matrix approach. Collision strengths have also
been calculated for transitions between all singly-excited levels up ta thes

shell for the same lithium-like systems (Whitefartial 2002).
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Figure 2.12: Helium-like argon spectrum (crosses) plus fitted model (solid curve)
of a recorded spectrum taken on the TEXTOR tokamak during shot 88710.
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Figure 2.13: Helium-like titanium spectrum (crosses) plus fitted model (solid
curve) of a recorded spectrum taken on Tore-Supra during shot 23706. Note that
the crosses are not indicating an error bar.
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Figure 2.14: Helium-like iron spectrum (crosses) plus fitted model (solid curve)
of a recorded spectrum taken on the TEXTOR tokamak during shot 15721. Note
that the crosses are not indicating an error bar.

The theoretical collision strengths have been examined and associated with
their infinite-energy limit values to allow the preparation of Maxwell-averaged
effective collision strengths. These are conservatively considered to be accurate
to within 20% at all temperatures, x 10° — 3 x 10°K for Ar'®", 106 — 10°K
for Fe?'™, 5 x 10* — 5 x 10°K for Ar'** and10® — 10°K for Fe?*T. They have
been compared with the results of previous studies, where possible, and we find a
broad accord.

2.5.1 Introduction

The simple Van Regemorter (1962) P-faétampproach to the rate coefficients
used by Gabriel (1972) was replaced by the results of distorted-wave calcula-
tions for a number of astrophysically important elements by Jones (1974), along
with additional distorted-wave work by a number of authors, of which Bhatia and
Tempkin (1977) is representative. These calculations were restricted to levels with

10The Maxwell-averageg-factor.
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n < 2. Sampsoret al (1983) extended them, from= 1 and2, to all levels up to
n = 5. All of these calculations ignored resonances.

The effect of resonances in helium-like ions was considered by Pradhan
(1983a,b). He used multi-channel quantum defect theory (MQDT) and a com-
bined close-coupling and distorted-wave approach to examine the effect on the
effective collision strengths of resonances (including damping) converging on the
n = 2 andn = 3 thresholds. FoFe®*", he found almost a factor of 2 resonant
enhancement for the forbidden transitibA 'S, — 1s2s 2S; and~ 10% reduction
due to damping, both at a temperature-of 0’K. The peak coronal abundance of
Fe?*" lies at abouB x 107K. Effective collision strengths, including resonances
and damping, were presented by Pradhan (1985) for 78 transitions between the
lowest 13 levels (i.e., up to thia3p P, level) of Cd®+ andFe* .

Also for helium-like ions, Zhang and Sampson (1987) used a distorted-wave
method along with a perturbative approach to resonances and their damping. They
allowed for resonances converging on the= 3 thresholds only. This should
suffice for highly-charged ions. They presented effective collision strengths for
the 21 transitions between the lowest 7 levels (i.e., up tashe!' P, level) for 18
ions spanning/ = 8 — 74.

Limited R-matrix calculations have been carried-out @it andMg'*" by
Tayal and Kingston (1984, 1985). More recently, Kimwtal (2000) have
carried-out 31-level (i.e., up to = 4) Dirac—FockR-matrix calculations so as to
generate effective collision strengths for three helium-like ions, incluBidg'.
Results were obtained only for the 16 transitions from the ground-level up to the
n = 2 andn = 3 levels. They did not allow for radiation damping. Present
computing resources indicate that a state-of-thézamtatrix calculation is possi-
ble for helium-like ions, including radiation damping, extending to all 1176 tran-
sitions that arise between singly-excited levels umte= 5 in an intermediate
coupling picture.

We note that Wonget al (1995) have measured electron-impact excitation
cross-sections for the w, x, y and z lineske?**, just above the: = 2 thresh-
olds, using an electron-beam ion-trap. Given the experimental uncertainties and
the need to correct for cascades, they found broad accord with the results of sev-
eral theoretical groups, including those of Armatrix calculation by Zhang and
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Pradhan (1995). Only the non-resonant background cross-section was measured
though. However, Chantrenmee al (1992) carried-out a similar measurement for
the helium-like ion Ti°* but were able to span a wider range of energies above
then = 2 thresholds and presented results that includedifiAén resonances.
These results are in broad accord with the radiation danipethtrix results of
Gorczyceet al (1995).

Recent work by Ballancet al (2001) addressed the key problematic issues
of highly charged lithium-like ions. The importance of inner-shell processes of
Fe?*™ using theR-matrix method was appraised and special consideration was
given to radiation damping for the doubly-excited transitions. Following this pi-
lot study by Ballancest al (2001), and in light of present computing power, it is
appropriate to address a complete calculation for lithium-like ions. The present
calculations include radiation and Auger damping (Auger damping was not con-
sidered by Ballancet al (2001)) and extend to all 4005 transitions that arise be-
tween doubly-excited levels up to the= 3 shell (excludingls3/3!’ levels) in an
intermediate coupling picture. They also encompass the 276 transitions between
all singly-excited levels up to the = 5 shell. The inclusion of Auger damping for
doubly excited transitions gives a significant difference from the work of Ballance
et al (2001) for a number of transitions.

The effects of Auger damping have been studied extensively for electron-
impact ionisation of lithium-like ions by a number of authors including Tayal and
Henry (1991) and Chen and Reed (1992). Badnell and Pindzola (1993) studied
the electron impact excitation of few-electron highly charged ions and discussed
Auger breakup and its effect on resonance contributions.

Merts et al (1980) presented (unreferenced) excitation data for a number of
ions including data by Mann, Younger and Sampsom¥fdr™ and data by Mann,
Eissner, Hummer, Pindzola and Dufton far*>". However, these data were only
presented irL.S coupling, i.e. the transitions were between terms and not levels.

Goett and Sampson (1983) calculated collision strengths forl¢kal —
1s21'2]" transitions for all ions witls < Z < 74 using a distorted-wave approach,
this was an extension of their work (Goettal 1984) which calculated data for
the same transitions for only lithium-like Si, Ca, Fe, Kr and Gd téns

1The publication (Goetet al 1984) focusing only on limited ions was published after the
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Sampsoret al (1985a,b) went on to calculate core-excited distorted-wave col-
lision strengths for thes?2] — 1s2(2!’ (1985a) and thés?3] — 1s21'3]"” (1985b)
transitions, of all ions witlt < 7 < 74, with Zhanget al (1986) producing data
for all transitions occurring within the levels of the?212!’ configurations of the
same ions.

Zhanget al (1990) published data using a distorted-wave approach for all ions
with 8 < Z < 92 and calculated outer-shell electron-impact collision strengths
between the levels of the = 2 shell and from these levels up to the= 5 shell.
Transitions between excited states of the= 3, 4,5 shell were not calculated,
resonances were neglected and effective collision strengths were not generated.

Berrington and Tully (1997) performed calculations for the outer-shell excita-
tion rates up to the = 4 shell of Fe?* using ank-matrix approach as part of the
Iron Project (Hummeet al 1993). They published effective collision strengths
betweenl.6 x 10°K and10®K, highlighting the importance of the resonance con-
tribution (particularly in thels?2p QP% — 1822p2P% transition) by comparing with
the earlier distorted-wave work of Zhawg al (1990). They only presented data
for transitions which included levels within the ground configuration.

2.5.2 Calculations and results
2.5.2.1 Methodology

Our approach to the determination of radiation damped collision strengths is to
use theR-matrix method (Burke and Berrington 1993) in conjunction with the in-
termediate coupling frame transformation (ICFT) method (Grétial 1998) and

the optical potential approach to damping (Robicheetual 1995, Gorczyca and
Badnell 1996). A complete solution, in terms of reactance or scattering (collision)
matrices is obtained firstly ih.S-coupling. In particular, use is made of multi-
channel quantum defect theory to obtain ‘unphysical’ collision matrices (as imple-
mented by Gorczyca and Badnell (2000)). These are then transformed, first, alge-
braically toj K -coupling and then, via the use of the term-coupling coefficients, to
intermediate coupling. The key advantages of using this method versus the equiv-

publication (Goett and Sampson 1983) on all ions Witk Z < 72 even though the latter was
based on the methodology of the former.
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alent full Breit—PauliR-matrix approach, as well as some of the computational
issues, are outlined by Badnell and Griffin (2001). Suffice to say, at this time,
the ICFT method is computationally less demanding than the full Breit—Pauli ap-
proach but does not suffer the inaccuracies associated with the term-coupling of
physical collision matrices. Finally, we note that the use of the optical poten-
tial modifies the usual (i.e. undamped) expressions forfthmatrix, unphysical
collision matrices and MQDT closure relations by making them complex — see
Robicheauwet al (1995) for detalils.

Use is made of multi-channel quantum defect theory (MQDT) to obtain ‘un-
physical’ collision matrices (as implemented by Gorczyca and Badnell (2000)).
The outer region solutions include the long-range coupling potentials as a pertur-
bation still within the MQDT framework (see Gorczyeaal 1996, Badnell and
Seaton 1999).

Our approach to the inner- and outer-shell data for the lithium-like systems is
to perform the calculations independently and later merge the effective collision
strengths back together into a single dataset because this cuts down on the size of
Hamiltonians to diagonalise and the number of transitions to process.

2.5.2.2 Atomic structure calculation details

We usedaUTOSTRUCTURE(Badnell 1997) to calculate the atomic structure and,
hence, to generate radial wavefunctions for the collision calculation. Table 2.3
summarises the energy-level results of the two helium-like systems in comparison
with those of NIST (2001). Agreement is very good (within 0.13% Aot

and 0.17% forFe?*™) with the 1s2s 'S, level being the worst case. For dipole-
allowed transitions, the length and velocity forms of the oscillator strengths agreed
to within 3% (Ar'®") and 4% Fe**™) for the1s? 'S — 1snp ' P series, to within 5%
(Ar'®T) and 6% Fe**") for the 1s2s 3S; — 1s3p *Py 1 » transitions and to within

11% (Ar'®") and 149% Fe*'™) for the 1s2s 3S; — 1sdp 3Py » transitions.

The variation between the length and velocity forms is much larger for the
1s2s3S; —1s2p®Py 1 » transitions due to the long-range radial overlaps. The length
form is to be preferred and this is the relevant form for assessing the accuracy of
the resultant collision strengths. In the cas&fef'", the present A-values for
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Level

Arlﬁ-‘r

Present

NIST

Fe24+
Present

NIST

182 180
1525 3S;
1s2s 1Sy
1s2p °Py
1s2p 3P,
1s2p 3P,
152p 1P1
1s3s 381
1s3s 'S,
1s3p 3Py
1s3p 3P,
183p 3P2
1s3p 1P,
1s3d 3D1
1s3d 3Dy
1s3d 3Dj3
1s3d 1D2
1s4s3S;
1s4s 1Sy
1s4p 3Py
1s4p 3P,
1S4p 3P2
].S4p 1P1
1s4d 3D1
1s4d 3D,
1s4d 3Dy
1s4d 1D2
1s4f 3F2
1s4f 3F3
1s4f 3F,
1s4f 'Fy

0
25061 788
25227719
25207 029
25216 430
25240697
25354 018
29 661 294
29 703 843
29 701 043
29703670
29710675
29740741
29 733 631
29734111
29 736 831
29 737 983
31 248 528
31 265 381
31264 789
31 265 847
31268 713
31 280 856
31 278 006
31278 242
31279 348
31279 983
31 279 887
31279 892
31280 560
31280 567

0
25036 585
25200 958
25187 783
25192 896
25215174
25322 193
29 633 330
29 676 817
29 674 992
29676 554
29 683 166
29712 200

31219900
31238 100
31273331
31238 000
31240 787
31253 100

0
53 608 482
53 858 375
53 822 873
53 853 844
53 976 753
54 129 514
63 507 258
63 570 330
63 565 901
63 574 243
63 609 903
63 649 896
63 643 861
63 644 768
63 658 602
63 660 201
66 933 257
66 957 978
66 957 245
66 960 570
66 975 228
66 991 257
66 988 969
66 989 436
66 995 140
66 996 006
66 995 877
66 995 886
66 998 975
66 998 986

0
53 527 090
53 781 300
53 760 280
53779 140
53 895 550
54 040 000
63 421610
63 488 390
63 486 290
63 490 690
63 525 620
63 565 470

66 847 000
66 874 060
66 873 940
66 875 780
66 890 550
66 906 790

& — NIST databasehttp://physics.nist.gov/ ).
Table 2.3: Energy levels (cm) of Ar'®" andFe?'™, up ton = 4.
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AI"15+ F623+
Level Present NIST Present NIST

1s%2s QS% 0 0 0 0
1s22p QP% 257 755 257 026 392 591 392 000
1s22p QP% 283 159 282 603 520041 520720
1523s ZS% 4177 981 4176 030 9276233 9272400
1s23p P2 4249 034 4246460 9384701 9378000
1s23p 2P§ 4 256 554 4254050 9421775 9417000
1s23d QD% 4284 176 4281170 9465645 9459000
1s23d zDg 4 286 540 4283560 9477659 9472000
1s%4s QS% 5608 169 5605740 12469633 12464000
1s25s QS% 6 262 964 6259500 13935076 —
15252 2S1 24879049 24834000 53340361 —

(1525 3S) 2p22P% 25148 657 31333000 53757894 53657000
(1s2s 3S) 2p QP% 25161992 31342000 53834716 53752000
& — NIST databasenttp://physics.nist.gov/ ).
b _ \We believe these values to be incorrect — see text for details.

Table 2.4: Energy levels (cm) of Ar'®" andFe®*", up ton = 3 for all singly-

excited levels and selected (representative) levels from higher singly- and doubly-
excited states.

these transitions agree with those of NIST (2001) to within 4%, 27% and 14%
for J = 0,1, 2, respectively. For transitions between excited levels with 2,
agreement was to within 20% for most transitions.

The energy-level results in comparison with those of NIST (2001) for the two
lithium-like systems are summarised in table 2.4 . The energies given for the
(1s2s *S) 2p S s levels should not be confused with the results of Ballagtcal
(2001) (Table 1) as they presented energies for( thes 3S) 2p 4S%
they did not specify the term or parentage in their t&ble

Note that we show a strong disagreement with NIST forltﬁe2p28%% levels
of Ar'"* we find disagreements of a similar magnitude between the present work
and NIST for all doubly-excited energy levels &f'°* with the exception of the

levels but

3
2

2t is noted that term and parentage assignment is breaking down andtbeupled labelling
scheme is used as a convenience.
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152s? QS% level. The energy of théls2s 3S) 2p QP% level as given by Goett and
Sampson (1983) i85 116 613 cm ™! which is in much closer agreement with the
present work than with NIST. We note that the NIST data disagrees with the data
of Kelly (1987) which is the publication NIST references for its Argon data. We
conclude that the NIST energy levels for doubly-excited statesrof™ are in
error3,

The Auger widths of the target levels were calculated usingOSTRUCTURE
for Auger breakup routes which are not implicitly dealt with by tRematrix
method.

These results were deemed satisfactory for continuation within the collision
calculation and it was verified that re-generation of the energy levels within the
R-matrix calculations was accurate to withio~” Rydbergs and, as such, no re-
ordering took place.

2.5.2.3 Auger damping

The damping of resonances due to Auger breakup is dealt with in two distinct
cases. The first case is for the Auger breakup to states included explicitly in
the calculation, this case is dealt with within tRematrix approach intrinsically.
The second case is for Auger breakup to states not included in the close-coupling
expansion. In this latter case, we userosTRUCTUREtO calculate Auger widths
for the core re-arrangement of each target level and include them in the optical
potential in our outer-region calculation.

As an example, consider thie?2s QS% — 18252 QS% transition. This will
have near-threshold resonances corresponding2@pnl states. The core re-
arrangement Auger damping of such intermediate statégtd + ¢~ for n > 3
(in our case) is not included explicitly in the-matrix calculation. We can repre-
sent this schematically by

1s22s + e~ = 1s2s2pnl — 1s2s® 4 e~

YRR
1s?2p + e~ 1s?nl+e".

3\We also note that the energies NIST quote Aar°" are very close to the energies of the
corresponding states in (lithium-lik€)a!"".
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The— and Auger pathways scale as? while the\, route is independent
of n and thus dominates for sufficiently high

To calculate the Auger width of such a process we consider the Auger breakup
of the three electron system going frams2s2p to 1s?> + e~. This neglects the
effect of the spectaton! electron on the corév-electron Auger breakup. We
then incorporate the Auger width into the optical potential approach to damping
as discussed by Gorczyca and Robicheaux (1999) for the case of Auger damping
following photoexcitation.

For the case of this?2s QS% — 185282 2S% transition inFe?**, only resonances
with n > 10 are above threshold (Chen and Reed 1992) and so none of these
would be (core re-arrangement) Auger damped in a stanHarthtrix calcula-
tion. Analysis of the effects of such Auger damping on tk2s QS% — 1s2s? QS%
transition is presented when we discuss our effective collision strengths.

2.5.2.4 Collisional calculation details

The inner-region solutions were obtained usiRgnatrix codes which are based

upon the published exchange codes of Berringtoral (1995) and the non-
exchange codes of Burlat al (1992). The outer-region solutions, including ra-
diation damping, were obtained in drb-coupling scheme using the codgGF

DAMP and the intermediate coupling frame transformation was applied using the
code STGICFDAMP which, for the lithium-like systems, included the effect of
Auger damping not already included implicitly by tiiematrix method. At high
angular momenta and/or energies, no resonances are resolved and/or present and
it is more efficient to use the undamped versions of these codessvr and

STGICF.

We used 40 continuum basis orbitals per angular momentum within the ex-
changeR-matrix codes for the two helium-like systems. The non-exchakge
matrix codes reduce this number progressively as the continuum orbital angular
momentum increases. Accurate collision strengths can be generated for electron
energies up to about half of the smallest maximum basis-orbital energy. This cor-
responds tov 1000 Rydbergs in the case @fr'°" and~ 1500 Rydbergs in the
case ofFe®*" (n = 4 calculation). In the case of th&{***) n = 5 calculation,
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one should increase the number of basis orbitals or reduce the maximum scatter-
ing energy. We used 50 basis orbitals in the- 5 case. This leads to a smallest
maximum basis-orbital energy ef 1500 Rydbergs (at = 5). However, we

still computed collision strengths up to 1500 Rydbergs. Past experience tells us
that a severe deterioration in accuracy does not occur until after 1500 Rydbergs.
The maximum basis orbital energy is significantly larger than this for most angu-
lar momenta. The results for the forbidden transitions are most sensitive to such
an approach as they are dominated by contributions from low angular momenta.
We can assess the accuracy of this approach by comparing our effective collision
strengths with those determined via out 4 calculation.

For the inner-shell calculations of the two lithium-like systems, we used 30
continuum basis orbitals per angular momentum within the excha&getrix
codes. The non-exchangematrix codes reduce this number progressively as the
continuum orbital angular momentum increases. Accurate collision strengths can
be generated for electron energies up to between half and three-quarters of the
smallest maximum basis-orbital energy. The smallest maximum basis orbital en-
ergy corresponds te 1116 Rydbergs in the case ofr'°" and~ 2445 Rydbergs
in the case ofe®*", the smallest maximum basis orbital occurred for the 3
partial wave in both ions. For the outer-shell calculation, we used 80 continuum
basis orbitals per angular momentum within the exchakgeatrix codes which
gave smallest maximum basis orbital energies-of567 for Ar'®* and~ 3515
in the case oFe**™. Both of these minima occurred for the= 5 partial wave.

For the helium-like systems, the exchange calculation was performed up to
J = 10.5 and the non-exchange calculation up/te= 58.5 while for the lithium-
like systems, the exchange calculation was performed up=to10 and the non-
exchange calculation up t6 = 58. After that, ‘top-up’ was used to complete the
partial collision strength sum over higher-values/of

The top-up for non-dipole transitions was calculated by assuming a geometric
series in energy, but taking care to switch-over smoothly to the degenerate-energy
limiting case (Burgesst al1970). The top-up for dipole transitions was computed
using the Burgess (1974) sum rule — a discussion of the stability of this method,
and our implementation of it, is in Badnell and Griffin (2001).

In all of the considered systems, we used an energy meshof0—°2? Ry-
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dbergs £ being the ionic charge) wherever resonances were present and a mesh
of 1 x 107322 Rydbergs in regions where resonances were not present. This en-
ergy mesh resolves the primary resonance structure in the detail necessary for the
application to the analysis of plasmas. We note that the incorporation of radiation
and Auger damping at the centre of our approach both reduces and broadens the
resonances that we need to resolve. Hence, our effective resolution is greater than
that of an, initially, undamped calculation that uses an equivalent energy mesh,
as is done in the resonance-fitting approach to the damping of.lesonances
(Sakimotoet al 1990).

For the lithium-like systems, we follow closely the methodology used by Bal-
lanceet al (2001) but we perform the calculation with the express intention of
making it directly applicable to experimental analysis. Ballagical (2001) used
a combination of Breit—Pauli (BP) (up tb= 4) and ICFT (fromJ = 5to J = 28)
and then used top-up to complete their calculation. We instead choose to perform
an exclusively ICFT exchange calculation upte= 10 and then use it with the
non-exchange codes of Burle¢ al (1992) fromJ = 11 to J = 58 in order to
increase efficiency for the intermediate partial waves (l.e- 11 to J = 28)
and also to give a higher quality cross-section for the higher partial waves (i.e.
J = 29to J = 58). We choose to use more continuum basis orbitals so that we
can produce more accurate collision strengths at higher energies and we have also
used a four times finer energy mesh so that we can be confident the resonances are
sufficiently resolved for the integration to produce effective collision strengths.
Ballanceet al (2001) neglected the effects of Auger damping, which we show
here to be important for low temperature effective collision strengths.

2.5.2.,5 Results illustrating key issues

Ourn = 5 calculation forFe?** yields effective collision strengths for 1176 tran-

sitions and, for the lithium-like systems, our inner-shell calculations yield effec-
tive collision strengths for 4005 transitions and the outer shell calculations yield
effective collision strengths for 276 transitions (with 28 transitions overlapping
between the two cases) and so only illustrative results are presented here.
Results for all the considered systems, for energy levels, dipole radiative rates,
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infinite-energy Born collision strengths and Maxwell-averaged effective colli-
sion strengths have been compitedccording to the requirements of the ADAS
Project (Summers 1999). on the tabulated temperature ranges 6f —3 x 10°K

for Ar'®*, 106 — 10°K for Fe***, 5 x 10* — 5 x 10°K for Ar'®* and10® — 10°K

for Fe® ™,

The data format uséelis a compact and useful way of archiving the present
data so that it can be directly applied to plasma analysis with little inconvenience
on the part of the modeller. Care has been taken to ensure the dataset is complete
including, e.g. non-dipole radiative rates which are often not generated. For the
case of a dataset containing 4253 transitions, it is non-trivial for a modeller to
separately obtain or calculate radiative rates and insert them into the dataset since
even a very slightly different structure will cause the re-ordering of levels. For the
case ofAr'®", 1968 non-dipole (M1/E2) radiative rates were included.

Of interest is the quality of data at medium-to-high energies and particular
care was taken to check that our results were consistent with the expected infinite-
energy limits. We use the ‘C-plot’ method of Burgess and Tully (1992) to plot a
reduced collision strengtlf)() against reduced energ¥y). Here,

_ Q(E))
A (Er) = ll'l(Ej/Ez‘j + e)’

(2.60)

for a dipole transition, wheré’; is the scattered energy arid; is the excita-
tion energy, for a transitiom — j. e is simply the base of natural logarithms
(2.71828...). The reduced energy is given by

In(C)
~ In(E;/E; +O)

E =1 (2.61)
whereC' is a constant chosen to weight how much of the plot is given to the
high energy part, and how much given to the low energy part. Typicalig
chosen between 1 and 5. An example of a ‘C-plot’ is given in figure 2.15 for the
1s% 1S, — 1s2p 'P; transition inFe®*™. This demonstrates the approach of the

Ypvailable from the Oak Ridge Controlled Fusion Atomic Data Center, USA —
http://www-cfadc.phy.ornl.gov/data _and _codes/ .
15ADF04 — see Summers (1999).
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Figure 2.15: Reduced electron-impact excitation collision strengths for the

1s 1S, — 1s2p 'P; transition inFe**" obtained using a reduced-energy param-

eter ofC' = 2 (see text for details). The solid curve denotes the present results and
shows the detailed resonance structure. The dashed curve and crosses denote the
distorted-wave results of Mann (1983). The straight line between the last point of
Mann and the infinite-energy limit point (square box) shows the approach to the
limit point.

reduced collision strength to the infinite-energy limit point ¥at= 1), given by

(1) = 45/3, whereS is the line strength. Also shown are the results of Mann
(1983) which substantiate the present work closely in the high-energy region and
clarify the approach to the infinite-energy limit point.

For non-dipole allowed transitions, we make use the infinite-energy Born limit
(Burgesset al 1997). In figure 2.16, we show the collision strength & ()
versus reduced energy) for the 1s2s 3S,; — 1s4f *F; transitions inFe**™.
(Now, E, = (E,/E;;)/(E;/E;;+C).) Again, we note the approach of the collision
strengths to the infinite-energy limit points &t = 1. It should be noted that the
1s2s 1Sy — 1s4f 3F5 transition is forbidden by thé S-coupling selection rules but
spin—orbit mixing with thels4f ! F5 level gives rise to a non-vanishing Born limit.
This type of transition is sometimes described as ‘semi-forbidden’. However,
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Figure 2.16: Electron-impact excitation collision strengths for itk '35, ; —
1s4f3F5 transitions infe?**, obtained using a reduced-energy parametér ef 4

(see text for details). The solid lines denote calculated values and the dotted and
dashed lines link them to their infinite-energy limit points (square boxes), for the
1s2s 1Sy and1s2s 3S; initial states, respectively.

from an automated analysis point of view, we classify all transitions with a non-
vanishing dipole line-strength as dipole, all those with a non-vanishing Born limit
as (non-dipole) allowed and all those with a vanishingly small, or zero, limit-
value as forbidden. The interpolation or extrapolation of the (reduced) collision
strengths as a function of (reduced) energy thus follows types 1, 2 and 3 of Burgess
and Tully (1992). The issue of a precise definition of ‘vanishingly small’ only
arises for low-charge ions, which is not the case here — this is the Burgess and
Tully (1992) type 4 transition.

The effect of radiation damping is also important and an analysis of its effect
was performed for botAr'®* andFe?*™. An illustration is shown in figure 2.17
for the 1s? 'S, — 1s3s 1S, transition. This clearly shows the effect of damping on
the lowest-energy resonance group.

Figure 2.18 shows a comparison of a dipole transitiaf2s S — 1s*2p 2P in
Ar'®* with the data presented by Megsal (1980). The plot is presented in the
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Figure 2.17: Electron-impact excitation collision strengths for the!S, —
1s3s'S, transition inAr'®" (upper) and e?** (lower) illustrating a limited energy-
range of the resonant region near threshold. The solid curves denote the damped
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results and the dashed curves denote the undamped results.
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Figure 2.18: Reduced electron-impact excitation collision strengths for the
15?2528 — 1s?2p 2P transition inAr'>* obtained using a reduced-energy parameter

of C' = 3. The solid curve denotes the present results and shows the detailed res-
onance structure. The dashed curve and crosses denote the distorted-wave results
presented by Mertst al (1980). The straight line between the last point of Merts

and the infinite-energy limit point (square box) shows the approach to the limit
point.

‘C-plot’ of Burgess and Tully (1992). Note that in order to make the comparison
we show ourLS coupled results before they were transformed to IC using the
ICFT approach.

Figure 2.19 shows a comparison between the current work and the work of
Ballanceet al (2001) in thels®2s ®S; — 1s2s* S, transition of Fe**™. Note
the shallow oscillations in the background collision strength (well outside of the
resonance region) in the work of Ballaneeal (2001) since they used fewer ba-
sis orbitals than the present work. It can be seen, however, that the collision
strengths of Ballancet al (2001) are oscillating around the collision strengths of
the present work. Upon integration to form effective collision strengths the over-
and under-estimations will tend to cancel each other out, but such a cancellation
is best avoided if possible.
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Figure 2.19: Electron-impact excitation collision strengths for s QS% -

1s2s? 28, transition inFe***. The solid line denotes the present work and the
dashed fines the work of Ballanetal (2001).

2.5.3 Application of fundamental data
2.5.3.1 Calculation of effective collision strengths

The collision strengths calculated above were Maxwell-averaged, using the ap-
proach of Burgesst al (1997), to generate effective collisions strengths for spec-
tral analysis and modelling. The collision strengths for allowed transitions were
interpolated at higher energies using the infinite-energy limit points in the ‘C-plot’
picture. This gives a more accurate integrand at higher energies and so improves
the precision of the effective collision strengths at higher temperatures. In particu-
lar, although we only calculated collision strengths up to a scattered (final) energy
of ~ 900 Rydbergs foe**™, we can now tabulate effective collision strengths up
to 10°K. By looking at the sensitivity to the high-energy interpolation, we esti-
mate the effective collision strengths for the allowed transitions to be accurate to
within ~ 10% at 10°K.

The collision strengths for forbidden transitions were extrapolated by assum-
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Figure 2.20: Effective collision strengths for the electron-impact excitation of the
1s2p'P; —1s3s'S, transition inAr'®". The solid curve denotes results that include

the radiation damping of resonances. The dashed curve denotes results that omit
the radiation damping of resonances. The dotted curve denotes results for the
underlying (non-resonant) background only.

ing an E~* energy dependence, with = [1,2]. Formally (Burgess and Tully
1992), anE~? energy dependence is expected asymptotically. However, some
forbidden transitions are enhanced by coupling via allowed transitions and so fall-
off more slowly with energy, and do not approach their asymptotic limit within
our range of calculated energies. The accuracy of the effective collision strengths
for forbidden transitions is estimated to be at wers20% at 10°K. Here, they
are even weaker, relatively speaking, than at lower temperatures and are relatively
unimportant. Furthermore, the results from aue 5 calculation forFe?** differ
by less thare0% from ourn = 4 results, at 0°K.

Figure 2.20 illustrates the influence of damping and resonances on the effec-
tive collision strength for thés2p 'P; — 1s3s 'S, transition inAr'®". We see that
it is important to allow for both effects at lower temperatures.

We have compared our effective collision strengthsHet*t with those of
Kimuraet al (2000) (for the sixteen transitions out of our 1176 for which they ob-
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tained results) and we find a broad agreement (to withit0%) for all transitions

at 10’K. Two such comparisons are illustrated in figure 2.21. Very good agree-
ment is found with them for thes? 'S, — 1s3p P, dipole transition and also with

that of Pradhan (1985). The agreement is not so good for the resonance-dominated
1s21S, — 1s2s3S; forbidden transition, although that with Pradhan (1985) is much
better. Pradhan (1983b) quoted a 9% reduction of the effective collision strength
due to radiation damping for this transition, at a temperaturg ©fl0"K. This

is consistent with the results of Kimued al (2000) being higher than ours since
they do not allow for radiation damping. There may also be some sensitivity to
the resolution of high: resonances converging-on higher= 2 thresholds. We

find that the sensitivity to both resonance resolution and to the use of observed
versus calculated target-level energies gives rise to a less than 2% change in our
effective collision strength for this transition @3 x 10°K, which is where the
largest disagreement with Kimuedal (2000) is to be found. The results of Zhang

and Sampson (1987) are somewhat lower than ours and those of Pradhan (1985)
in this case.

In figure 2.22, we display the importance of including enhancement due to
resonances attached to levels in the- 4 andn = 5 shells in thels?2p QP% -
1s2p *P3 transition ofFe?*™. A comparison with Berrington and Tully (1997),
who included the effects of resonances attached to levels up to thel shell,
is also shown. While the position of the resonance enhancement of the effective
collision strength is at the same place, the results themselves differ somewhat
when we include resonances attached te 4 andn = 5 shells. We note that
Berrington and Tully (1997) have closer agreement with our results for inclusion
of resonances up to the = 3 shell even though they also included resonances
attached to the = 4 shell.

In figure 2.23, the effect of Auger damping, not included in a stand&rd
matrix calculation, is illustrated at low temperatures for tk#2s QS% — 15252 QS%
transition inFe**™. The effective collision strength at low temperatures is dom-
inated by the resonances corresponding tolt#2e2pnl (N + 1)-electron states.

Such intermediate states have a high rate of Auger breakugitd + ¢~ and,
hence, the resonances are damped almost completely. The breakdown of the con-
tributions to the effective collision strength are given in table 2.5 for a range of
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Figure 2.21: Effective collision strengths for the electron-impact excitation of the
1s? 1S, — 1s3p 1P, transition (upper) and this? 'S, — 1s2s 3S; transition (lower)

in Fe***. The solid curve denotes the present results, the dashed curve denotes
the results of Kimurat al (2000), the dotted curve denotes the results of Pradhan
(1985) and the chained curve denotes the results of Zhang and Sampson (1987),
lower only.
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Figure 2.22: Effective collision strengths for tMQpQP% — 1322p2P% transition

of Fe®*. The solid line shows the effective collision strength including reso-
nances attached to = 3,4 and5 states, the dashed line shows the results with
resonance contribution coming only from resonances attached=to3 states.
Also shown (dotted line) are the results of Berrington and Tully (1997). The solid
line above the effective collision strengths is the underlying collision strength.
The energy and temperature ordinates are scaled according-té7'.
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Figure 2.23: Effective collision strengths for the2s QS% — 15252 QS% transition

of Fe?*T. The solid line shows the effective collision strength including the effects
of Auger damping not included in a standaRedmatrix calculation. The dashed
line shows the results neglecting the effects of such Auger damping.

different temperatures. As would be expected, the resonance contribution is large
at low temperature, but the full inclusion of Auger damping reduces this contribu-
tion greatly.

At a temperature ol0°K in Fe***, effective collision strengths for 750
transitions are overestimated By 30% if Auger damping is neglected, with the
worst case being a factor ef 9 overestimate in thés2s3s QS% — 1s2p3p QP%
transition.

We find broad accord with the effective collision strengths calculated by Bal-
lanceet al (2001)° for a number of representative transitions and temperature
ranges where Auger damping does not have a significant effect.

From the point of view of fundamental excitation-data evaluation, it is unlikely
that the extension to significantly highershells ¢ > 5) will be undertaken. Yet,
for application in low-to-moderate density plasmas, the populations of levels with

16We note that table 3 of Ballanes al (2001) is in error; we compared with tlaglf04dataset
produced by Ballancet al (2001) and not to table 3.
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Temperature 3 x 10°K 3 x 10°K 3 x 10'K 3 x 108K

Contribution ADI ADE ADI ADE ADI ADE ADI ADE

Background 9.48 9.49 9.51 10.0
1s2s2pnl  0.92 292 0.05 047 L~ — — —
18283130’ — — 141 141 049 049 0.01 o0.01
18253141’ — — 011 0.13 0.20 0.22 0.01 o0.01
18253150 — — 0.09 0.09 024 0.26 0.01 o0.01
1s2s83Inl*  — 0.11 — — 002 069 — 0.01

Total 104 125 111 116 104 112 10.0 10.0
qn>6
b — denotes a negligible contribution

Table 2.5: Contributions to the effective collision strength (dividediby*) of
the 15725 ?S; — 1s2s* *S; transition inFe**™ showing contributions with Auger
damping not implicitly present in th&-matrix method included (ADI) and such
damping excluded (ADE).

n > 5 deviate from Saha—Boltzmann and must be modelled with explicit reaction
rates. Thus, we have given some attention to the problem of the extrapolation
of our results ton > 5. The broad scaling of the effective collision strengths

is asn 3, but we observe deviations from this behaviour. We have used fits to
the present data which indicate that errors which are not worse than 30% can be
achieved for the extrapolated data. Figure 2.24 illustrates the result of the extrap-
olation technique for thés2s 3S; — 1s5p *P; transition inFe?**. The fitting was
performed asy” = an~? pointwise on a reduced temperature scale. The latter
allows the extrapolation to be extended to the threshold region. The parameters
a andb were calculated using this2s *S; — 1s3p 3P; and1s2s 3S; — 1s4p 3P,

data and then th&s2s S, — 1s5p P, data was determined and compared to the
explicitly calculated effective collision strengths. It should be noted that explicit
calculations were performed for all transitions uprto= 5 and this extrapola-

tion and comparison is merely to investigate the importance of calculating rates
explicitly instead of attempting to obtain them via extrapolation.
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Figure 2.24: Effective collision strengths for the electron-impact excitation of
the1s2s %S, — 1s5p *P; transition inFe**™. The solid curve denotes the explicitly
calculated results and the dashed curve denotes the results extrapolated from lower
n-shells.
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2.5.3.2 Calculation of important line ratios

For application, the present resultant rate-coefficients must be incorporated into
excited-population models. We are concerned with the impact of both absolute
values of the collision data and its uncertainties on populations and consequential
line emission — patrticularly on the familiar diagnostic line-ratios. There are two
sources of uncertainty associated with our collision data, namely, the absolute ac-
curacy of rate coefficient evaluation in thematrix approach and the uncertainty
introduced by our extrapolation procedures for higher quantum-shell rates. It is
appropriate also to assess the actual contribution of excitation to higher quantum-
shells to the populating of lower (especially = 2) levels by cascading and,
hence, the contribution to diagnostic line ratios. For this assessment, we adopt a
collisional-radiative model that is restricted to levels up to some quantum shell,
no. All electron-impact collisional and radiative processes are included between
these levels, but all other processes, including recombination, are excluded. Thus,
it is strictly the excitation driven part of the population structure which is exam-
ined.

The completeness of the-matrix calculations performed here suggests that
the absolute error of the rate coefficients should approach the limiting accuracy of
the method. We take this to be 10%, as representative of the dominant transitions,
for every explicit (non-extrapolated i) rate coefficient, at all temperatures, and
30% for extrapolated rate coefficients. Also, it is assumed that the error in each
rate coefficient can be treated as independent from each other and with a Gaussian
distribution of half-width equal to the absolute error. On this basis, a statistical
error on each population was computed by Monte Carlo random sampling of the
errors in every rate coefficient using the codeas216 (Summers 1999). After
sufficient samples, the set of results for each population delimits a Gaussian whose
half-width is the statistical error in the population, for a given temperature and
density.

We found that the error propagated to the populations was less than 10%. Ta-
ble 2.6 shows the statistical uncertainties for the excited-level populations which
give rise directly to the x/y-ratio and the G-ratio ((w+x+y)/z), at a representative
temperature and density for both ions. The results isolate the effects of including
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Fe24+

Level Line Ar'®™ n=4 n=5 n=>5
1s2p'P;, w  97% 83% 82% 9.7%
1s2p3P;  x  43% 82% 8.1% 9.8%
1s2p3Py, y  4.7% 9.4% 9.8% 9.3%
1525 3S; z 49% 51% 51% 8.1%

& — Extrapolated.

Table 2.6: Propagated uncertainty in the populations of the levels responsible for
the transitions leading to the x/y-ratio and G-ratio at an electron temperature of
1.58 x 107K and density ofl0'?>cm~3 (Ar'®") and an electron temperature of
3.98 x 107K and density ol04cm~3 (Fe***, for several models — see text).

highern-shells, using both exact and extrapolated data, with their associated er-
rors. We are able to resolve the contribution from any given rate coefficient to the
population of any level. This shows that the uncertainty ofiti#s3S; population

is most affected by the uncertainties in the higher-level fundamental rates (see ta-
ble 2.6). Note that thés2s 3S; level is long-lived and has a weak radiative rate,
thus, excitation to higher levels and de-excitation to the ground is more influential
than in other levels — see section 2.4.2 for a discussion of this point.
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Chapter 3

Interpretation and modelling of
guasi-continuum radiation

3.1 Introduction

In this chapter we will develop and extend the concepts given in chapter 2 for
application to quasi-continuum radiation — specifically to radiation emitted by
very heavy species (e.g. tungsten) in the core plasma, as exemplified in section
2.2.4. These examples show that most individual lines cannot be distinguished
since they blend together into a spectral envelope. Measurements and predictions
typically involve thousands of lines and their indistinguishability arises from both
broadening mechanisms within the plasma and from the wavelength resolution of
the detection system. It is noted that some lines do stand out in isolation.

As in chapter 2, we still require diagnostically useful deliverables (section
2.3.1), a population structure via a collisional-radiative model (section 2.3.2) and
atomic data to enter the model (section 2.3.4). Care must now be taken, however,
as to how deliverables are calculated, handled and presented, given the size of the
problem.

In section 3.2, we will discuss how to model a quasi-continuum spectrum,
largely a refinement of th##£Cs defined in section 2.3.1.1. The fundamental
atomic data required and, perhaps more importantly, possible to calculate for the
problem will be discussed at length with specific examples from heavy species (in
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particular krypton) in section 3.3.

The reduction of the atomic data delivered to plasma modellers and how, for
example, the total ionisation & recombination coefficients would enter a transport
calculation differently from the lighter species (see section 2.3.1.3) is discussed in
section 3.4 where the concept of flexible partitioning is developed.

Finally, tungsten is taken as an example case in section 3.5, where an overview
of the atomic data produced for tungsten as part of this thesis is given.

3.2 Modelling a quasi-continuum spectrum

An important difference in modelling a quasi-continuum spectrum as opposed to,
e.g., alow to medium weight helium-like spectrum (discussed in section 2.4) is the
number of lines emitted and their diagnostic indistinguishability. Refinement has
to be made as to the prescription of the problem and the deliverables as outlined
in section 2.3.1; namelyPECs, S/XBs and total ionisation & recombination
coefficients. In section 3.2.1 we describeBAPEC, that is the extension of the

PEC as defined in section 2.3.1.1. A well defined ‘promotional strategy’ must also
be implemented to keep the size of the problem manageable — this is discussed in
section 3.2.2. Due to the number of transitions typically under consideration, the
F—PEC is a special feature which does not retain information on its constituent
transitions, but rather tabulates spectra as a function of temperature, density and
wavelength (the distinction between this and the helium-like special feature is
described in section 2.3.1.4).

3.2.1 Feature photon emissivity coefficients

An envelope feature photon emissivity coefficient, denote@bP~EC, is defined

on a wavelength interval and is a composite feature arising from very many lines
from a single ionisation (or metastable) stage. TRePEC is suitable when the
individual component lines are unresolved or only partly resolved. This situation
occurs with very complex heavy element ions — it becomes economical to handle
the envelope feature rather than the individual line emissivity coefficigtd€ $)
defined in section 2.3.1.1 and derived in section 2.3.2.
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Consider the spectral interval\,, A, subdivided intaV,;, intervals as

A=A
)\EOJ}: A0+Z 1]\7 0

p

A — A
Ao+ (i+1) =2

. N i=0,..., Ny —1. (3.1)

Note, this implies\} = X, ;.

Also suppose that the spectrum line— k£ has a normalised emission profile
¢k (). Typically, such a profile is a convolution of Doppler and instrumen-
tal functions. Then, the envelope feature photon emissivity coefficient vector is
defined as "

F-PECHY =N "PEC ;i | dimi (N, (3.2)

j—k A7

Aj_ is the natural wavelength of the— & spectrum liné. The default broad-
ening assumed is Doppler, with a Maxwellian distribution for the emitting ion at
temperature’;,,, equal to the electron temperatufi¢, used in the collisional-
radiative modelling of thev—P&EC. This constitutes a minimum broadening re-
sulting in spectra which may be further broadened for instrumental effects or if
T, > Ti,,. The integral in equation 3.2 is then expressible in terms of error func-
tions as

1 N— P W
.7_—_7356([707%1] = Zpgca,jﬂki (erfc <1Tjk) — erfe <—1 Wj k)) :

j—k
(3.3)
where, for Doppler broadening

(3.4)

kT ion me) :

IH my

W = /\j—>ka (

andm, is the emitting ion mass. Note we have u$Edather tharnr for the width
of the line here to avoid confusion with the metastable state denoted by

In principle, the Doppler broadengd-PECs can be convolved with effective
instrument functions and/or representations of wavelength dependent filters. The
F—PECs are archived at the minimal broadening expected in the experimental

1This definition is valid for excitation, recombination and charge exchan§és, wheres
must be appropriately defined as either the emitting or parent metastable.
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spectra.
We can use an equilibrium ionisation balance WiRRPECs by introducing
the equilibrium ionisation balance fractional abundan@és; /N, so that

N, = Nt = _N§+ Not

N, .
7 Ntot Ne © (3 5)

where the ratiaV: " /N, is evaluated in equilibrium at the local temperature and

density. Then,
Ntot

N,

where the definition o7 N is given by using the expression fo¥; given in
equation 2.10;

Ay N; = N2GTN ;i (Te, Ne), (3.6)

M,

NS (z+1)+
T _ Te N _ exc) rec) 3.7
g NJ k( ’ j k <Z}_ Ntt +Vz: Niot ) (3.7)

is called the generalised contribution function or photon emissivity function. This
is a density-dependent extension of théT.,) function used in the astrophysical
community.

For the spectral intervaJ)\q, A,] as used to define aAi—PEC, the envelope
feature photon emissivity function vector is defined as

Jj—k

which can also be expressed using error functions as in equation 3.3.
Like the F—PECs, theF—GT N's can be convoluted with effective instrument
functions and/or representations of wavelength dependent filters.

3.2.2 Promotional strategy

For each ion whose structure is required, we must establish a working set of con-
figurations, which includes the ground configuration and a number of excited con-
figurations. The excited configurations to be included (from the infinite set avail-
able) are determined by criteria of relevance to observed spectrum lines, sufficient
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precision in calculated energy levels & A-values (i.e. via configuration interaction)
and computational resources. For the baseline calculations we use a promotional
strategy to generate configurations automatically and this is focused on a set of
ions of an element. Consider a group of idi$*" : 2 = 2y, - - -, Zmax} Of the
elementX. A set of configurations targeted on a structure calculation is estab-
lished by promoting electrons from the ground configurations of the ions. The
criteria for promotion are shell-based and not set up ion-by-ion i.e. they are for
the group of ions sharing the same valence $h&ly reviewing the ground con-
figurations of the ion group, a list of single valence shells present is identified —
likewise for double valence shells and, in principle, on to triple valence shells.
The promotional strategy depends on whether there is a single or double valence
shell. For complex ions, the number of configurations which satisfy even quite
restricted promotional rules can be large and since these configurations often in-
clude more than one unfilled shell, the level count for each configuration can be
large. Mechanisms beyond the basic promotional rules are required and used to
restrict the total level set to match available computer power.

Consider a spectral region of intergat, A;], which may be the range of a
particular spectrometer or an interval of special diagnostic value. For two con-
figurations,/ and.J, we introduce their configuration-average energEé%V,) and
Ega”, the transition array average energy can then be defined as

A = By — B (3.9)

and the transition array average wavelength as

he

/\(a‘/) —
B — B

1J

(3.10)

Configurations which have a transition Wavelenghlﬁf”,,v) € [Ao, A4], should

be handled at high resolution, i.e. level resolved. Configurations such that the
transition Wavelength\gf,v) ¢ [Ag,A1] may be handled at low resolution, i.e.
configuration-average — where the whole configuration is treated as one effective

2|t is noted that for complex ions, it is possible to have ground configurations with more than
one effective valence shell.
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energy level. Section 3.3.1 outlines how data of different resolution and quality
may be connected and used together.

3.3 Fundamental atomic data for very large systems

Two levels of data quality are discussed here, namely baseline data in sections
3.3.2 and 3.3.3 and intermediate quality data in sections 3.3.4 and 3.3.5. Whilst
some of the intermediate techniques have been developed as part of this thesis,
they have not yet been fully utilised for the problem of heavy species.

We define high quality collision data to be that obtained frBamatrix and
other close-coupling techniques (see also table 2.1). They are not addressed here
but for heavy species, attention is drawn to the DARC codes (Norrington and
Grant 1987) which extend thB-matrix method to the fully relativistic regime.
The high quality atomic structure problem is very similar to that of the lighter
systems (see sections 2.3.4.1 and 2.3.4.2) but with the necessary inclusion of more
relativistic effectsand in particular the full Dirac code, GRASP (Dgathl 1989).

It should be noted, however, that the framework presented here lends itself
to inclusion of very high quality data (such as the above) for targeted ionisation
states, or even single transitions; see section 3.3.1 for details.

3.3.1 Mixing data of varying quality

In section 3.2.2 the concept of resolved and unresolved levels was developed,
where levels which directly contribute to spectral emission are dealt with at a
higher quality from those which only affect population structure. These data have
to be combined with one another in order to calculate a population structure.

For example, combining level-resolved data with configuration-average data
requires statistical splitting of the excitation and radiative rates between individual
and grouped levels (i.e. the configurations). Such splitting for the LS/IC case is
discussed in detail in Brooks (1997).

One of the main advantages of the collisional-radiative treatment used in this
thesis is that data of varying quality can be mixed without the danger of dou-
ble counting states and resonances. Other population codes, such as HULLAC
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(Bar-Shalomet al 1988; see also section 3.3.4), include the autoionising levels in
the collisional-radiative matrix as a way of modelling such resonance behaviour.
This is in contrast to the ADAS approach where it is assumed that the resonances
have been included in the rates which are used as input to the collisional-radiative
matrix. This means that the high qualify-matrix calculations which typically
resolve resonances from thousands of intermediate states are automatically mod-
elled in the ADAS collisional-radiative model.

The present model is then able to give a complete description of any system
using baseline quality atomic data with the facility to selectively improve stages
and transitions of interest with more precise data from other techniques, litera-
ture or measurements (see table 2.1). Other approaches intrinsically exclude this
selective refinement. We note, however, that the fundamental HULLAC atomic
collision data (distorted wave) is better than the baseline data used here.

3.3.2 Baseline quality electron-impact excitation

For baseline electron-impact excitation, a plane wave Born (PWB) approach is
utilised as implemented within the Cowan cé¢@owan 1981). Such an approach
does not take into account resonance structure (discussed in section 2.3.4.3) but
does provide a rapid way of generating baseline data for every ionisation stage of,
e.g., tungsten (see section 3.5.1 for such results).

The practical implementation is to take integrals of spherical Bessel functions
over the wavefunctions, thus obtainiragi| B(K)|j > as a function of momentum
transfer, K. Then,

AE 2
9f (K) = 5 [<dlB(K)|j >| (3.11)

where f (K) is the generalised oscillator strength. Integrations dveare then
performed in order to find collision strengtti$, as a function of electron energy,

€,

Q(e) :§/ g (K)d (In K) (3.12)

€ Kmin

3ftp://aphysics.lanl.gov/pub/cowan/
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where,

1

Kpim = €2 — (e — AF) (3.13)
Kpaw = €2 + (e — AE)? . (3.14)

[NIES

[T

The method presented here lends itself to calculations using a computer code
and is the method implemented in the Cowan code (Cowan 19&1has also
been recently implemented withklUTOSTRUCTURE (Badnell 1997) as an ex-
tension to the infinite energy Born calculations as discussed in section 2.5.2 and
Whitefordet al (2001).

3.3.3 Baseline quality ionisation and recombination

Baseline quality methods are required to generate arbitrary data without too much
time and use of computational resources. This has two main uses, namely, to
gain a first-cut appreciation as to how the plasma is behaving without the need
for complex calculations and also to fill in gaps in data where the accuracy of the
data is not critical for the application, but is nonetheless required. This approach
is in keeping with the theme of recognising a problem in analysis of a plasma and
then generating appropriate data and models, rather than simply calculating all
possible data at the highest level.

The methods described below have been used to generate systematically
ionisation and recombination coefficients for many elements in the range
Z < 82(Pb) and automatic procedures exist for the generation of data between
1 < Z <92(U) as aresult of the work presented in this thesis

The construction of ionisation, recombination and power coefficients has been
performed extensively in the past, by exploiting simple parametric forms for
key rates, such as the general formula for dielectronic recombination of Burgess
(1965), the ionisation formula of Lotz (1968) and the excitation formula of Van
Regemorter (1962). Prior to the use of more sophisticated collisional (and gen-

“We note that equation 18.157 of Cowan (1981) is incorrect (equation 3.12 here contains the
correct expression) but the implementation within the Cowan code is correct.

SWe note that the Cowan code (Cowan 1981) can calculate data for any element, even ones that
don't exist.
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eralised collisional) radiative coefficients, impurity transport codes (see sections
2.3.1.3 and 4.4) relied on these formulae, which in turn required only relatively
simple parameters such as oscillator strengths, ionisation potentials and excitation
energies. Numerical tabulation of data as opposed to simple expressions are nec-
essary when more complex techniques are used. These numerical tabulations are
also more suited to the selective data refinement as described in section 3.3.1.

For quick estimates on unfamiliar species, such approximate methods de-
scribed above are still in use. Within the ADAS Project (Summers 1999), they
are made available as ‘Case A parameterisations. These parametric forms are
of only modest precision in general, depending partly on the quality of the pa-
rameters themselves, but are unsafe for medium/heavy species. A more robust
parameterisation, called ‘Case B’ was developed for the ADAS Project and it is
this which is described here.

3.3.3.1 lonisation

We consider separately the processes described in section 2.3.4.5 for ionisation,
namely direct ionisation and excitation—autoionisation.

The effective ionisation rate coefficient is treated in Case B as the ionisa-
tion rate coefficient from the ground state, ignoring stepwise ionisation. This
restricts the applicability to scaled electron densif\égz] < 104 cm™3. Itis
based on the semi-empirical expression of Burgess and Chidichimo (1983) where
Shebid (2 v, ¢, T.) is viewed as a formula for the ionisation of an ion of charge
from a quantum shell of ionisation potentialand with the number of equivalent
electrons in the shell being The expression is

Shehid - — 917 x 107 8¢C (T /x)** (x /kT.)Y? x

E(x/kT)w cm® st (3.15)
where B(1+kTe/x)
kT e/ X
w= <1n (1—i— fe)) , (3.16)
1 ( (1002 491"
B s — 3.17
=1 <( 12 +3 > 5) (3.17)
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and E; (x) is the first exponential integral function. Although the expres-
sion has similarities to the Lotz (1968) formula, the Burgess and Chidichimo
(1983) formula was created with a recognition of the contribution of excitation—
autoionisation to net ionisation. With a proper prescription for the inclusion of
excitation—autoionisation, as described by Burgesd (1977) and elaborated by
Burgess and Chidichimo (1983), the semi-empirical formulae match higher qual-
ity results with significantly lower discrepancy. We write

SETE = S+ SR (3.18)
where
Ssalli)é)rox = Z Cr Z SbChid(Za Xis Cia Te) (319)
I i€l

is called the shell direct (shd) part and the summation is over the set of quantum
shells].

Sobpio% = Z CR Z 1.45w, (Iy/AE,)(Iy/€)Ta; (3.20)
R reR
is the excitation—auotoionisation part and the summation is over a set of isolated
autoionising resonancd®. For the Case B parameterisations, the ionisation po-
tentials {;), shell occupancies({) and the division of ionisation between shell-
direct and excitation—autoionisation are treated flexibly.

The principles are evident from two examples. Consider an ion, sudH4&s
whose ground state has the outer electron configurdtésp. The ionisation
potential for the5p electron is denoted bys, and for a5s electron is denoted
by Iss. The initial shell direct equivalent electron assignments¢gye= 1 and
(ss = 2 at these ionisation potentials, respectively. However, autoionising levels
of the form5s5pnl lie densely through thés? ionisation threshold and on into
the 5s% + e~ continuum. Excitation of &s electron to such levels leads to auto-
ionisation into this continuum with almost unit branching probability. The effect
can be included in the shell direct part by setting the effective ionisation potential
for the 5s electron to/s,. Burgesset al (1977) called this case (ii). The complete
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shell structure i$Kr| 4d'94f135s25p. The shell direct part from the inner shells,
especiallydf'3 and4d!® have a large weighting and must be included. The first
auto-ionising configuration from promotion of4é electron is4f125s%5p? and it

is noted that it lies substantially above th€ ionisation threshold. It might be
appropriate to include such auto-ionisation by reducing the ionisation potential
of the 4f electron froml, to I, — I5,. This is the Burgesst al (1977) case

(i) situation. On the other hand, ionisation cross-sections are zero at threshold
whereas excitation cross-sections (for ions) are finite at threshold. Detailed mea-
sured ionisation cross-sections show steps at discrete auto-ionising level energies.
For a more precise description within the Case B parameterisation, we include an
SEPRieX contribution fromdf!35s25p — 4f125s25p? and then put autoionising con-
figurationsaf'25s25pnl with n > 5 into the shell direct part at effective ionisation
potentiall;; — Is. The complete sets of effectives, (s, AE,.s andw,s can be
prepared semi-automatically from the results of structure calculations. Available
detailed assessments, such as that of Letchl (2003) allow a final adjustment,
handled as a scaling and ionisation potential shift, as

SE=#H) — geale eodisp/KTe [GAPPIOX 4 GaPDIOX] (3.21)

See section 3.5.3 for an example of this method being used on tungsten, specifi-
cally W24+,

3.3.3.2 Recombination

Three body recombination is not taken into account for baseline quality recombi-
nation data as it is not a significant contributor to recombination in fusion plasmas.
It is assumed that radiative recombination and dielectronic recombination are in-
dependent processes (see Pindeblal 1992):

(z+1—2)

Q@ = Qg + o, (3.22)

Instead of detailed modelling of redistribution and ionisation from excited states
(which reduces the effective dielectronic rate coefficient especially in finite den-
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sity plasma), a cut-offi-shell,n, is introduced (Wilson 1962),

cm ™3 kT,
ny = <5.57 x 1017 —— N (IH) ) : (3.23)

Captures to levels below; are assumed to populate ultimately the ground level
and so contribute to the effective coefficient, whereas captures to levels apove
do not. n;, depends on electron density and it is this which represents the finite
density collisional-radiative effects

For dielectronic recombination, the termination of the capture sum to higher
n-shells is a critical matter for modelling finite density plasmas. On the other
hand, the distribution of dielectronic capture witkshell depends on details of
the parent transition — not only on the oscillator strength and transition energy,
but also on quality of resonance capture collision strengths and alternative Auger
channels. The Burgess general formula (GF) does not allow these latter issues to
be addressed directly. By contrast, the Burgess—Bethe general program, BBGP,
see Badnelkt al (2004), does and so is used as the basis of the Case B dielec-
tronic recombination. BBGP evaluates dipaleselective resonance capture in
the Bethe approximation via a correspondence principle argument. More pre-
cisely, introduce

ZQ (S, LLTVK' (S, Ly )| =ol)

cory = Bethe 1IN/ ’ (324)
Z QBethe((S,L! IV, (S,LyT,) k| =ol)

The GF is a functional fit to extensive BBGP calculations at zero-density. The
latter used a fixed set of Bethe correction factors based on cross-section data avail-
able at the time. Alternative Auger channels open primarily extra loss channels
competing with stabilisation. To a good approximation, it can be assumed that
once an alternate channel is open then there is unit branching ratio in its favour.
Thus am-shell cut-off,n,,, may be introduced based only on energetics. In prac-
tice, the lower ofn; andn,, is applied. All necessary data for the above two

5We note that the Wilson cut-off predates DR (discovered in 1964) and works best when DR is
ignored.
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aspects can be obtained from an atomic structure calculation, as can more precise
energies for the lowesi-shell stabilised states which influence the low temper-
ature dependence of dielectronic recombination. Residual error of the Case B
approach, in comparison with detailed calculations, comes from non-dipole col-
lisional transitions and specific low-lying resonances. In principle, availability of
high quality data, such as that of the DR project (Badetlal 2003; see also
section 3.3.5) for a few members of an iso-electronic sequence allows a final ad-
justment, handled as a scaling and an effective transition energy shift, as

ag = scale1 eedlspl/akTe E aﬁBGP—F

11€8rpy

scale2 eedispQ/akTe Z aBBGP (325)

12 .
12€8rPy
This is treated as scalings on two parent transition groups correspondiig+o
0 andAn > 0.

3
a=10+0.015 (ﬁ) (3.26)

is taken from the&sF specification.
Radiative recombination is assembled as
n
a, = scale (21 Iy/kTo?)* ™ a (1) + > o (1), (3.27)
n>ngo

comprising adjusted hydrogenic recombination to the loweshell at the ef-
fective principal quantum numbey, plus a sum of hydrogenic recombination to
highern-shells at integer values of the principal quantum number — terminated
atn,. The adjustment factorscale’ and ‘edisp’ are obtained from selected fits to
higher precision data.
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Figure 3.1: Comparison between configuration-average distorted-wave (CADW)
and R-matrix collision strengths for thgs — 2p transition inAr'®* for thel = 4
partial wave. The dashed line denotes the results of the CADW calculation and
the solid line that of théz-matrix calculation.

3.3.4 Intermediate quality electron-impact excitation

The configuration-average distorted-wave (CADW) approximation of Ping#ola

al (1986a,19860 can be used for calculating electron-impact excitation cross-
sections between configurations of any given system, as well as for ionisation
(see section 3.3.5).

In figure 3.1, a comparison is made withmatrix data as calculated in section
2.5 for one partial wave of this?2s — 1s22p transition inAr'®*. As would be ex-
pected, the CADW results trace the background ofth@atrix collision strength
but do not include the resonance effects. The CADW method was investigated as
part of this thesis but data was not produced in bulk as part of the present work.

The factorised distorted-wave approach (Bar-Shaéiral 1988) splits (i.e.
factorises) the angular and radial parts of the distorted-wave problem to obtain full

"We note the typographical error in equation 4 of Pindzdlal (1986b) — theg; should be
q2-
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IC semi-relativistic cross-sections. This method is implemented within the HUL-
LAC (Bar-Shalomet al 1988) and FAC (Gu 2003) codes. It should be noted that
these codes are more than just factorised DW codes and also contain implementa-
tions of atomic structure and collisional-radiative modelling techniques. See sec-
tion 3.3.1 for a discussion of the difference in approach between the collisional—
radiative modelling used in these codes and the present work.

3.3.5 Intermediate quality ionisation and recombination

As mentioned in 3.3.4 above, CADW can be used for ionisation as well as excita-
tion. Calculation of the ionisation rates of all stages of krypton forms part of this
work and is published in Locht al (2002b).

The threshold energies and the bound radial orbitals for the krypton config-
urations are calculated using the Cowan code (Cowan 1981). The direct and
excitation—autoionisation contributions to electron-impact single ionisation of an
atom or ion are calculated in a configuration-average distorted-wave approxima-
tion (Pindzolaet al 1986a, 1986b), which has been successfully employed in the
study of many ionised systems (Pindzaaal 1987, Pindzoleet al 1991 and
Hathiramaniet al 1996) and more recently in Colgaet al (2000), Shawet al
(2001) and Aichelet al (2001).

For the more highly-charged ionisation stages, configuration-average radiative
and autoionisation rates are evaluated and used to determine the branching ratios
needed for contributions from excitation—autoionisation. In this work, we have
not included contributions from resonant-excitation double-autoionisation, which
are generally small compared to the contribution from excitation—autoionisation.

Configuration-average photoionisation calculations are used to obtain the in-
finite energy limit point for the direct contributions to electron-impact ionisation.
The cross-section contributions from excitation—autoionisation at the higher inci-
dent energies are given by extrapolations of fits to the lower energy results. The
ionisation cross-sections are then transformed into rate coefficients by integration
with a Maxwellian velocity distribution at the appropriate temperature.

Figure 3.2 shows cross sections for the ionisatiorket’t and figure 3.3
show the corresponding rate coefficients. Data for tungsten, calculated using the
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Figure 3.2: CADW cross-sections féir?*". The dotted lines denote the contri-
butions from the various direct ionisation routes from2he3s and3p sub-shells,
along with the total for direct ionisation (dashed line) and the total cross-section
including EA (solid line)

methods given above are presented in section 3.5.3.

Intermediate (and also high) quality recombination data is considered to be
that of the DR project (Badneé#t al 2003). This has not yet been extended to
very heavy species but does include few electron ions of krypton and xenon. The
beryllium-like sequence as calculated by Colgdral (2003) and as part of the
present work is discussed here as an example.

For aAn = 0 core transition, the DR process for a beryllium-like ion can be
represented by,

15?252 1Sy 4+ e~ — 15%2s2p [3P071,2;1 Pl] nl (3.28)
1s225% 1Sy 4+ e~ — 1s5%2p? [180;3 P071,2;1 Dg] nl (3.29)
1s%2s2p [SPOJ,Q] +e — 15%2s2p [3P0,1,2;1 Pl] nl (3.30)
1s%2s2p [3P0,172] +e — 1s%2p? [180;3 PO,LQ;l DQ} nl (3.31)
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along with the total for direct ionisation (dashed line) and the total cross-section
including EA (solid line)
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(chained curve). The dashed-space curve shows the DR rate coefficient from the
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and for aAn = 1 core transition by,

1s%2s* 1Sy + e~ — 1822130 31 L ynl” (3.32)
15°22p [*Po12] +e= — 122130 %' Lynl”. (3.33)

In keeping with using krypton as an example, figure 3.4 contains DR totals for
beryllium-like krypton illustrating why theé\n = 0 core transitions are important
at low temperature.
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3.4 Data reduction

3.4.1 Need for data reduction and superstages

In order for the quantity of atomic data described in this thesis to be usable for
plasma modelling, it needs to be presented in a reduced form. The method used
here is to bundle ionisation stages together into ‘superstages’. These superstages
represent a group of ionisation stages assumed to be in equilibrium within the
superstage with an effective ionisation and recombination rate in and out of the
superstage. This is analogous (in fact it is simpler) to assuming that ordinary
levels of an atom are relaxed and that only the populations of the ground and
metastable states change in time. These concepts are expressed more formally
below in section 3.4.2.

All of the diagnostic deliverables suited to modelling a fusion plasma can be
bundled into superstages by solving for an ionisation balance within the super-
stage and then summing the deliverables, weighting by the local ionisation bal-
ance. These deliverables are:

¢ effective ionisation coefficient (see section 2.3.1.3),

o effective recombination coefficient (see section 2.3.1.3),
¢ feature photon emissivity coefficient (see section 3.2.1),
¢ total radiated power (see section 4.3),

e effective ion charge (see section 4.6).

When modelling transport using, e.g., the JETTO suite of codes (see &arail
al 1999, Lonnrothet al2003) a number of quantities are modelled (temporally and
spatially) in an integrated and self consistent way. Namely, electron temperature,
electron density and the density of each ionisation stage. These are included in
an iterative model which usesaNcO (Lauro-Taroniet al 1994, see also section
4.4). The time it takes to solve this problem scales-a& (Parail, 2003). For a
species such as neoN, = 13 (11 ionisation stages with an addition of electron
temperature and density). Going to tungst®&h= 77, giving a factor of> 200
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increase in the resources required to solve the problem. Reducing the number of
effective ionisation stages to 20 will reduce this factor to just over six.

3.4.2 Flexible partitioning methodology

In the generalised collisional-radiative picture, an element in a plasma is de-
scribed by the abundances of all the metastables of every ionisation stage, by
the effective recombination and ionisation coefficients which link them together
and by the emission coefficients which are quasi-static with respect to and driven
by these metastables. The complete set of populations which is then (in principle)
tracked in dynamic transport modelling is large. However, not all populations are
of equal importance and so grouping of populations may be appropriate. This is
called a condensation, which converts the situation to tracking the group popula-
tions with their equivalent effective recombination and ionisation coefficients and
emission coefficients. The specification of a grouping is called a partition. The
original complete set of individual metastables is called the root partition and we
can envisage a particular partition having parent and grandparent partitions, and
on back to the root partition.

Consider the definition of a partition, and the procedure for condensing from
the parent partition to it,

{169269369---692’@---69N} (3.34)
where
{1} C{p1®p2® - ®pn, Fprt (3.35)
{2} - {pN1+1 PN 2D - D pNg}prt (336)
{N} C {prrtfl'i‘l @prrt71+2 @ et @ prrt}prt (3.37)

andP = py,...,pn,, IS a permutation of, ..., N, and N, is the number of
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groups in the parent partition
{1@2@3@"'@i@"'@Nprt}prt- (3.38)

Consider next the evolution of populations of members of a partition of an ele-
ment in a plasma. For an element of nuclear chaggeithout loss of generality,
consider the partition layer ‘#01’ with members indexed: layd total number of
members/#01, The populations of the partition members are denoted by,

NFOU =, .. 1#01, (3.39)

The time dependence of the partition member populations are then given by the
equations,

L o _ 190, o
- (Nesﬁ(j.ﬂl + Neagi(;ﬂl) N[O (3.40)
 Nealf21 NI

as in section 2.3.3, where the coefficients are the partitioned collisional radiative
coefficients.

Consider now the daughter partition layer ‘#02’. Again, without loss of gen-
erality, suppose that the members of layer ‘#01’ between index valussd i,
map into the membaer of ‘#02’, so that

N =3 N (3.41)
1=1g
and, summing the time dependent equations,

d N[#02] _ Nes[#01} N[#Ol]

dt k io—1—ig? Vig—1
— (NSO + NP2 ) N (3.42)

[#01] [#01]
+ Neogy i Nijty
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Impose a quasi-static equilibrium for the ‘#01’ partition members of populations
10 t0 77 so that

[#01] Al [#01]
_ 10+1—1
Nio o - 5[0#01] ° Nio—i-l (3-43)
d i9—ip+1 eq
[#01] 04[#0;] jo+1 [#01]
10+2—10+
Ni0+1 . = S[O#OTO Ni0+2 (3.44)
4 io+1—ig+2 eq
[#01] i [#01]
Nil*l . = S,[;EO—]_]l Nil 9 (345)
4 i1—1—i; eq
still subject to the normalisation
i1
01
NI =y " N (3.46)
i=ig eq
Then, finally,
(#02] _  [#01] #01]
Oép—)p—l —Oéio—ﬂlo—l Nio eq (347)
(#02]  _ ql#01] [#01]
Sp—>p+1 _Sil"ilJrl Nil eq (348)

Also, for the equilibrium stage population solution, the radiated power func-
tion (see section 4.3) for the daughter partitiomﬂ#om and is calculated as

o 1 o1] N([#Ol]
tot £ = Z tot F; N0 (3.49)
=10 p eq
i1 Ni[#m]
=2 <LTPZ'[#0” R PZ'[#OH) ( N )| (3.50)
=10 p eq

with separate radiated power function contributions arising from low level line
power,;;r P, and the recombination-bremsstrahlung-cascade paywd?,,usually
expressed aB;r and Prp respectively, see sections 4.3.1 and 4.3.2.

For the spectral interval\,, A;], the envelope feature photon emissivity coef-
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ficients (as originally introduced in its non-condensed form in section 3.2.1) is
i1
F-pECT =N " F—pec, ,NF, (3.51)
1=1g

wherej is used here to denote the wavelength position offh@EC.

3.4.3 Flexible partitioning implementation and example

As an example of the implementation of flexible partitioning, consider krypton,
with 37 ionisation stages, including the fully stripped idfar{®"). Neglecting
metastables, partition layer 1 is given by

(K" o Kr't @ - -- @ Kr*™" @ K0t} (3.52)

Figure 3.5 shows the fractional change in ionisation potential as a function
of charge. Taking the peaks in this fractional change as an indication of where
partition layers should sit, and with a buffer layer of one ion at each layer we form
the partitioned set (analogous to equation 3.34),

{162@3® ---®id---®N} N =16, (3.53)
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Figure 3.5: Fractional change in the ionisation potential of krypton as a function
of charge state. The sharp peaks correspond to shell boundaries and are the natural
places to have partition boundaries.

where (analogous to equations 3.35 through 3.37),

{1} c {Kx""} (3.54)
{2} C {Kr'"} (3.55)
{3} c {Kr*" @ Kr*" @ Kr'" @ Kr’" @ Kr®") (3.56)
{4} Cc {Kr™"} (3.57)
{5} c {Kr®"} (3.58)
{6} c {Kr"" @ Kr'’" @ Kir''t @ Kr'?*" @ Kr'¥*"Kr'*" @ K™t @ Kr'0t}
(3.59)
{7} c {Kr'""} (3.60)
{8} C {Kr'®"} (3.61)
{9} c {Kr19+ @ Kr2t @ Kr2't @ Kr22t @ Kr®3t @ Kr24+} (3.62)
{10} c {Kr**} (3.63)
{11} C {Kr***} (3.64)
{12} {Kr27+ @ Kr®t @ K2t @ K3 ¢ Ki¥'+ @ Kr32+} (3.65)
{13} AQ& 35+ (3.66)
{14} C {Kr***} (3.67)
{15} c {Kr*T}) (3.68)

{16} c {Kr*®*}. (3.69)
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Figure 3.6: lonisation balance of krypton in coronal equilibrium for all ionisation
stages

The ions for partition boundaries can be chosen heuristically using a figure
such as figure 3.5 or via a more rigorous, numerical method. In the example
above, partition layers were chosen such that the change in peaks wergat the
level. We note that the ‘buffer’ layers (at shell boundaries) are also typically the
ones which give rise to isolated line emission.

From the partitioned data we can then form a set of partitioned fractional abun-
dances assuming coronal equilibrium Such a balance is show in figure 3.6 for no
partitioning and in figure 3.7 for the partitions given above.

3.5 Atomic data for tungsten

3.5.1 Excitation data

The excitation data were calculated using the methods described in section 3.3.2.
The number of levels included in each excitation calculation is given in figure
3.8. Note that the number of levels can become very large with just a few configu-
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Figure 3.7: Partitioned ionisation balance of krypton in coronal equilibrium with
a partitioning applied such that sixteen effective superstages are present

rations. For example, th&r] 4d'°4f°5d configuration inW'#* gives rise to 1878
J-resolved levels. The number of transitions for each ionisation stage is given in
figure 3.9. The total possible number transitions is given by,

Nlevels (Nlevels - 1)

Niransitions = 9 . (3 . 70)

However, in the PWB method we are using for this data (section 3.3.2), only EO,
El, E2 and M1 transitions (see section 2.3.4.2 for transition categorisation) are
calculated so the number of transitions are fewer.

The complete datasets are archived within the ADAS Project (Summers 1999).

3.5.2 Recombination data

The recombination data were calculated using the methods described in section
3.3.3.2.

Effective recombination coefficients for all stages of tungsten are shown in
figure 3.10, the DR ‘hump’ can be readily seen in this figure.
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Figure 3.8: Number of levels included in tungsten excitation calculations for each
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Figure 3.9: Number of transitions included in tungsten excitation calculations for
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Figure 3.10: Effective recombination rate coefficients for all ionisation stages of
tungsten, the DR enhancement at moderate temperatures can be easily seen.

3.5.3 lonisation data

The ionisation data were calculated using the methods described in section 3.3.3.1.

We note the measurements of Stergteal (1995) and the calculations of
Pindzola and Griffin (1997) for the low ionisation stages of tungsten. A com-
parison for these is shown in figure 3.11.

Effective ionisation coefficients for all stages of tungsten are shown in figure
3.12.

In addition, CADW cross-sections and rate coefficients were calculated for
all ionisation stages of tungsten using the same method as used by Pindzola and
Griffin (1996), and shown in figure 3.11.

Taking the case oV as an example, we can compare approximate forms
using the method put forward in section 3.3.3.1 with the CADW results. The
ground configuration ofV24* is

15%2s22p%3s%3p°®3d!°4s%4p®4d 1041 (3.71)
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Figure 3.11: lonisation cross-sections Yo", the solid curve denotes the CADW
work of Pindzola and Griffin (1997) and the points the measurements by Stenke
et al (1995).
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Shell Potential / Rydy;) Equivalent electrons()

1s 5185.65 2
2s 952.32 2
2p 844.20 6
3s 266.02 2
3p 233.05 6
3d 193.26 10
4s 96.78 2
4p 85.11 6
4d 69.70 10
Af 53.75 4

Table 3.1: Shell ionisation potentials Bf?** as calculated by the Cowan code
along with the number of equivalent electrons in each shell when the ion is in its
ground configuration. Thg; and(; refer to the terms entering equation 3.15.

and the shell ionisation potentials (as calculated by the Cowan code) and the num-
ber of equivalent electrons are given in table 3.1.

Following the arguments of section 3.3.3.1 we may wish to adjust, say, the
x of the4d shell to be the same as thé shell. Or, equivalently, sef,y4 to zero
and(y to fourteen. A comparison between taking thésecompared with thé;s
given in table 3.1 is shown in figure 3.13, along with the CADW results generated
as part of this thesis. It can be seen that increagjntp fourteen gives a better
ionisation coefficient but it is still not perfect. A more significant improvement
(not shown here) is that the ratio of the CADW result to the= 14 result is
almost constant compared to the ratio of the CADW result ta(the= 4 result
which varies strongly with temperature.

This sort of result can be used to produce the scale parameters which are
present in equation 3.21. These scaling parameters could then be used iso-
electronically for nearby elements such as tantalum and hafnium.

3.5.4 Equilibrium ionisation balance

Using the above recombination (section 3.5.2) and ionisation (3.5.3) data, an equi-
librium ionisation balance can be generated using the techniques outlined in sec-
tion 2.3.3.
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of tungsten along with temperature at which ionisation and recombination rates
are equal (dashed curve), the error bars in the latter data do not show theoretical
uncertainties but take account of the data tabulation grid.

Data on radiated power are discussed and given in section 4.3.4 for the above
ionisation balance. More complex distributions of ionisation stages due to trans-
port are discussed in detail in section 4.4.

It is illustrative to compare where the ionisation and recombination rate co-
efficients cross one another (i) space) for each ionisation stage and compare
this to where the peak abundance lies, such a comparison is made in figure 3.15.
Note that the temperature of peak abundance is typically higher than the ionisation
potential, this is in contrast to the behavior of lighter species but is expected.

3.5.5 Feature photon emissivity coefficients

F—PECs for tungsten can be generated from the data given in section 3.5.1 and
the theory given in section 3.2.1.
We take the emission band B3+ in the 40 — 80& wavelength region (cor-
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responding to the JET KT4 grazing incidence spectrorfieter an example. In
figure 3.16 the electron density dependence is shown at a temperaf2seuf.
In figure 3.17 the electron temperature dependence is shown at a fixed density of
10*em— for low temperatures. Note how the ‘effective’ line ratio of the group
of lines at~ 504 to the group of lines at- 67A changes rapidly with tempera-
ture. We note that the ionisation potentialWf°* is such that emission at these
low temperatures is unlikely to be observed in a tokamak. In figure 3.18 the tem-
perature dependence (still for a fixed electron density0dfcm—2) is shown for
higher temperatures, where this ion is more likely to be found in a tokamak.
Application of theseF—PECs is given in chapter 4 and in particular section
4.2.

8The wavelength range of the KT4 instrument is nominally 10 — A2fut W3°+ only emits
between 40 — 84.

9This value corresponds I = 1x 102K which is why it does not appear as a more rounded
value when given irV.
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Figure 3.16: Density dependence of the emissiofWof™ between 40 — 8@

at a fixed temperature &28eV. In the upper plot, the emission at a density of
103em =3 is denoted by a solid line and the dashed line a density)tfem 3.
The lower plot shows the absolute difference between the two spectra.
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Chapter 4

Application to fusion plasmas and
the analysis environment

4.1 Introduction

In this chapter we will consider the methodology behind the confrontation of mod-
els (using the atomic data discussed in chapters 2 and 3) to fusion experiments.

In section 4.2 thec—PECs as defined in section 3.2.1 and calculated for tung-
sten in section 3.5.5, are compared with measurements from ASDEX-U.

In section 4.3 the radiated power from a fusion plasma is discussed; particular
focus is given to soft x-ray filters (section 4.3.3) so that atomic data is provided
which can be compared almost directly with bolometer data. The soft x-ray emis-
sion in JT60-U is given as a specific example of this application. Comparison with
the work of Poset al (1977) is also performed for the case of tungsten.

In section 4.4, transport modelling is briefly discussed with an overview of
what atomic data can provide: this an expansion of the brief discussion given in
section 2.3.1.3. The quantitative aspect of transport analysis is then detailed in
section 4.5, where the measurability of transport coefficients from diagnostic data
is discussed, with particular emphasis being given to covariances in the transport
model.

In section 4.6, we outline briefly how the quantitative transport analysis dis-
cussed in section 4.5 can be applied to heavy species (e.g. tungsten).
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In section 4.7 the transport of tritium in JET is discussed for a specific shot
(61097) this is the most complete demonstration of UTC to date and forms part
of a larger piece of analysis currently being performed by Whiteébral (2004)
and Zastrowet al (2004).

It should be noted that it is not the goal of this thesis to analyse fusion ex-
perimenter se but to provide the necessary atomic data, atomic modelling and
infrastructure to allow such an analysis to be performed rigorously, quantitatively
and with the minimum of specialist (atomic) knowledge by a diagnostician.

4.2 Spectroscopic comparison of high# emission

Spectral comparisons (between modelled predictions and measurements) based
partly on the work of this thesis have been performed by O’Mullabheal

(2002) and Btterichet al (2003b); an illustrative examples is given here — see
O’Mullane et al (2002) and Btterichet al (2003b) for more details of the plasma
analysis. The data used here are &P ECs as theoretically described in section
3.2.1 and calculated in section 3.5.5 for tungsten.

In figure 4.1, spectroscopic measurements from ASDEX-U are presented
along with a comparison from the emission&f'¢*. Perfect agreement is not
observed since other ionisation stages along the line of sight of the detector are
not included, but the key features of the measurement are present in the model.

4.3 Radiated power

The total radiated power from a plasma impurity species is of key importance in
determining the behaviour of the plasma. Details are presented here of how such
data is calculated, both in equilibrium and non-equilibrium conditions. Radiated
power is often measured on tokamak devices using a photodiode that does not
have uniform spectroscopic response — see section 4.3.3 for more details on how
this is handled and why it is an issue for calculations of the sort presented here.
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Figure 4.1: Emission fronW“¢*+ in ASDEX-U, the upper plot shows the mea-
surements and the lower plot the prediction of the emission.
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4.3.1 Recombination and bremsstrahlung

A radiative recombination event is assumed to release energy equal to the ground
state ionisation energy of the recombined ion. Dielectronic recombination energy
loss is summed over a number of transitions and each is assumed to release energy
equal to the parent transition energy, together with the ionisation energy of the
ground state of the recombined ion. Bremsstrahlung is taken to be hydrogenic.
This leads to a total radiated power from recombination and bremsstrahlung to be

2
P = 1.6x 107" (af“_’zx + (™77 (AE; + x)))
j=1

+1.54 x 1073222/T, (g;—s) Wem?

(4.1)

where then, comes from equation 3.27 and the from equation 3.25(g;_;) is
the Maxwell-averaged Gaunt factor (see Burgess (1974)).

4.3.2 Line radiated power

The power emitted by a spectral line is equal to the energy of the photon emitted
(defined by its wavelength) and the number of transitions per second. These data
are calculated by a collisional-radiative model. For the case of quasi-continuum
spectra, the output goes inf6-PECs as defined in section 3.2.1.

In the case of no broadening, the total emitted power by line radiation is simply
a summation ofPECs weighted by photon energy over every transition. In the
case of a broadening function, we need to integrate undeF-aREC. From
conservation of energy grounds, this should be the same as the simple summation;
it can be shown that this is indeed the case analytically.

Let € be the emitted energy by integrating under a broadened emission line;
Ey the central energy of this line and the broadening, defined by a fungtion
be even about = 0, taking the argument — E, (or v — 1) and normalised such
that

/00 f(z)dx = 1. (4.2)

The above broadening properties hold true for broadening mechanism such as
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Doppler, Voigt etc. The emitted energy is then,

e~ [ ErE- By 4.3
Taking,
v = I — Ey, (4.4)
E =z + Ey, (4.5)
we get, N
€ —/ (x + Ep) [ (x)dx
= o/oof(x)d$—l-/ooxf(x)dx (4.6)
= Fy+ 80 h

where the second integral goes to zero since the integrand is an odd function in
x. So the integral remains a summation of each emitted line as expected from
physical grounds.

Radiated power data due to line emission calculated using this method, as op-
posed to simple parametric methods, have the advantage of being correctly density
dependent. Itis shown in section 4.3.4 that the density effects of the line emission
are significant enough to require their inclusion so as to predict radiated power
from a fusion plasma.

4.3.3 Soft x-ray filters
4.3.3.1 Background theory

Photodiode detectors with their glass covering removed are in general use for mea-
surement of the radiated power from a high temperature plasma. Such diagnostics
are typically a silicon diode with a transmission window between it and the source
(the radiating plasma). Neither the efficiency of the detector or the transmission
of the window is 100%: both have a wavelength dependence.

The instrument response must be convoluted with the spectral emission to
produce radiated power predictions that can be compared to experiment. This
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means that the ‘filtering’ needs to be done as the radiated power is computed, and
not after it has been summed over all wavelengths.

The spectral absorption characteristics of all elemefts<( 1, ...,92) be-
tween30eV and50,000eV have been calculated and tabulated by Heekal
(1993). Itis these data which are used here.

If the frequency-dependent absorption cross-section of a thin layer of element
X, at a given frequency, is a;\, then the intensity variation at a given frequency
(still v) through this layer is

dl,
= N*aX1,, 4.7)

where NX is the number density of the elemekitin the layer. After passage
through a setl) of different layers, indexed by made up of element&’;, with
thicknessi*:, the intensity is given by

I
I, = I,u’ exp (- > NXiafidX’) , (4.8)
=1

so the transmission is trivially

I
T, = exp (— Z NXial)fidXi> . (4.9)
i=1

For absorption by the (typically silicon) diode, denoted Yoywith number
density N, thicknessDY, and absorption cross-sectiof, the absorption factor
is

A,=1—exp(=N"a)d"). (4.10)

The final factor, as a function of frequency, is then
F,= AT, (4.11)
SO,
I
F, = (1 —exp (—Nya},/dy)) exp (— ZNXiafidXi> . (4.12)

=1
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Figure 4.2: Response function for the JT60-U SXR detector, including effects of
the beryllium/silicon window.

4.3.3.2 Implementation on JT60-U

The methodology given above in section 4.3.3.1 was used in the determination
of filtered power for the SXR detector on JT60-U. The system comprises of a
window with 200 of beryllium and0.2y of silicon along with al00x silicon
detector. The response function for this system is shown in figure 4.2.

Using the above filter, radiative power was generated using the techniques de-
scribed in sections 4.3.1 and 4.3.2 and then convoluted with the response function.
These coefficients are given stage-resolved as a function of temperature and den-
sity. Assuming equilibrium conditions, figure 4.3 shows the radiated power coef-
ficient, along with the corresponding filtered coefficient for all ionisation stages.
This shows that the emission seen is predominantly continuum and only the very
high ionisation stages contribute to the observed line emission.
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Figure 4.3: Comparison of filtered (solid curve) and unfiltered (dashed curve)
radiated power from krypton using the JT60-U SXR filter transmission function.

4.3.4 Data for tungsten

Radiated power for tungsten has been calculated by a summat&ds along

with a contribution from bremsstrahlung, as given in sections 4.3.2 and 4.3.1.

Figure 4.4 shows how the bremsstrahlung (section 4.3.1) and line emission (sec-
tion 4.3.2) contribute to the radiated power in equilibrium (see sections 2.3.3 and

3.5.4).

A comparison with the total radiated power as function of temperature (for
two representative densities) between the present work and the results et Post
al (1977) and Gervids and Kogan (1975) is shown in figure 4.5. It can be seen
that while the results agree in form, the absolute magnitudes are different. The
method used here for calculating the emitted power is, in principle, better than the
method used by Post al (1977) and the (similar zero-density) method employed
by Gervids and Kogan (1975). A density dependence can also be seen between
N, = 10%cm™2 and N, = 103cm™2 in figure 4.6 for the present work. We also
note the more recent work of Paattal (1995) where radiative cooling for ITER
is specifically discussed.
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Figure 4.4: Radiated power for tungsten as a function of temperatuke at
103cm™3. The solid curves denotes the line power contribution from each ionisa-
tion stage, the dashed line from continuum radiation and the dotted curve the total
radiated power function.
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Figure 4.6: Radiated power for tungsten as a function of density. The solid curve
denotes the present work at a temperaturé.of= 35eV, the dashed curve at a
temperature of, = 800eV and the dotted curve at a temperaturd of= 8keV.

4.4 Impurity transport modelling

Impurity transport modelling has been key to the understanding of the behaviour
of a tokamak. Two important tools in performing this analysis aT&AHL
(Behringer 1987a) andANCO (Lauro-Taroniet al 1994). Both of these pack-
ages work in a predictive sense, in that when they are supplied with plasma pro-
files (electron temperatures and densities), geometry information (e.g. position of
flux surfaces), transport coefficients and an external source term (usually an influx
from the plasma edge), then they will return impurity ion densities as a function
of space and time. A brief overview of how these methods work is given below.

Assuming a cylindrical geometry, impurity transport can be described by (see
also section 2.3.1.3)

on, 10

5 = " Br (rI",) 4+ Sources — Sinks (4.13)

where sources and sinks include:
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e electron-impact ionisation from lower charge states,
e electron recombination from higher charge states,
e charge exchange recombination with neutrals.

The particle flux can be described by a diffusion coefficiéghtand a convec-

tion velocity, v,
on,

or
Substituting this into the equation 4.13 gives

I,=-D

+ on,. (4.14)

on., 9’n, N (D oD v) on.,

pr— D —
ot or? r or r) Or

(4.15)
_ (E + 1@) n, + Sources — Sinks.

r  ror
The sources and sinks are typically functions of electron temperature and density.
From the solution of this equation set (a setofas a function of space and time),
diagnostics or other plasma quantities (e.g. total radiated power) can be simulated.

The application of this methodology can be found in numerous works with
a variety of important findings. Dugt al (2003) studied impurity accumulation
(including tungsten) in JET and ASDEX-U usisgrRAHL; Kuboet al (2003) also
usedsTRAHL to look at the impurity behaviour in JT60-U, with particular atten-
tion being paid to radiation enhancemenaN&0 has been used by O’Mullane
et al(1996a, 1996b) to analyse the variation of transport coefficients on JET plas-
mas. Giroudet al (2001) usedsANCO to study argon and neon in JETASCO
has also been used with tritium (Zastretval 1998) to analyse the JET DTE ex-
periments. We also note the tungsten transport simulations in ITER of Murakami
et al (2003), which are relevant to the present work.

In this thesis we seek to address the quantitative nature of impurity transport.
This is explored and analysed using an error propagation and least-squares fitting
methodology, whose practical implementationuisc (Whiteford and Zastrow,
unpublished). @c is an integral part of a number of current and recent stud-
ies such as Giroudt al (2001, 2004), Hendeet al (2004), Storket al (2004),
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Whitefordet al (2004) and Zastrowt al (2002, 2004).

In section 4.5 we will discuss the measurement of transport coefficients
from spectroscopic measurements, specifically charge exchange spectroscopy and
VUV spectroscopy, and how much can be inferred from diagnostic data. Particu-
lar attention is given to covariances in the measured transport coefficients and how
these covariances can be reduced by the availability of diagnostic data. In section
4.7 the transport of tritium and the modelling of neutron emission are discussed.

4.5 Measurement of transport coefficients from di-
agnostic data

4.5.1 The fitting and error analysis methodology

In order to fit a transport simulation (e §ANCO or STRAHL as described above)
against experimental measurements, free and fixed parameters must be identified.
For the purposes of this thesis, we will assume that the geometry and tempera-
ture/density profiles are fixed inputs to the model and that the transport coefficients
and influx data are free parameters. This is a reasonable course to take for analysis
of tokamak experiments since often the electron temperature and density are mea-
sured using a Thomson scattering system, while there is no direct measurement of
transport coefficients.

4.5.1.1 Parameterisation of the transport

The transport coefficients are parameterised by a set of discrete points which spec-
ify D andv at a given spatial position @f/a and time¢. These points are interpo-
lated temporally and spatially in order to generate the full transport coefficients.
It is the values ofD, v andr/a which are used as free parameters to the fit. Al-
lowing r/a to be a free parameter allows, e.g., tracking the position of an internal
transport barrier (ITB - see chapter 1) as it evolves in time.
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4.5.1.2 The fitting algorithm

We use a variation of the Levenberg—Marquardt method (Marquardt 1963) to op-
timise the transport parameters.

First, a solution is evaluated for a given set of transport coefficients to find a
discretised functiory,,. Here, f,, can represent a number of different data includ-
ing, but not limited to, soft x-ray emission, spectroscopic emission and impurity
densities at a discrete number of points, indexed kyth total number of points,

N. We label corresponding experimental datayhyeach with a relative weight,
w,, based upon the error attributed to that particular data point according to

1
= Ag

Wn, (4.16)

The free parametersg;, are then varied by some amount, one at a time, and

a similar set of solutions is found. From these solutions and the initial solution,
partial derivatives can be found at each pointirom

4.17
Op; opi ( )

A matrix and a vector are then assembled in order to perform the fit, as specified
by Marquardt (1963), viz.

B Of, 0fn
M;; = nzl o Dp. Wy, (4.18)
N
Ofn
b= a]f% (fr = Yn) Wy (4.19)
n=1

An improvement on the free transport parameters can then be found by solving
MAp = b. Here, Ap, are the suggested change in the initial parameigrs
Thus, our new (improved) parametep§,are given by, = p; + Ap;.

A x? merit function is introduced to grade the accuracy of a solution, defined

INote thatAp; andép; are different.
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as

X —an Yn — fn) - (4.20)

This fitting process can then be repeated uyititonverges.
A slightly more advanced form of this method introduces a damping-factor in
to the M matrix such that:

M, = M (1+ ) (4.21)

i.e. diagonal elements are multiplied by some factor, typically not much more
than 1.2. This increases the speed of convergence. In practice, for each set of
initial conditions and derivatives, we construct three different matrices, each with
different damping factors. These three cases are processed agtighaluated
for each one allowing the best damping factor to be used.

Typically, a high value of will give a better set of\p; when the parameters
are far from the optimal values and a small value\okill give a better result
when the parameters are close to the ‘final’ values.

4.5.1.3 Error propagation
We consider two types of error and their associated covariance with each other:

e Errorsinthe data (i.e. measurement errors) which we are fitting to where the
error is given by, for an error in data point and the covariance between
two data points»® andm) is given byp,, ,,,.

e Errorsin fixed model parameters. These are parts of the model that are fixed
(hence not varied in the fitting procedure) but which could still have an error
in them. The error in théth fixed parameter) is denoted by} and the
covariance between two fixed parametersapdp;) is given by ;.

In order to take into account both types of errors, we define ayremerit
function given by

- Z Z Wn,m (f” - yn) (fm - ym) ) (422)

n=1 m=1
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wherew are the elements of the weighting matriX'} given by
W=s5" (4.23)

whereS' is given by

P
o o 0 Ofm
s m:Pn,mUnUm‘i'ZZ p.a0p qap 8p (4.24)

For the case of no correlated errors and no errors in the fit parametersi
hencep~!) becomes the unit matrix and equation 4.22 reverts back to its previous
form in equation 4.20.

In order to calculate the error in each fit parameter (and also the error in any
modelled quantity) we need to construct a matfix, similar to that of equation
4.18,

N N
_ Zzwnmgﬁ% %ﬁm (4.25)
i ODj

m=1n=1
Again, it is trivial to show that, for the case &F being the unit matrix, this
equation is the same as equation 4.18.
In either case (with or without correlated errors), we construct a covariance
matrix, C', by invertingM (from equation 4.18 or equation 4.25)

C=M" (4.26)

The diagonal elements of this matrix{) give the error in fit parametéy and the
off-diagonal elements;;, i # j) the covariance betweerand;.

In addition, this matrix can also be used to give an error in any modelled
guantity, f,,, from

Af, = Zlg;gi‘af” » (4.27)

where the partial derivatives come from equation 4.17.
Our treatment of the covariance matrix, and the derivation of the errors from
it, implicitly assumes that all the statistical errors have Gaussian distribution. In
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practice this will not be the case but saves on the computational time of Monte-
Carlo simulations which imposes too great an overhead.

4.5.2 Constructing a model plasma

We consider a theoretical fusion plasma with specifications similar to those of
JET; a model plasma is used so that key issues can be addressed without the com-
plications of experimental details not relevant to the matter in hand.

Our approach is to take simulated diagnostics from our model plasma and
then try to fit the same model back to the diagnostics (with parametric variation
of transport and influx parameters). For the purposes of the fit, we assume a 10%
(random) error in all simulated measurements. This approach has the implicit
assumption that a 1D transport model is correct and will not highlight any errors
or sources of ambiguity caused by the use of an incorrect model; this is a standard
problem in most sensitivity tests of this type across all scientific disciplines.

We assume steady-state equilibrium, electron temperature and electron den-
sity profiles and allow only the transport parameter profiles to change in time.
This will not be the case in a real situation since a change in transport may be
accompanied by a change in electron temperature and density. We do not wish to
model processes of this kind and are merely concerned with inferring the transport
parameters from measured impurity densities.

For our model plasma, we take electron temperature and density profiles of
the form:

T. (r/a) = [6 x 10%eV] (1 — (r/a)) Y1 [30eV], r/a <098, (4.28)

1-
. (r/a) = [306V] exp( — 51/ ¢ ) +[1eV], r/a > 0.98, (4.29)
Ne (r/a) = [3x 10“m~?] (1 = (r/a)®)"" + [3x 10®m™®], r/a < 0.98,

(4.30)
N, (r/a) = [3 x 10" m~?] exp (%) + [1x10"m™*], r/a>0.98,
(4.31)

as shown in figure 4.7. We also take a steady state geometry typical of a quiescent
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Index r/a D v/D v

0 05 0.0 0.0
025 05 00 0.0
05 05 00 0.0
0.75 13 -0.21 -0.273
09 1.3 -0.43 -0.559
091 0.17 0.0 0.0
1.00 0.17 0.0 0.0

~No ok~ WDNBR

Table 4.1: Transport parameters used in the reference case, these are used as free
parameters in sections 4.5.3 and 4.5.4 to find errors and covariances respectively.

JET discharge.

We consider a model plasma whefeand v are parameterised with linear
interpolation between points. The model plasma transport parameters are given in
table 4.1 and illustrated in figure 4.8.

We take an influx representative of a gas puff with recycling, as illustrated in
figure 4.9. This influx is made up of two components: one to simulate the gas puff
and another to simulate wall recycling. They are convoluted together but for the
purposes of identifying covariances and fitting data, the scaling of these profiles
will be treated independently. We shall denote these scaling paraniéterand
IMs,.

From the above criteria we can run a transport simulation (in thissase o)
to derive numerical densities as a function of space, time and ionisation stage and
hence simulate what diagnostics would detect.

We simulate a CXRS system with radial points as given in table 4.2; points
for the simulated system and also example points from the JET CXRS system are
shown (fort = 53.7s in shot 60933). It is noted that in a real charge exchange
system, the position of the measurements change positiory {irspace) with
time. For our purposes we will keep the positions constant in time. Since we are
dealing with a non-transient reference plasma it is valid to do this sineédl
not change in time. We use a timebase@®@ims for our simulated CXRS system.
Changing the resolution of this system (both temporally and spatially) is discussed
in section 4.5.5.1.
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Figure 4.7: Electron temperature and density profiles for a simulated plasma, as
specified in equations 4.28-4.31. The upper plot shows the electron temperature
profile and the lower plot the electron density profile.
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Figure 4.8:D andv profiles used in the reference case. These are typical profiles
of those found in a JET discharge — see text for details.
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Figure 4.9: Influx of impurity used in the reference model.

Point \ 1 2 3 4 5 6 7 8 9
Simulated| 0.020 0.220 0.320 0.430 0.530 0.630 0.720 0.810 0.900
JET 0.021 0.233 0.336 0.437 0.537 0.634 0.730 0.824 0.917

Table 4.2: Radial position of charge exchange measurements, for both the simu-
lated reference model discussed here and an example of real positions of the JET
CXRS system at = 53.7s for shot 60933.
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Parameter Value Error

D 0.50 0.0096
Ds 1.30 0.0752
D5 0.17 0.0232

v/D;  -0.01 0.1802
v/Dy  -0.01 0.2545
v/Dy  -2.10 0.2307
v/Dy 430 1.6743
v/Ds  -0.01 8.1956
v/Dg  -0.01 20.4484
IM, 1.0 0.4749
1M, 0.5 0.0266

Table 4.3: Uncertainties when the reference model is compared to itself.

4.5.3 Calculation of uncertainties in the free parameters

If the transport coefficients given in table 4.1 are taken to be free parafettrs
a coupling scheme such they = Dy = Ds, Dy = D5, Dg = D~ (i.e. the seven
diffusion parameters are condensed down to only three free parameters) then we
can calculate partial derivatives (equation 4.17) and hence a covariance matrix
from equations 4.18 and 4.26. The diagonal of this matrix is then the uncertainty
in each free parameter. These errors in the parameters are shown in table 4.3.
The largest percentage errors can be seen at the edge. This is a feature of trying
to determine edge transport parameters using only core measurements. Very large
covariances are also found between these parameters (see section 4.5.4). Reducing
these errors via spectroscopic measurement in the VUV is discussed in section
4.5.5.2.

4.5.4 |dentification of covariances

The covariances between free parameters can be found assuming the same treat-
ment of free parameters as in section 4.3 and the same construction of the covari-
ance matrix. Strong covariances are found between many of the parameters, the
largest are given in table 4.4. These covariances show that even with a model that

2D andv/ D are actually taken to be the free parameters.
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Parameter 1 Parameter 2 Covariance

D5 U/D4 -0.72

D5 U/D5 0.77

D5 U/DG -0.90

Dy INM, -0.93

Ds 1M, -0.93
’U/Dl U/DQ -0.73
’U/DQ U/D3 -0.75
?J/Dg U/D4 -0.74
v/D, v/ Ds -0.96
v/ Dy v/Dg 0.91
v/Dy IM, 0.87
’U/D4 IMQ 0.86
U/D5 U/D@ -0.96
v/Ds IM, -0.92
v/Ds IM, -0.91
v/Ds IM, 0.99
’U/DG IM2 0.99
IM, I M, 1.000

2 Rounded to two significant figures, to three significant figures the value is 0.998

Table 4.4: Covariances in the reference model greater than 0.7

is correct (our model is implicitly correct here since we have used the same model
to simulate the experimental data as we are using to describe it) we cannot mea-
sureD andv profiles without large covariances. In terms of formal statistics, the
data reduction process does not retain all the information about the transport coef-
ficients, when going fronD andv profiles to discretised impurity concentrations
(i.e. CXRS measurements).

A reduction of these covariances can be achieved in a number of ways, as
given below:

e measurements other than CXS,

— accurate measurement of influx,
— VUV emission from the plasma edge (see section 4.5.5.2),

— neutron emission in the case of tritium transport (see section 4.7),

¢ theoretical restrictions on the transport.
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Figure 4.10: Chord positions of simulated CXRS system. Five cases are consid-
ered with 10, 15, 20, 25 and 30 data points. These different cases are represented
by the vertical axis. The data here are shown in tabular form in table 4.5.

4.5.5 Diagnostic effects

In the previous section (4.5.4) when identifying covariances (i.e. how well trans-
port coefficients could be measured) we only assumed that local impurity densities
at nine points (table 4.2) were available. We now address how the available di-
agnostics affect the covariances and measurability of the impurity transport —
namely more local impurity density measurements (i.e. more CXRS chords) in
section 4.5.5.1 and the use of VUV spectroscopy at the edge in section 4.5.5.2.

45.5.1 Local density measurements

We consider a CXRS system with more (than the nine previously used) chords
and look at how well this can retain information about the transport parameters.
Consider a model system with 10, 15, 20, 25 and 30 chords at the positions shown
in table 4.5 and in figure 4.10.

The propagated uncertainty Iy, is shown in figure 4.11 along with a curve
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Present in
Position| N=10 N=15 N=20 N=25 N =30
0.0111 ° °
0.1108 ° ° °
0.1661 ° ° °
0.2038 ° ° °
0.2448 °
0.2857 ° ° ° °
0.3267 ° °
0.3666 ° ° °
0.4054 ° ° °
0.4441 ° °
0.4829 ° °
0.5216 ° ° ° °
0.5604 °
0.5992 ° °
0.6368 ° °
0.6734 ° °
0.7099 °
0.7443 ° ° ° °
0.7764 ° °
0.8074 ° ° °
0.8373 ° °
0.8661 ° ° °
0.8938 ° °
0.9204 ° ° ° °
0.9336 ° °
0.9469 ° °
0.9602 ° ° °
0.9735 ° ° °
0.9857 ° °
0.9970 ° ° ° °

Table 4.5: Chord positions of simulated CXRS system, five cases are considered
with 10, 15, 20, 25 and 30 data points respectively. The valuegaahcluded for

each case are shown here. Note that in all cases the/lagt considered, these
cases are shown graphically in figure 4.10.
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Figure 4.11: Propagated uncertaintyld as a function of which charge exchange
chords are included (see table 4.5 for details). The calculated points are shown as
crosses and the dashed line is a curve showing/ N behaviour — see text for
details.

showing~ 1/N behaviour. To first order, and neglecting covariadcéss is

how the error should scale because of 1A& term in a crude error definition. It

can be seen that significant deviation from this behaviour is found because of the
covariances.

The calculated covariances betweefD, & v/Ds andv/D, & IM; are
shown in figures 4.12 and 4.13 respectively. These show that the covariances
are quite insensitive to the number of CXRS points, especially so for the influx to
edge transport covariance. A conclusion can be made here that measurement of
core impurity densities alone cannot be used to determine uniquely (i.e. without
covariance) edge transport parameters. VUV spectroscopy is shown to be useful
in this determination in section 4.5.5.2.

We now consider our original CXRS system with the chords as given in ta-
ble 4.2 but with varying time resolution. We consider a system with time points

3Specifically, the matrix inversion process in equation 4.26 is not the same as taking the recip-
rocal of each diagonal element.
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exchange chords are included (see table 4.5 for details).
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Figure 4.14: Error inD, as a function of the timebase of the simulated CXRS
system. The inverse of the timebase (actually 5000ms over the timebase) is pro-
portional to the number of points included in the error estimate.

of 2000ms, 1500ms, 1200ms, 1000ms, 500ms, 200ms, 100ms, 50ms, 20ms and
10ms, as opposed to our original system which had a 250ms time base. The
covariances do not change significantly for the different time resolutions (as ex-
pected) and the increasing error as the timebase increases is expected since the
total error, to first order, contains & ; . term. The error inD, is shown in

figure 4.14. For very low time resolution (i.e. high timebase) the errabjn
increases sharply, this is because eventually we lose all information on what the
plasma is doing — the statistical analysis shows this by increasing the uncertainty

on Dy, as expected.

4.5.5.2 Line integrated spectrometer measurements

VUV emission from the edge is often measured in tokamaks (see section 2.2.1).
While the spatial VUV emission envelope is very small for many species (we take
the example of neon here), it contains information about the edge transport and
influx. We can construct a VUV emission profile for our model plasma. We take
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Figure 4.15: Line of sight of the simulated VUV instrument.

the 1s22p 2P — 1s%2s 28 transition inNe’™ for a simulated instrument using the

line of sight of the JET KT2 instrument, as illustrated in figure 4.15. The modelled
emission as a function of time is shown in figure 4.16. With the addition of these
data, and allowing them to enter the transport and influx covariance calculation,
the covariances and errors at the edge are reduced significantly: see tables 4.6 and
4.7 respectively. As expected, the covariances towards the centre of the plasma
change less than the edge covariances since the VUV signal does not contain much
information about the centre of the plasma.

4.5.5.3 Diagnostic design implications

The simulations performed here on a typical JET plasma, but with arbitrary di-
agnostic systems, can be used for diagnostic design. In particular, for designing
diagnostics intended to give information about impurity transport and influx. Sim-
ulations of the type given in section 4.5.5.1 could be used to justify the temporal
and spatial resolution of the proposed ITER CXRS sy$twhere the simulations

41t is noted that the primary use of the CXRS system on current machines is to measure ion
temperatures, and not impurity concentrations but CXRS is the only diagnostic for ITER which
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Parameter 1 Parameter 2 Old Covariance New Covariance

D v/Dy -0.72 0.50

Ds v/Ds 0.77 -0.68

Ds v/Dg -0.90 0.58

D5 IM, -0.93 0.52

D IM, -0.93 0.76
v/Dy v/ Dy -0.73 -0.73
v/ Dy v/Ds -0.75 -0.72
v/Ds v/ D, -0.74 -0.65
v/D, v/ Ds -0.96 -0.86
U/D4 U/DG 0.91 0.817
v/Dy IM, 0.87 0.497
v/Dy IM, 0.86 0.495
v/Ds v/Ds -0.96 -0.97
v/Ds IM, -0.92 -0.66
v/Ds IM, -0.91 -0.64
v/ Dg IM, 0.99 0.59
IM, I M, 1.00 0.53

Table 4.6: Covariances from table 4.4 of section 4.5.4, but with the addition of
VUV spectroscopy at the edge.

Parameter Value OId Error New Error

Dy 0.50 0.0096 0.0096
D5 1.30 0.0752 0.0659
Ds 0.17 0.0232 0.0074

v/ Dy -0.01 0.1802 0.1783
v/ Do -0.01 0.2545 0.2402
v/Ds -2.10 0.2307 0.1953
v/ Dy -4.30 1.6743 0.8641
v/ Ds -0.01 8.1956 3.3254
v/ Dg -0.01  20.4484 3.2547
1M, 1.0 0.4749 0.0238
I M, 0.5 0.0266 0.0009

Table 4.7: Uncertainties from table 4.3 of section 4.5.3, but with the addition of a
VUV spectroscopy at the edge.
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Figure 4.16: Modelled VUV emission of thi?2p 2P — 1s%2s %S transition in
Ne™™.

given in section 4.5.5.2 can be used, along with appropriate atomic data, to sim-
ulate wavelength regions and discrimination levels necessary for a wide range of
spectroscopic instruments. Such analysis is planned.

4.6 Application to heavy elements

The techniques presented in section 4.5 to measure the transport coefficients can
be used alongside the work presented in chapter 3. Some additional work needs
to be done. Firstly, the type of line integrated signals, as discussed in sections
2.2.1 and 4.5.5.2, formed froAECs (section 2.3.1.1) must be replaced by more
complicated line integrals to simulate spectra frémPECS (section 3.2.1). The
implementation of superstages (section 3.4) within transport modelling has also
not yet been performed. For transport models as utilised here, the ion charge is
simply a label. Modification of these implementations should, in principle, be
simple. However, in more complex transport codes (e.g. the JETTO suite) the

can track helium ash.
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ionisation charge is used. Here, care would need to be taken over what is the
‘effective charge’ of a superstage.

We note again that Murakaret al (2003) studied tungsten transport for ITER
and draw attention again to the extensive work of Neu (2003).

4.7 Tritium transport modelling and neutron emis-
sion

4.7.1 Background

An important part of the JET trace tritium campaign is the modelling of tritium
transport. Knowledge of this transport process is key to understanding how a
burning plasma will behave. Initial studies were done by Zastbal (1999) on

the previous tritium campaign and the work here follows on from this. We use
the methods and implementations discussed in this chapter (specifically sections
4.4 and 4.5) to quantify and fit the neutron transport coefficients. Here, we will
discuss solely shot 61097 as an example. The discussion of the implications of
this analysis and the application to other shots can be found in 8talk2004),
Whitefordet al (2004) and Zastrowt al (2004).

4.7.2 Influx and plasma profiles

From the point of view of particle transport of tritium, where a set of transport
coefficients are given or they are trying to be measured, the core electron temper-
ature and density profiles are non-critical. The electron temperature and density
will clearly affect the transport coefficients but will not affect the particle evolution
given by these coefficients. Since we are tying to measure transport coefficients
from the behaviour of the impurities, our cdfg and NV, are a weak input to the
model (i.e. they do not affect the results significantly).

The influx is shown in figure 4.17. This was generated from valve measure-
ments as the tritium is injected. In figures 4.18 the electron temperature profile at
t = 66s is shown and in figure 4.19 the electron density profile is shown at the
same time. The data came from Thomson scattering measurements.

150



50 T T T T T T T

40 .
35 .
30 | .
25 .
20 .
15 r .
10 .

Influx / 10%° ptcls st

0 1 1 1 x x x
62 625 63 635 64 645 65 655 66

Time /s

Figure 4.17: Tritium influx for shot 61097.
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Figure 4.18: Electron temperature profile for shot 61097-at66s.
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Figure 4.19: Electron density profile for shot 61097 at 66s.

The modelled part of the shot lasted frem 60s until ¢ = 66s and the fitting
of the transport coefficients was betwegen 63s andt = 66s.

4.7.3 Modelling neutron emission

Modelling neutron emission along a line of sight is similar to modelling line emis-
sion (see section 2.3.1.1). The exception is that the emissiyitgn be one of the
following:

€ (T,) = npnt{vo)pr (4.32)

¢ (T.) = npnp(vo)pp, (4.33)

where equation 4.32 is for a D—T reaction (giving4VleV neutron) and equa-
tion 4.33 is for a D-D reaction (giving 25MeV neutron). nt andnp are the
tritium and deuterium densities respectively whiter)pr and (vo)pp are the
temperature-averaged D—T and D-D cross-sections (or reactivities) — see Bosch
and Hale (1992).

The JET neutron profile monitor consists of a system of detectors that detect
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both2.5MeV and14MeV neutrons along nineteen lines of sight — ten horizontal
and nine vertical (see figure 4.20).

The global neutron yield can also be modelled from emissivity profiles by
carrying out a volume integral over the whole plasma. Global neutron yields are
recorded at JET using a silicon diodes faiVieV neutrons and fission chambers
for the totals £2.5MeV and14MeV).

4.7.4 Forward modelling of the diagnostic system

A neutron that is emitted can be scattered inside the vessel and detector system.
We define here two distinct types of scattering:

e forward scattering — where a neutron emitted along a particular line of
sight is deflected to another detector,

e back scattering — where a neutron emitted in an arbitrary direction is re-
flected from the walls of the vessel into a detector.
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In addition, due to the energy spectrum of a D—T neutron not being a
function at 14MeV, some D-T neutrons will register 2.5MeV counts and hence
be counted as D-D neutrons.

All of the above effects can be forward modelled — an accurate model of the
detector system is combined with modelled neutron emission along lines of sight
and a global neutron yield (section 4.7.3).

We defineL, 5 to be a vector containing the emission of the neutrons along a
particular line of sight, with the index of the vector corresponding to a given de-
tector (as illustrated in figure 4.20) aiit) 5 to be the modelled ‘recorded’ counts
of the detector (similarly for ;4 and R,4). With I'; 5 and Iy, being modelled
global neutron yields we obtain:

SINIEN g
where the sub-matrices A-D represent how the line of sight modelled quantities in-

fluence the detection, and the sub-vectors E-H influence how the modelled global
neutron yield influences the detectors.

La.s

. (4.34)

Lig

2.5
Tia

We use the following detection system data:

o SI, — 19 x 19 matrix with data of how D-D neutrons in one line of sight
scatter into the line of sight of another detector,

o SL. — 19 x 19 matrix with data of how D-T neutrons in one line of sight
scatter into the line of sight of another detector,

e SB— 19 element vector with data on how globally emitted D—D neutrons
are back scattered in a detector,

o SE5.— 19 element vector with data on how globally emitted DT neutrons
are back scattered in a detector,

e Epp_pp — Efficiency of a D—D neutron registering2ebMeV count,

e Epp_prt — Efficiency of a D-D neutron registeringldMeV count,
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e FEpr_.pp — Efficiency of a D—T neutron registering2ebMeV count,

e Epr_pr — Efficiency of a D—T neutron registeringldMeV count.

From these definitions the sub-matrices and vectors A-H in equation 4.34 are
given by:

A(n,m) = Shp (n,m) Epp_pp (n), (4.35)
B (n,m) = S&r (n,m) Epr—pp (n), (4.36)
C (n,m) = SEr (n,m) Epp_pr (n), (4.37)
D (n,m) = Shy (n,m) Epr_pr (n), (4.38)
E (n) = Shp (n) Epp—pp (n), (4.39)
F(n) =S5 (n) Epr_pp (n), (4.40)
G (n) = Shp (n) Epp—pr (1), (4.41)
H (n) = S§r (n) Epr—pr (n) (4.42)

Applying the correction matrix in equation 4.34 allows the counts recorded by
the detection system to be predicted from modelled physical quantities. For more
details see Whiteford and Zastrow (2003).

4.7.5 Results

The fitting process described in section 4.5.1.2 was applied to the neutron profile
monitor signals. Temporally constant solution fOrandv were fitted, and are
shown in figures 4.21 and 4.22. The total neutron yield is shown in figure 4.23,
the D-D signals for channels four and seven are shown in figure 4.24, and the
D-T signals for the same channels in figure 4.25. Note the enhancement to the
D-D recorded and predicted D—D counts when the tritium is added to the plasma
and the D—T neutrons start contributing to this signal. Thé&reakdown for the
D—T counts is shown in table 4.8.

The free parameters and their propagated error are given in table 4.9 and strong
covariances (greater tharb) in these parameters are shown in table 4.10.

The results given here are meant as an illustration of the method and are not
supposed to explain the behaviour of the plasma or the tritium in any detailed way.
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Figure 4.21: FinalD profile for JET shot 61097 after fitting.
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Figure 4.22: Finab profile for JET shot 61097 after fitting.
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Quantity x>
Neutron profile monitor channel 1 1.33
Neutron profile monitor channel 2 1.22
Neutron profile monitor channel 3 1.74
Neutron profile monitor channel 4 1.58
Neutron profile monitor channel5 1.75
Neutron profile monitor channel 6  1.15
Neutron profile monitor channel 7 1.23
Neutron profile monitor channel 8 1.64
Neutron profile monitor channel 9  2.19
Neutron profile monitor channel 10 0.94
Neutron profile monitor channel 11 0.94
Neutron profile monitor channel 12 1.52
Neutron profile monitor channel 13 1.57
Neutron profile monitor channel 14 1.60
Neutron profile monitor channel 15 3.63
Neutron profile monitor channel 16 1.97
Neutron profile monitor channel 17 2.00
Neutron profile monitor channel 18 2.92
Neutron profile monitor channel 19 1.31
Total neutron yield 4.17
Global 1.82

Table 4.8:y? breakdown for the fit to shot 61097. Shown are values for each
neutron line of sight and the global neutron yield. Also shown is the glgbal
value for the whole fit.

Parameter Value Error
D (0.0) 0.50 0.015
D (0.5) 0.79 0.044
D (0.9) 0.28 0.021

v/D(0.5) -1.80 0.049

v/D(0.9) -8.47 0.640

1M, 0.05 0.001
1M, 0.02 0.002

Table 4.9: Values and propagated errors in fit parameters for JET shot 61097.
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Figure 4.23: Global 14MeV neutron yield for JET shot 61097, the solid curve de-
notes the modelled emission and the points with error bars the measured emission.

Parameter 1 Parameter 2 Covariance

D (0.0) D (0.5) -0.73
D (0.5) D (0.9) -0.93
D(0.9)  v/D(0.5) -0.60
D(0.5)  v/D(0.9) 0.92
D(0.9)  v/D(0.9) -0.97

Table 4.10: Covariances in fit parameters for JET shot 61097.
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Figure 4.24: D-D neutron counts for JET shot 61097. The upper plot shows the
predicted (solid line) and measured (points with error bars) data for channel four.
The lower plot shows the same data for channel seven.
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Figure 4.25: D-T neutron counts for JET shot 61097. The upper plot shows the
predicted (solid line) and measured (points with error bars) data for channel four.
The lower plot shows the same data for channel seven.
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For such a discussion see Steatkal (2004), Whitefordet al (2004) and Zastrow
et al (2004).
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Chapter 5
Conclusions

The scientific conclusions of this thesis are varied but contain a common theme,
namely the need for quantitative analysis of fusion plasmas with a perspective
which spans from calculation of funadmental data through delivery of appropriate
derived data to the confrontation of plasma models with experiment.

Particular attention is drawn to the following points regarding the appropriate-
ness of atomic data:

e Figure 2.10 (page 34), where it is demonstrated that the fundamental atomic
data on electron-impact excitation are best mapped and critically judged as
collision strengths, effective collision strengths @plots rather than as
cross-sections or excitation rate coefficients.

e Section 2.3.1 (page 18), where deliverable atomic data is identified and
shown why it is useful as opposed to the discussion in section 1 of the
collection of cross-sections at ‘atomic data centres’.

e The use ofR-matrix calculations in section 2.5 (page 55) where they are
warranted, i.e. high resolution spectroscopy where individual lines can be
distinguished in contrast with the use of cruder Born approximations in sec-
tion 3.5.1 (page 107) for very heavy species where the lines are blended into
one another.

e The use of an isolated line emission model to interpret VUV spectra of the
sort given in section 2.2.1 (page 13) in contrast to the use of special features
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for many lines in section 3.2.1 (page 84) to model the emission from a
quasi-continuum.

e The inclusion of finite density effects and the demonstration of why they
are necessary, e.g., figure 4.6 (page 129).

Whilst no plasma analysis was presented in this work, it was very much the
theme throughout — various atomic models were generated and developed, al-
ways with a view to providing useful deliverables. The application of these de-
liverables was discussed in detail in chapter 4 where some of the issues involved
in applying atomic data, such as soft x-ray filters (section 4.3.3), were discussed.
Particular attention was given to measuring transport coefficients using a parame-
terised transport model using the atomic data discussed primarily in section 2.3.1.

The thesis also established a framework for the handling of very heavy species
(chapter 3) incorporating automated generation of atomic data, a flexible partition-
ing methodology in order that the derived data may be presented in a manageable
way and the definition of th&—PEC — a special feature.

The theme of the special feature was prominent in this work. Coming from the
PEC as introduced in section 2.2.1 (page 13), the special feature was introduced
in section 2.2.2 (page 15) as a way to model molecular emission, defined in detail
in section 2.3.1.4 (page 23) then applied to helium-like spectra in section 2.4 (page
39), and then to the emission from very heavy species in sections 3.2.1 (page 84)
and 3.5.5 (page 114).

Error and uncertainty analysis when applying atomic data to spectroscopic
measurements were discussed. Attention is drawn to the results of table 4.6 (page
148), where it is shown that covariances of transport and influx coefficients at the
edge of a fusion plasma approach unity when only core charge exchange measure-
ments are considered. On a more atomic level, the results of table 2.6 (page 82)
show the results of Monte-Carlo analysis on excited populations.

This thesis sits complete as a critical analysis of how atomic physics plays a
part in the diagnosis of a fusion plasma. Problems in current practices and meth-
ods are highlighted, with solutions developed and demonstrated. The methodolo-
gies and principles of this thesis provide for us a roadmap which we believe to be
fruitful and effective for the analysis of real fusion experiments.
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Appendix A

Fusion experiments

Several fusion experiments are mentioned in this thesis, brief overviews of some
of them are given in the following paragraphs.

The Joint European Torus (JET) is currently the largest tokamak in the world,
with a plasma volume of oveif0m?, it has major radius df.96m and minor radii
of 2.10/1.25m. The main concern of the JET program is studying physics and en-
gineering issues relevant to reactor conditions and to contribute to the design and
running of ITER (see below). A typical JET pulse lasts for over twenty seconds
and currents of almo$tMA are possible. The main source of heating comes from
neutral beams (up 1MW) and radio frequency heating (up20MW).

The Axially Symmetric Divertor EXperiment (ASDEX-U) is, like JET, con-
cerned with investigating physics issues under reactor like conditions. In recent
years particular emphasis has been given to the investigation of tungsten as a first
wall material, likely to be used in the divertor of ITER (see below). It is not as
large as JET with a major radius ®fém and minor radii 0f0.8/0.5m, the to-
tal vessel volume is arounthm?. A typical ASDEX-U pulse lasts for around
ten seconds with a plasma current which can be in exce®slaf. The plasma is
predominantly heated with neutral beams (upGdIW total power) but radio fre-
guency and microwave heating systems also exist which can deliver asdivd
of additional heating.

The Tokamak EXperiment for Technology Oriented Research (TEXTOR) is
a limiter machine (i.e. has no divertor) and is smaller than the tokamaks detailed
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above with a major radius df 75m and a minor radius 0f.46m. The main sci-
entific program is concentrated on plasma wall interaction and wall conditioning
techniques (such as carbonisation and boronisation). A typical TEXTOR pulse is
between seven and ten seconds long, the plasma current can go0op4o The
three main heating mechanisms are neutral beams, ICRH and ECRH with powers
of orderaMW, 2MW and0.5MW respectively.

The International Tokamak Experimental Reactor (ITER planned as the
next large fusion experiment. The aim of the project is to produce a burning,
energy-yielding plasma and hence investigate scientific, engineering and technical
issues relevant for a fusion reactor. Some of the key aims of this research are
superconducting magnetic field coils, tritium technology, exhaust of the thermal
energy generated, and development of remotely replaceable components.

LAlso Latin for ‘the way’.
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Appendix B

Computational details

The computational implementation of the methods described in this thesis have
not been discussed in the text to retain focus on atomic physics and transport
issues.

The implementation comprises of approximately eighty to ninety thousand
lines of source code and three to four gigabytes of archived, user-relevant data.
The source code is principally in the IDL language with substantial amounts in
FORTRAN (mainly core subroutines) and a modest amount of C (primarily for ef-
ficient linking). All codes have been written to the standards of the ADAS Project
and archived data is formatted according to defined ADAS adf-specifications.

All of the codes and data are available through the ADAS Project with the
exception ouTc which is available at JET. The latter was written to be portable to
other machines and laboratories, and can be requested from JET. A brief overview
of the computational details are given below, followed by some specific examples.

Computer hardware and operating systems

The computer systems used during this work were Intel-based systems run-
ning Linux, Sun systems running Solaris and SGI systems running IRIX. All
of the heavy species calculations, as well as some oftHmeatrix calculations,
were performed on a 16CPU SGI Origin 300 cluster. A typical time for a com-
plete lithium-like R-matrix calculations was of the order of one week. A similar
timescale was required for calculating every ionisation stage of a heavy species.
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For less intensive work, PC and Sun workstations were sufficient. Code develop-
ment and debugging were also done on these smaller systems.

Programming languages

As mentioned above, the main programming languages used throughout this
work were FORTRAN and IDL. FORTRAN was adopted primarily for compu-
tational demanding tasks and also for many of the fundamental atomic physics
calculations. This choice was partly for efficiency and partly because a lot of
existing legacy code was written in FORTRAN. IDL was used for data visualisa-
tion, the creation of graphical user interfaces, for smaller calculations and also for
file processing. C interface codes were written to sit between IDL and FORTRAN
allowing them to communicate efficiently via shared object libraries. These C rou-
tines were fairly simple but the compilation of shared object libraries on a number
of different machine architectures and compilers can prove problematic. Perl was
used for controlling FORTRAN code where IDL was not available. Perl was also
the primarily language used for large scale file processing and batch control.

Parallelisation of heavy species calculations

The heavy species calculations took a simple, but effective approach to par-
allelisation. That is each independent (from the point of view of the bulk of the
calculations) ionisation stage calculation was executed on a different processor.
This is not true parallel programming in the academic sense but has immediate
and significant advantages: complex codes remain serial, easier to debug; easy
to implement; individual parts of the calculations can be easily isolated; no com-
munication so near perfect scaling. The disadvantage of this approach is that
of memory consumption. Rather than doing, say, a matrix operation to a single
matrix using/N processors)N matrix operations are done simultaneouslyNo
matrices, requiring N times the memory.

Overview of UTC
UTc provides a graphical interface to an impurity transport code. The latter
is, In principle, arbitrary but SANCO was used for the present workc bandles
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reading of experimental diagnostic from the JET PPF systemating electron
temperature and density profiles and collating equilibrium information. The code
will then either launch the underlying transport code and display the results or
perform a least squares fit between diagnostic data and the outputs of the transport
model. In most cases, the output of the transport model must be postprocessed by
uTc in order to simulate the measurement of the various diagnostic systems. This
system is proving quite versatile at JET and is becoming the method of choice for
spectral analysts there.

lwhile only JET data is currently read lyrc, the code is designed to be machine independent.
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