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Abstract

Studies in quantitative plasma spectroscopy are performed on the Joint European
Torus (JET) in Culham, Great-Britain and on the Extrap-Tl reversed-field pinch
(RFP) in Stockholm. The model concepts that form the basis of these studies are
reviewed.

At JET, spectra of He-like nickel are observed with a high-resolution X-ray crystal
spectrometer. The experimental line intensity ratios of satellite lines to the resonance
line are compared with theoretical data. The agreement is found to be good, with
the exception of the excitation of dipole-forbidden lines. The spectrum is also used
to derive central ion temperature, central toroidal rotation and nickel concentra-
tion based upon a model for the radial emission. The results are compared with
those from an independent diagnostic, charge-exchange recombination spectroscopy
(CXRS). Theoretically predicted cross section effects on the CXRS data are verified.

On Extrap-Tl, vacuum ultraviolet (VUV) spectra and visible spectra are anal-
y?rd. From these, thermodynamic quantitities of the plasma are derived, like elec-
t ;t i temperature, impurity concentrations and particle fluxes. The oxygen ioniza-
.; u balance is measured and compared to calculations with a collisional-dielectronic
; x el with metastable resolution, both in O-dimensional time-dependent and trans-
rr i model calculations. The performance of the RFP discharges is investigated in
*.' ms of radiative power loss and energy and particle confinement properties. The

sciling of the energy confinement time with plasma current, pinch parameter and
'.ectron density is found to be dominated by the dynamo activity needed to sustain
'he RFP configuration. The scaling of the particle confinement time, on the other
hand, is dominated by p essure-driven activity associated with the regulation of j3.
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Errata

p. 28: If, for example .... recombines, a doubly excited state is formed...

should read: If, for example .... recombines, a highly excited state is formed...

p. 37: v ^

should read: vesc

p. 38: A net transport can only result .... does not vanish, ie if there is .... quantities,

should read: A net transport can only result .... does not vanish.

•; * p. 87: In all the labels in the lower part of the figure, 2s22s2 should read 2s22p2.

* Paper I: The transition Is2p 3Po — Is2 15o(= x) is in this paper referred to as the in-
tercombination line, an expression which is normally reserved to the transition
Is2p 3Pi — Is2 1S'o(= y) in the literature. This transition is not measured here.

Paper I: Figures 4 and 5 have by mistake been exchanged in the printed version of the paper.



Preface

II faut organiser la liberté
Francois Mitterand

I have been privileged to carry out my work in two very different environments. On
the one hand, there is the large experiment JET, where I had thr- chance and freedom
to focus on a very narrow subject. On the other hand there is the small Extrap-Tl
experiment, where the approach taken by each staff member is by necessity much
broader. At both experiments, I have dealt with passive spectroscopy of central
ions, which due to the plasma conditions emit radiation in the X-ray region on JET.
and in the vacuum ultraviolet and visible region at Extrap-Tl. Thus, I had the
opportunity to use a wide range of equipment. The analysis of the spectra, and
the diagnostic modelling necessary to extract information on the plasma from these
spectra, form the pivot for the presentation of my work in this thesis. Gei ral
techniques and theoretical models are presented in chapter 2, and are then follo\. d
by the application to the specific challenge posed by each experiment in chapters 3
and 4. I have also taken the opportunity to present unpublished material, that did
not find its way into papers (yet), but which is included implicitly in the results.

I came to JET with the help of Prof. Uwe Schumacher, then with Max-Planck
Institut fiir Plasmaphysik in Garching, to perform my Diploma thesis project work
for TU Miinchen. At JET, my supervisor happened to be Elisabeth Rachlew-Källne,
whom I then followed to Stockholm. Selecting her also as a PhD-thesis supervisor
was the best choice I ever made. Thank you, Elisabeth, for all the freedom, guidance
and support I enjoyed throughout these years.

Studies in quantitative plasma spectroscopy require a large variety of atomic
data. I am grateful to Prof. Hugh Summers, not only since he is my source of rate
coefficients, but also for all the patient discussions on, or rather private lessons in,
atomic physics. However, not even Hugh Summers can do it all alone, and so thanks is
also due to his collaborators, in particular to Billy Dickson for the metastable resolved
ionization balance data, to Jim Lang and Peter McWhirter for the excitation data on
carbon and oxygen, and to Martin O'Mullane for the help with the Cowan program.

At JET, my main collaborator was Helmut Morsi. JET is as close to an industry «
as you can come in experimental plasma physics, which means that all analysis has
to be further developed to the point of standard and reliability you cannot achieve



as an outsider. Thank you. Helmut, for your help during our collaboration, and
for taking over and distributing all those tasks. Thanks, in this context, also to
Engbert Oord and Julian Ellis for programming support, and to Bernard Viaccoz
for technical services. Furthermore. I would like to thank Manfred von Hellermann
and Mats Danielsson for their many contributions to our papers and for their moral
support, believing in my ideas from the very beginning, each in his own way. and
Ruggero Giannella and Wilhelm Mandl for many interesting discussions.

At Extrap-Tl. the other members of the spectroscopy group, apart from Elisabeth
and myself, are .lerzy Brzozowski and Pontus Hörling. whose patience and willingness
I exploited a lot throughout these years. Jerzy has also recently taken over most of
those dull tasks necessary to keep the whole experiment up and running. Also the
help of Peter Bengtsson with the analysis of our first visible spectra is not forgotten.

In Stockholm I have a long history of inspired lunch-time discussions with Sara
Mazur and Peter Nordlund, that finally culminated in a collaboration on RFP con-
finement, with all its highs and lows. A confinement study is a process, not only a
result. I will never forget that afternoon, when we solved it. I also wish to thank Prof.
James R. Drake for his support of spectroscopy in general and myself in particular,
and Per Brunsell for the interferometer code.

The Department of Fusion Plasma Physics at the Alfvén Laboratory, and I with
it. would be lost without its electronics expert. Einar Lagerström. I also got much
help with optical fibres, lenses and what-have-you by John Tonks.

Throughout the years in Stockholm. I have been at the Department of Physics I.
where I learned a great deal atomic and molecular physics during my teaching for the
undergraduate courses given by Prof. Peter Erman. He could have taken out much
more of my time for his own research projects. I am grateful that I got the freedom
to spend my time on mine, apart from those few months with the VASCATRON©. I
shared office with Torbjörn Olsson who spent most of his time in the lab. so I basically
had a large office all of my own. but we still managed to have a lot of discussions on
all aspects of physics anyway.

Finally, thanks to Jean-Christophe. Francesco and Massimo for the year at 34
The Warren and to the worlds best landlord and landlady, Joa and Gun Nygren at
Bergstigen 12.

Stockholm, September 1993

Klaus-Dieter Zastrow
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Chapter 1

Introduction

1.1 The role of quantitative spectroscopy
More than 99% of the known matter in the Universe consists of plasmas [1], yet
in everyday life we hardly encounter this fourth state of matter. However, we are
familiar with some incarnations, like our Sun, the stars, lightning, the candles on our
christmas tree and even our TV sets. These objects have one more thing in common:
they all emit light. In fact, most of our knowledge on astrophysical objects is from
the analysis of the light that they emit, based upon spectroscopic observation of their
atomic and molecular emission. Quantitative plasma spectroscopy is also the most
versatile diagnostic tool in laboratory plasmas [2]. The spectra contain information on
the basic thenrodynamic quantities of the plasma, like electron and ion temperature,
and the number densities and fluxes of all its constituents. They may also reveal
the magnetic field structure through Zeeman[3] and motional Stark splitting[4,5] of
spectral lines. In laboratory plasmas, numerous other specialized methods have been
developed for the measurement of some of these plasma parameters [6]. A large
number of plasma quantities, related to the impurities and their behaviour as such,
are however still the domain of spectroscopic methods.

Depending on how well a particular experiment is diagnosed by other methods,
the emphasis of spectroscopic studies will change. In the absence of comprehensive,
reliable additional diagnostics, the measurement of the more basic plasma properties
has to be the prime objective. If, for example, electron temperature and electron
density are well known, the static or dynamic properties of the impurites in terms
of ion temperature and number density, or in terms of transport, confinement and
recycling can be studied, based upon the knowledge of the atomic properties. Also,
spectroscopic diagnostics can provide a valuable independent check of the results
obtained by other methods. Finally, for very well diagnosed plasmas, the atomic
properties as such can be measured [7].

This thesis contains contributions in these three areas of spectroscopic studies.
At the Joint European Torus (JET), the atomic data for He-like nickel are tested,
an application which can be classified as somewhere between the measurement of
atomic properties and an independent check of the available electron temperature
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measurements [I]. In another application, the ion temperature, toroidal plasma ro-
tation and nickel concentration are measured, supported by knowledge on electron
temperature, electron density and atomic physics [II]. A spin-off of this study is also
additional experimental verification of charge exchange cross section data obtained
by comparison with charge exchange recombination spectroscopy (CXRS) [III].

On the Extrap-Tl reversed-field pinch (RFP) experiment, spectroscopic tech-
niques are applied to the measurement of basic plasma properties like electron tem-
perature [IV]. impurity concentrations and particle fluxes [V] and radiative power loss
[VI]. These results form an essential part in the study of the confinement properties
of Extrap-Tl RFP discharges [VII, VIII].

1.2 Tokamaks and RFPs
...and stellarators are experiments designed to confine plasmas within a toroidally
closed magnetic field. The ultimate goal of these series of experiments is the devel-
opment of controlled thermonuclear fusion of hydrogen isotopes as a form of power
generation for the next century. While fission is mans invention, fusion is the most
common nuclear process in the universe, even though stars confine the plasma with
gravitational rather than electrodynamic forces.

This thesis is not about thermonuclear fusion. Noone goes to work every day to
solve the energy needs of the 21st century. Even though you are contributing to the
progress of the field in general, what you do daily is rather less glamorous, like align
optics or debug a computer program. This thesis is also not about the performance
of the plasma configurations as such, with the exception of papers VII and VIII.
However, a few words about the topology and other principle differences between
these devices are appropriate.

In both tokamaks and stellarators, a strong toroidal magnetic field is applied ex-
ternally. This toroidal field strength is by necessity weaker on the outside of the torus
than on the inside, which leads to a separation of ions and electrons (VS-drift) and
via the electric field generated by the separated charges to the loss of the plasma
(E x B-drift). Thus a toroidal field alone would not confine the plasma. Poloidal
and vertical magnetic field components are necessary in addition. In tokamaks, the
poloidal magnetic field is generated by the toroidal plasma current, and the vertical
field by external shaping coils. The plasma forms the secondary winding of a trans-
former, and thus pulse-lengths are limited in tokamaks. In stellarators, an additional
helical magnetic field is applied by external coils, which makes a toroidal plasma cur-
rent and the investment into a large transformer core unnecessary. Other advantages
are, that one major source of instabilities is eliminated, and that the stellarator is in
principle current-free, which means it could operate in steady-state. In reversed-field
pinches, a toroidal plasma current is applied like in the tokamak, but the toroidal
magnetic field is self-generated, and need not be applied externally. This constitutes
a major simplification in the construction of RFPs, and eliminates the energetically
expensive toroidal magnetic field which would constitute an advantage in the design
of a future thermonuclear fusion reactor.
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The maximum toroidal plasma current in tokamaks is limited by the available
strenght of the externally applied toroidal magnetic field, since the so-called safety
factor q(r) — rBil(r)/RQBe(r) shall be larger than 1.0. Thus, the ohmic heating power
is limited, and additional heating may be necessary, like ion cyclotron resonance
heating (ICRH), lower hybrid resonance heating or current drive, or neutral beam
injection (NBI). These may also be necessary to operate a tokamak in steady-state.
Also, there shall not be a radial location with the gradient of the safety factor q' = 0
inside the plasma1. In the tokamak, q' is positive at all radii, while q' is negative at
all radii in both stellarators2 and RFPs. Therefore, RFPs are not restricted in the
maximum plasma current, and additional heating is in principle unnecessary.

In tokamaks, different regimes of confinement have been observed, the so-called
L-mode and H-mode[8]. Recently, H-mode characteristics have been observed also
in the Wendelstein 7-AS stellarator experiment [9]. Energy confinement times to
date are around 1 sec in JET H-Mode discharges with tritium [10], up to 30 msec
in Wendelstein 7-AS H-mode discharges and typically 1-2 msec in the largest RFP
experiments, MST[11] and RFX[12]. From this comparison, it is seen that tokamaks
are one generation ahead of the stellarators, which in turn are one generation ahead
of the RFP. While this clearly predestinates the next generation of experiments, like
the International Thermonuclear Experimental Reactor (ITER), to be a tokamak,
the final answer on how a commercial thermonuclear fusion reactor will look is by
no means given. Firstly, as mentioned above, there are several natural advantages of
the stellarator and the RFP compared to the tokamak. Secondly, none of the issues
of todays fusion research will eventually be decisive. The usefulness of the reactor to
be developed will depend on how well it deals, for example, with helium-ash removal
and with the high wall load in terms of the neutron and associated heat flux, ie
the lifetime of the first wall components, the average time the machine is shut off to
replace it and the cost of these replacements. Even if the final reactor may eventually
be similar to the tokamak, the physics of toroidal confinement should be studied and
compared continuously on all three concepts.

1.3 Comments on research in experimental plasma
physics

Experiments in plasma physics are performed on a non-linear, driven system with
uncontrolled edge conditions. This is very different from text book physics, where
it is almost always possible to isolate the system or the interactions under study, to
repeat the experiment under identical conditions or to repeat the same experiment in
other laboratories. To isolate the physics of a plasma device, many repetitions of an
experiment are therefore absolutely necessary.3 This is different from the acquisition

'A radial location with q' = 0 is called pitch minimum. Its existance would lead to resonance
between instabilities at different radii, to both sides of the pitch minimum.

2In stellarators, the quantity that is used traditionally is the rotational transform t(r) ~ l/q(r).
3One bad habit in experimental plasma physics is analysis of favourite shots.
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of raw data in other areas of physics, where repeating the experiment usually means
only improving the statistics, like count rates. In experimental plasma physics, each
discharge, each experiment, is an individual, governed by the same physics of course,
but slightly different in initial conditions and thus ultimately in the measurements
performed on the discharge.

The enormous amount of raw data generated by these experiments cannot be
analysed without the help of computers. This is for more than one reason, besides
the sheer volume of the task. First, an error in the data due to an error in an analysis
program, once detected, can easily be removed. Second, analysis programs execute
absolute criteria for data acceptance, averaging or fit. Individuals will be heavily
tempted to make preconceived judgements. Third, trying things out takes less time
on a computer. Fourth, and most important, there is only a small number of direct
measurements that can be performed. Especially spectroscopic measurements are
based upon mode! calculations for the atomic and molecular emission processes. My
work has been devoted to the particular step of deriving plasma information from
spectroscopic measurements based upon model calculations.

The way results are presented in published papers, and the chain of arguments to
support these results, hardly ever reflects the true sequence of ideas and realizations
during the process of the study. I have taken the opportunity in this thesis, to take
up some of the arguments aside the mainstream discussion of the papers, and decided
to let the papers speak for themselves in many cases.

An interesting observation from my point of view is how differently the scientific
process manifests itself in the studies that form the basis of this thesis. In the study of
the He-like nickel line ratios [I] the experimental observation came first. The attempt
to understand these results quantitatively gave me a nice opportunity to tackle the
different model concepts, and to learn a major scientific lesson: keep the models as
simple as possible. Besides the intensity ratios, I had obtained apparent line widths
and shifts due to the line-of-sight averaging. In a preliminary study, I compared
these to CXRS data, and I recall one occasion when I mentioned to Dr. Manfred von
Hellermann, that according to my data his rotation frequency measurements were
5 krad/sec too small. At that time he had suspected just that himself, based upon
preliminary estimates of the cross section effects [III], but we had never discussed this
issue before. While all my other results might have appeared more like an academic
excercise, this completely independent prediction or confirmation gave the necessary
confidence to continue the studies, that eventually resulted in papers II and III.

On Extrap-Tl, the diagnostic task to measure the thermodynamic properties
with spectroscopic methods has been directing my activities. During a long time, the
work consisted of the creation of building blocks, like raw data analysis techniques,
understanding and collection of atomic data, programs that make use of these data {
and so on. Parallel with that, experiments were conducted to test these techniques, I
but also to archive raw data for future analysis. Paper IV gives a preliminary account '
of these efforts. A continuous area of work has been the calibration of the VUV
spectrometer. The way this calibration is presented in this thesis (see chapter 4.1.2)
and in paper VI seems quite straightforward, but in fact it is a complicated puzzle,
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that requires a lot of cross-checks. Eventually, everything fell in place, and papers V
to VIII were all written within half a year. Some of the other spectroscopic results
obtained during the same period still await publication.

Parallel with my eflForts, my non-spectroscopist colleagues went through the same
process of building block development, and we were ready at about the same time
to join forces. This is where synergy and quite a good piece of luck become part of
the scientific process. For example, the relation between particle confinement time,
energy confinement time and the dynamo activity [VII] had never previously been
reported, in my view for three reasons. Firstly, a close collaboration of spectroscopists
and other scientists on the issue of confinement is the exception, not the rule, since
confinement studies traditionally comprise the measurement of energy confinement
time and poloidal beta only, where temperature and density usually are measured
by other techniques than spectroscopy. Secondly, the number of people involved in
the measurement of all the relevant parameters is often quite large, whereas only a
small group is capabable to actively co-author a scientific paper. Third, and most
important, the particle confinement time actually scales, and in a non-trivial way, on
the high current density, high aspect ratio Extrap-Tl device.
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Chapter 2

Models and concepts of
quantitative plasma spectroscopy

This chapter deals with the theoretical basis for the interpretation of spectra from a
laboratory plasma. My ambition has not been to write a text book, even though most
points discussed in this chapter can be found in text books. Most of the practical
and theoretical aspects are discussed in the classical book by Griem [2]. For an
elementary introduction to the subject, including some approximate formulas for
rate coefficients, chapter 6 in the book by Hutchinson [6] on plasma diagnostics can
be recommended. For those interested in more details of the atomic physics, the
two books by Sobelman [13,14] should be ideal. The second edition of Ref. [13] even
contains a section on highly ionized ions. The model concepts on which my studies
are buttressed are given in this chapter.

2.1 Lineshapes
The observed shape of a spectral line is mainly determined by Doppler broadening,
the natural lineshape, and the instrumental function. Neither JET nor Extrap-Tl
are operated at sufficiently high densities for Stark broadening to play a role. For
example in a recent experimental study [15] of C4+ Is2p 3P° -* Is2s 3S it was found
that an electron density of 1.6 x 1019cm~3 yields a Stark width comparable to the
Doppler width for 50 eV, which is four or five orders of magnitude higher than the
densities that are actually achieved.

The natural lineshape of a transition with central wavelength Ao emitted from an
excited level with lifetime r is given by a normalized Lorentz (or Cauchy) function

(A - Ao)
2 + (&\L)2

where AA ,̂ is the half width at half maximum of the Lorentz function. The
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Doppler lineshape due to the thermal movement of the emitting particles is given by

(2.2)

where A Ac is the 1/e width of the Gauss function, and miC2 and T, are the
mass and the temperature of the ion species in eV. The convolution of these two
lineshape functions, known as a Voigt function, is best expressed as the real part of
the probability integral with complex argument [16] (NAG subroutine S15DDF [17])

Iv{X) = l X(W(X-XO,AXL))

W(x,y) = exp(-(*+zy)2) 1-- |= j exp(-*2)<f* (2.3)

In order to approximate the instrumental function, another lineshape [18] has
proven useful, which may give curves broader than Lorentz functions, and also inter-
mediate curves between a Lorentz and a Gauss function.

/»(A) =

h - >^M
where AA is the full width at half maximum, and T is the Gamma function

(NAG subroutine S14ABF [17]). When the lineshape parameter1 Q = 1, the function
h = h, and for a —• 0 it is found [18] that Ia —> JG. Values of o > y/2 are
unphysical, since the area under the curve becomes infinite. If the objective of the
study is the measurement of the shape of the line emitted from the plasma, this
function is, however, not useful, since it requires numerical convolution. There is no
unique algebraic relation between AA and AAj, or AAG at intermediate values of a.
On the other hand, for two Voigt functions Iy\ and Iv2 convolution is easy, since

A A G = G 1 £ 2

(2.5)

and thus it is most convenient to approximate the instrumental function by Voigt
functions as well in this case.

'In equation (2.4) the lineshape parameter a appears only as a7. However, it enters in the deriva-
tives, that are necessary for a least-squares fit analysis program (see appendix A).
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2.2 Line intensities and the collisional-dielectronic
model

The intensity of a spectral line with wavelength A, emitted by an atomic species2 with
charge c in excited state i with number density n,^ from an optically thin plasma is
obtained by integration of the emissivity e.,,^ = AZtl<\n:,t along the line-of-sight of
length i

/2,,,A = — J AZtlAn^(s)ds (2.6)
t

Since the radiative transition probability Az,,,\ is in sec"1 and n, is in cm"3, the
line intensity Jz,,,.\ is in Ph/(cm2 sr sec). The result of a spectroscopic experiment is
/ZI> in these units or in W/(cm2 sr). The task of diagnostic modelling is to calculate
n:,,(s). With absolutely calibrated experimental data and diagnostic model together
you get quantitative plasma spectroscopy.

The experimental task, to obtain the spectra in absolute rather than arbitrary
units, will be discussed in the chapters on applications. The theoretical problem is
treated by rate equations describing creation and destruction of atomic species by
collision with electrons, ions and neutrals. The calculation may naturally be split
into two parts, depending on the dynamic properties of the plasma under study.
These can be represented by two characteristic time scales, namely rP1 for the time
evolution of plasma properties and TQ for diffusion of particles across gradients in
temperature and density. The equilibration times req of individual states (z,i) with
respect to other states {z',j) can be grouped with respect to these dynamical time
scales

> TPUTD

Individual states that are governed by an equilibration time T*^W should be treated
explicitly in a model describing time and spatial evolution. States goverened by an
equilibration time T*"' behave quasi-static ie they follow closely the time evolution
of these other states. The relative population of these quasi-static states can be
calculated separately, once and for all. In most cases, this applies to the calculation
of the relative population of low-lying excited levels with respect to the ground state
fz,\ = nZit/n2ii, while the number densities of the ground state atoms nzi are treated

2Here and in the following a single chemical element like carbon, oxygen or nickel is studied, which
will not be reflected in the indices, i will use the term "atom" or "atomic species" when I mean
ions and neutrals in the context of atomic physics, and "ion" or "neutral" whenever the distinction is
necessary from the plasma physics point of view.
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in an ionization balance equation. In a more general case, also the equilibration
time between a few excited states and the ground state may be comparable to or
slower than either rP1 or rp. Thus also these levels, called metastables, have to be
treated in detail. Another reason to treat metastables separately is, that these levels
acquire large number densities compared to the ground state, and so the effective
ionization rate out of lower ionization stages, or recombination to lower ionization
stages, is altered compared to the direct rate between ground states. Generally, one
can still refer to the two types of rate equations as "ionization balance equation" and
"excited level population equation", keeping in mind that the distinction is made by
the equilibration times rather than the charge state.

The rate coefficients to be used in this so-called collisional radiative [19] and
collisional-dielectronic model [20.21] are effective rates that describe the growth of the
ground and metastable states resulting from those individual ionization and recom-
bination processes that eventually lead to population of the ground and metastable
levels. The rate coefficients for a metastable resolved collisional-dielectronic model
have only recently become available [22].

What is this collisional-dielectronic model about? Imagine a brute-force calcula-
tion of all processes between all levels of all species, say some 1000 or 10000 coupled
time-dependent rate equations. It will, no doubt, be difficult to set up, and the result
will be disappointing. Only a small sub-set of levels will respond differently to details
of the calculations, most levels will follow this sub-set of levels in a quasi-static fash-
ion. So, one may think, it would have been sufficient to calculate the solution to the
rate equations for processes between the states of this sub-set. This approach will lead
to the next disappointment. The results will not agree with the full calculation, since
many different complicated pathways have been neglected. Collisional-dielectronic
rate coefficients include the effect of these pathways, and it is these rates that have
to be used for the calculation of the sub-set.

2.3 Excited level populations
The time evolution of the number density nz,, of the atomic species with charge z in
excited level i in an optically thin plasma is given by the rate equation

,. = > ."z,j \Aj, + neqji(le)) — > _ n^j (A,, + i
at

2iin,Sz,,jfc(r<.,n,.) (2.7)

where the summation over j is for levels of the same species, and the summation
over k is for levels of adjacent ionization stages, A stands for the radiative transition
probability, q(Tt) is a rate coefficient for electron collisional excitation or deexciation
and S(Te,ne) and a(Te,ne) are state resolved effective rate coefficients for ionization
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and recombination, respectively [23.24]. Similarly, charge-transfer reactions with
neutral hydrogen may be added to equation (2.7) [25]. These and the last four
terms, all relating excited level populations to those of adjacent ionization stages,
can also be viewed as a source distribution for the population of levels n., . They
also contribute to the ionization balance equation, and are included in the collisional-
dielectronic ionization and recombination coefficients [21,22], If. as usually the case,
the characteristic time for these processes is long compared to that of the excitation,
deexcitation and radiative decay terms, the distribution of excited levels becomes
independent of the initial source distribution, and the only interest is in the sum over
all ionization and recombination processes.

There are, however, important exceptions. Dielectronic recombination involves
the formation of doubly excited states, which may not be accessible from the ground
state by a single collision. In this case, the rate for the production of these states
is goverened by the state resolved recombination coefficient a*+i,fci(Te,ne). Charge
transfer reactions with neutral hydrogen are important for the production of highly
excited levels, mainly in collisions with neutral heating beams. Ions may have
metastable levels, with an equilibration time with the ground state comparable to
ionization and recombination processes, so that the level population becomes influ-
enced by the source distribution.

In the following, only the excitation and radiative decay terms in equation (2.7)
will be considered. The equation governing the number densities rii (omitting the
index z) of ions in level i = 1, JV can be rewritten in matrix notation, where a large
number of the off-diagonal matrix elements will be 0 or close to 0 in practical cases,
due to selection rules. The A-values of the lower triangular part of the matrix are 0,
if levels are ordered according to energy.

n,

Ma = -

Mi 2 M
22

MNl \
MN2 n2

) \ TIN )

ij = Aij + neqtJ(Te) (2-8)

It can be seen immediately, that the solution for n = 0 is the trivial solution,
n = 0. The normal procedure to find a non-trivial solution is to partition the matrix,
and solve for the excited level fractions /, = n^/ni relative to the ground state.

M22 M32

M 2 3 M 3 3 h

MHN ) \ JN j

21

- M 1 2 ^
- M 1 3 (2-9)



The dynamics of the ionization balance may influence the metastable ion popu-
lations. Then the basic idea, that excited level populations are in equilibrium with a
"ground state" can be maintained provided that the "ground state" is now identified
as an extended set of lowest levels, ie ground state and metastable states. In this
case, the matrix has to be partitioned once again, this time removing both the ground
state (i' = 1) and the metastable state (?' = 2). in order to obtain the two systems of
equations for the fractions /,i = n,/n\ relative to the ground state and / l2 = n,/n2

relative to the metastable state. The step towards a larger number of metastable
states via successive partitioning of the matrix M is obvious.

A/33 A/43

A/34 A/44

^ A/3.v A/..V

A/.V3

A/.V4

A/

/« I

.V.V / \

42

f\2

-A/23

-A/24

< - A / »
-A/ ,4

V —Alix —AI2X /

(2.10)

Only one row of matrix elements was lost taking the step from equation (2.8) to
2.9, namely A/,i. Now. two rows of matrix elements are lost, which are needed to
describe the dynamics between ground state and metastable state

"i\ = (Qn Q21 )(
" 2

Qn Q21
Q\2 Q22

A / n A/21

A/, 2 A/22
A/3, M4I

A/32 A/42

MM )
MN2 )

(2.11)

( hi hi
/41 /12

The first term in the matrix of metastable cross coupling coefficients Q describes
the direct processes for transitions between levels i = 1 and i = 2, whereas the second
term describes the rate of indirect processes via those higher excited levels that are
explicitly included in the detailed lower level model. Note, that these additional
terms depend both on temperature and density, while the first term depends only on
temperature. This matrix enters the ionization balance equation (see section 2.5).
Thus, in this specific case, it is still possible to retain a separate ionization balance
and level population calculation, even though ionization and recombination from and
to excited states play a significant role.

Two limiting solutions to equation (2.7) are important in steady-state, namely
the zero density-limit3, referred to as the "coronal equilibrium for excited states",
and the limit for ne —• 00, referred to as the "thermodynamic equilibrium for excited
states'. In the first case, electron collisions are so infrequent, that all ions can relax
radiatively to the ground state. All processes n2^neqJt{Tr) can be neglected for j •£ 1,
and the number density of atomic species in excited state i becomes

3This should not be confused with the solution at ne — 0, which of course is ntj = 0 for i = 2, N.
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(2.12)

so that at least for the first excited state the emissivity becomes formally indepen-
dent of the radiative transition probability. Radiative cascades from higher levels are
not included in equation (2.12). However, it is common practice to define effective
rates for line emission rather than for level population, that include both radiative
cascades and branching ratios (see also section 3.1).

In the case of infinite electron density, on the other hand, transitions between
states i and j are mediated exclusively by electron collisions. Thus, the population
of excited levels should be given by the Boltzmann distribution with the electron
temperature Tf (eV) of the free electron gas

= n-~.
qM)

= n.j exp 1
9:.j V Te )

(2.13)

where g is the statistical weight of the state, and E its excitation energy above
the ground state. From this result, the rate coefficients for collisional deexcitation
q}, can be obtained from the rate coefficient for collisional excitation qt] (detailed
balance principle). A convenient expression for these rate coefficients (in cm3/sec
with temperatures and level energies in eV) is[26]

qt] = 8.01 x (2-14)

since it allows the representation of collisional excitation and deexcitation by a
single quantity, the rate parameter 7,J(X(.), which is given by the Maxwell-average
over the collision strength il. As an example, rate parameters ftJ and excitation and
deexcitation rate coefficients ql} are given in Fig. 2.1 for n = 2 —• 2 and n = 2 —• 3
transitions in O5+, the most important species for the spectroscopy of Extrap-Tl.
Due to the small excitation energy of the first excited level (2p 2P) and the different
temperature dependence of the dipole allowed and dipole forbidden transitions, the
rate coefficients for line emissiion from n = 3 levels become density dependent already
at the intermediate densities in Extrap-Tl (see also appendix C).
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Figure 2.1: Rate parameters ftJ (Top, see equation (2.14)) and excitation and de-
excitation rate coefficients q^ for O5+ (Bottom). The rate parameters have been
calculated from the cross section results by Zhang et al. [27,28]. The level indices
are 1: 2s 2S, 2: 2p 2P°, 3: 3s 2S, 4: Zp 2P° and 5: 3d 2D (see also Fig. C.5)
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2.4 Example : Excitation of Cl6+

If the emission from an atomic species is to be analysed based on these concepts, the
first task is to collect atomic data, like energy levels, radiative transition probabilities,
ie A-values or /-values4, and rate parameters. My data on carbon and oxygen are
from the collection of Lang et al. (see appendix C). In addition, Cl6+ has been
observed in Extrap-Tl. The process of collection of atomic data is demonstrated in
the following with this species as an example.

The first step is to decide, which levels to include in the detailed treatment of
lower levels. Cl6+ is isoelectronic to sodium, a simple species where no metastable
levels have to be considered. The number density of Cl6+ is best estimated from the
intensity of the resonance line 3p —<• 3s (800.7-813.0 Å). It is important to find good
data for the dominant direct excitation 3.s —+ 3p. In addition, there will be cascade
effects due to excitation 3s —+ 4s and 3s —> 3<f, ie monopole and quadrupole transi-
tions, since the radiative decay back to the ground state is dipole forbidden. Thus
already n = 4 levels are needed. Since the levels within the n = 3 and n = 4 shell
are closely spaced, collisional redistribution between these levels may be important
already at intermediate densities, like in Extrap-Tl. Including also n = 5 is not rea-
sonable anymore, since the accuracy that can be achieved for the direct and primary
cascade contributions is hardly better than 10-20%.

Even though Na-like spectra are relatively simple, and should thus be easy to
study both experimentally and theoretically, the literature on the demanded data
is surprisingly scarce. There is a rather comprehensive paper on dipole oscillator
strenghts / and collision strengths Q for transitions between all j sub-levels from
n = 3 to n = 4,5 (or vice versa) by Sampson et al., however ^nly for elements from
titanium to uranium [29]. The method employed in these calculations is to calcu-
late target wave functions from relativistic Hartree-Fock-Slater potentials (so-called
Dirac-Fock-Slater potentials) combined with a relativistic distorted wave method for
the collision strengths. For the Na-like resonance line, an isoelectronic fit expression
is available for the collision strength, applicable to all ionic species starting with
magnesium [30], and thus also chlorine. Oscillator strengths without j resolution for
chlorine are available between all rc=3,4,5 and 6 levels [31]. All these papers are theo-
retical, and only where the /-values are concerned is a comparison with experimental
data possible.

Clearly, the available electron collision data for Cl6+ are not appropriate. There-
fore collision strengths were calculated with the plane wave Born-approximation be-
tween target states that were obtained with Cowans multi-configuration Hartree-Fock
code [32,33]. Additionally, the impact parameter method was used for dipole allowed
transitions between closely spaced levels (see appendix in [23]). In order to test the
validity of these rather crude methods, the calculations were repeated for titanium,
and compared with the data from Sampson et a/., after performing a Maxwell aver-
age. The results of this comparison for dipole and non-dipole transitions are given in

4The lvalue in sec"1 is related to the dimensionless /-value by A,i = 6.670 x 1015A"2 (&/$;) /•;,
where the wavelength of the transition is given in Å.
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Figure 2.2: Grotrian diagram for all levels of Cl6+ included in the calculation of
emissivities. The coefficient e/ne as function of temperature and density, including
cascades, for the measurement of the number density of 3s 2S is shown. The density
dependence of the emissivity due to collisional redistribution between n = 3 and
n — 4 levels is weak. Also shown is the direct excitation contribution as given by the
rate coefficient q{Zs 2S -* 3p 2P°) ( ).
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Tc (eV)

12.4
24.8
62.0
124
248
620
1240
2480

35 ->3p
1

4.87
5.10
5.65
6.32
7.10
8.61
9.80
11.1

2

5.51
5.62
5.97
6.45
7.14
8.36
9.46
10.7

3
5.45
5.58
5.94
6.50
7.08
8.31
9.50
10.9

3 3 -
1

0.120
0.121
0.124
0.128
0.135
0.147
0.156
0.164

3
0.157
0.158
0.162
0.166
0.170
0.176
0.179
0.182

3 s -
1

0.556
0.558
0.564
0.572
0.581
0.592
0.600
0.605

+ 3d
3
0.481
0.487
0.462
0.476
0.490
0.501
0.523
0.533

Table 2.1: Rate parameters 7 for Na-like titanium Ti11+. The data in column 1 are
calculated based upon the Born-approximation with the help of Cowans code [32,33],
and the data in columns 2 and 3 are Maxwell averages over the collision strengths
from Clark et al. [30] and Sampson et al. [29], respectively.

table 2.1. As can be seen, the results of the Born-approximation agree within 20%
with the more sophisticated methods, and are often much closer than that. Thus the
method can be used with some degree of confidence also for Cl6+. The agreement
between the data by Clark et al. and Sampson et al. for the resonance line of Ti11+

is better than 5%. The rate parameter data for the direct excitation of Cl6+ 3s —* 3p
was therefore replaced with the data by Clark et al. Together with the cascade
contributions, this yields the emissivity of the resonance line as given in Fig. 2.2.

The situation for Cl6+ is rather typical for most ions of interest. Data for a com-
prehensive treatment of the lowest levels, ie within the first two n-shells, is often not
available and has to be filled in with more crude methods. For even more complex
ions, for example Cl5+, the necessity for inclusion of spin-change transitions compli-
cates the generation of data with the plane-wave Born-approximation method, since
only the XS-breakdown contribution is included. Here it is vital that the most dom-
inant spin-change transitions are available from the literature. These literature data
are however often reported over only a limited range of collision energies or electron
temperatures not sufficient for the needs in fusion plasma spectroscopy, where ions
may exist at temperatures far beyond the ionization threshold. The practical solu-
tion then is to fit an approximate expression of correct asymptotic form to data over
the available range [26], and then perform a Maxwell average over the supplied and
extrapolated data.
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2.5 Ionization balance
In a O-dimensional formulation, the time evolution of the number density nZit of the
atomic species with charge z — 0, Z in ground state or metastable level i is given by
the rate equation

dt

(
it k

£n,_,,fcneSf_D
lifcl(re,ne) - Y,nz,,n,S^k(Te,n()

(2.15)

where the summation over j is for ground state and metastable levels of the same
atomic species, and the summation over k is for ground state and metastable levels
of adjacent ionization stages. The metastable cross coupling coefficients QCD(Te,ne)
have been introduced in section 2.3, with transitions via high-n levels added, and
SCD(Te,ne) and aCD(Tc,ne) are eollisional-dielectronic rate coefficients for ionization
and recombination, respectively [20,21,22]. The parent cross coupling coefficients
XCD act like the metastable cross coupling coefficients, but describe a different pro-
cess. If, for example, the ion with charge z in metastable state i recombines, a doubly
excited state may be formed, which may spontaneously decay by an Auger transition,
now leaving the ion in metastable state i' or the ground state. This process does not
contribute to the growth of the number density of the ion z - 1 on any time scale,
and is therefore not included in aCD and SCD.

Also charge-transfer reactions with neutral hydrogen may be added to equation
(2.7) [25]. The terms az<, and n2,,/TZ|( are sources and sinks, where the source can be
chosen such, that the sum of all atomic species is normalized, ie £ z , az,i — Hz,i 1/Tz,i-
The most simple choice is <xo,i > 0 and aZt, = 0, z = 1, Z ie influx of neutrals only, and
rOi, = ex and rIit = r, z — 1, Z ie loss of ions with a common particle confinement time.
This model thus has three parameters, namely Te, ne and r. To first order, neglecting
the density dependence of the rate coefficients, identical solutions are obtained for
ner = const in steady-state.

An overview over the processes needed for the calculation of the metastable re-
solved oxygen ionization balance is given in Fig. 2.3. Example data are shown in
Fig. 2.4 for the processes from and to the ground and metastable state of O4+. The
rate coefficients for ionization and recombination reactions that result in a change of
the total spin AS > 1/2 of the atom are generally smaller than those that lead to
AS = 1/2. Also the cross coefficients that lead to AS > 1 are smaller than those that
lead to AS = 1. This will effect the metastable to ground state populations, and thus
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Figure 2.3: Overview for the data needs in metastable resolved ionization balance
calculations for oxygen. Ground states are marked by a thicker frame. Pathways for
ionization, recombination and cross coupling coefficients for the dominant reactions,
which result in AS = 1/2,1 and Aq = 0,1, are indicated (—). Rates that require
AS > 1 are in general smaller than these ( ). Double ionization (ie Aq > 1) is
neglected altogether.
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Figure 2.4: Ionization, recombination and cross coupling coefficients from and to
O4+ 2.s2 ' 5 (i=l:ground state) (Top) and from and to 0 4 + 2s2p 3P° (i=2:metastable
state) (Bottom) [22,34]. Note, that Q4J12 «C Q4,H and that X4A2 = 0. O5+ has only
ground state ions (k=l). For O3+, the ground state (k=l) is 2s22p 2P° and the
metastable state (k=2) is 2s2p2 4P (see also Grotrian diagrams in appendix C). For
Te < 40 eV, it is seen that Q » 5 whereas for Te > 200 eV Q < 5. Thus the ratio
between metastable and ground state O4+ is determined by electron impact excitation
at low temperatures, and by ionization from and to adjacent ionization stages at
high temperatures. Extrap-Tl RFP discharges (see chapter 4) are characterized by
intermediate temperatures.
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the line ratios, within a specific charge state. In an ionizing environment, population
ratios will reflect those in lower charge states, and in a recombining environment the
metastable to ground state ratios are related to those of the higher charge state. Only
in a steady-state situation will the cross coupling coefficients achieve equilibration.

A widely used simplification of equation (2.15) is, to neglect source and sink terms
in steady-state. Then, in the absence of metastable resolution, the balance is between
ionization and recombination, and the equation and its solution reads

0 = n,+,nea?£(Te,ne)-T»snea?D(re,ne)

n:

(2.16)

This particular solution is termed "coronal equilibrium for ionization balance'5.
Its practical importance lies mainly in the simplified data needs compared to the oth-
erwise large system of linear equations, especially for high-Z impurities. For some
studies, it is mainly the number density ratio between adjacent ionization stages,
that is of interest [I] so that a small number of rates is sufficient to obtain accurate
solutions. In case of excited levels, "coronal equilibrium" is related to the zero den-
sity limit (see section 2.3), which could also be seen as the definition in the case of
the ionization balance. However, this is not a useful restriction, since equation (2.16)
remains valid even at finite and infinite density, if the density dependence of the rate
coefficients is taken into account. At low density, SCD describes the direct ionization
processes, while aCD describes radiative and dielectronic recombination. At inter-
mediate density, stepwise ionization is included in SCD, while for example a fraction
of the doubly excited species formed in the process of dielectronic recombination
get re-ionized, so that these do not anymore contribute to the effective recombina-
tion. At high density three-body recombination takesover, and the "Saha-Boltzmann
equilibrium" is reached.

where g2 and gz+i are the statistical weights of the atomic species z and z +1, and
fiz and Hz+1 are their chemical potentials. The factor in square brackets is, similarly,
the statistical weight of the free electrons, derived from the Boltzmann distribution
with both spin up and down. With the help of the detailed balance principle, this

5Here the language is rather unprecise. It is often stated, that the ions "are not in coronal equi- |
librium", by which various authors mean different things. For example, ions may simply not be in f
steady-state. Or, a steady-state is reached, but it may be important to include charge transfer with
neutral hydrogen, it may not be allowed to neglect the source and sink terms, or a O-dimensional
model is not applicable to the problem under study.

31



result may again be used to calculate the three-body recombination rate from the
known ionization rate.

In the other extreme, when particle influx and ionization processes balance each
other, recombination processes may be neglected in equation (2.15). This simplifi-
cation is typically valid for neutrals and in the plasma periphery for low ionization
stages. The equation then reads

az = ntneS?D(Te,ne) (2.18)

The practical importance of this equation is, that the ratio between the ionization
rate nrS: and the emissivity of selected spectral lines ezj,\ is a slowly varying function
of electron temperature and density, mainly since the linear dependence on ne cancels.
Systematic errors due to inaccurate temperature and density measurements are thus
not too severe. This quantity, termed the "number of ionizations per photon" can
thus be used to estimate the influx of hydrogen [35] (see section 4.3) or impurities
[36]. A similarly elegant simplification, which is presented in this thesis [V] is possible,
if ionization processes are balanced by particle loss. This assumption can be used
for central He-like ionization stages in plasmas with short particle confinement time,
since the rate for further ionization can be small compared to the loss term

^ = nz^neS^(Tc.ne) (2.19)

In paper V, conditions are established under which equation (2.19) may be used
to estimate the number density nl of He-like ions.

2.6 Transport model

In addition to atomic physics coefficients, there are two terms in equation (2.15),
that are meant to represent plasma effects, namely a source term <r2il and particle
losses with a rate given by a particle confinement time rz l . In a 1-dimensional,
flux surface averaged model, with the radius as spatial coordinate, ie cylindrical
symmetry assumed, these effects are identified by concrete physical processes. In
the bulk plasma there are diffusive and convective particle fluxes Tz,i and additional
sources of singly charged ions o\j given by the neutral influx. Parallel losses of all
ion species are assumed to occur outside the limiter6 (r > rL), while there are no
parallel losses inside', ie TZ j(r) = oc for r < r^ < a. Thus, the continuity equation
for ions z = 1,Z in ground and metastable states becomes [37,38,39]

6This can be regarded as a heuristic definition of the limiter radius r/,.
7There is implicitely one more loss term inside the plasma, namely recombination of singly ionized

ions The neutrals that are formed are not treated explicitly within equation (2.20). The rate for this
process is so slow, that this may safely be accepted.
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Id
Ot rdr

Tz,, = -Dzt - ^ + vz,tnz,t (2.20)

with nzi = n,,(r), Tc = Te(r), nc = ne(r) etc. With this ansatz, the diffusion
coefficient DZtl and pinch velocity vZt, are defined. Note, that the ansatz does not
imply, that dnz<l/dr or nz<t are the driving term for particle transport. It can be
shown, that these coefficients have to be charge and mass independent under the
constraint of ambipolarity8, ie DZti = D+ Vz,z and vZt, — v+ V2,i [40,41], Edge
conditions are then necessary to obtain a physical solution. First, it can be realized
that adding up these equations, a single equation for the sum of all ionization stages
n+ = J3t- nZj is obtained

dn+ 1

^ (2.21)

where all the terms involving atomic processes vanish. In steady state, and as-
suming that <7+|o = 0, this leads to F+ |o = 0, which can only be achieved, if v+|o = 0
in addition to the condition from radial symmetry, dn+/dr\0 = 0. The most simple,
empirical choice that fulfills these conditions is D+(r) = D+ and v+(r) = (r/a)v+(a).
Often v+(a) is given in units of D+/a.

The at first sight natural edge condition n+ |a = 0 for the densities at the wall is
unphysical. It would imply infinite velocities in order for the flux of particles to be
conserved. Instead, the edge condition at r = a is given by a finite escape velocity u^c
such that (—Ddn+/dr + v+n+)\a = veKn+ The solution now depends on the transport
coefficients D+ and u+, on the loss term ~ l /r+ in the limiter shadow, on the choice

8Ambipolarity is related to quasineutrality, which states that J \ Jv i^dV = 0 for a sum over all
plasma species of charge q, if the integration is performed over a sufficiently large volume V of several
Debye-lengths dimension. In order to maintain quasineutrality at all times, £V JA qVqUqdc = 0 has
to be fulfilled, where the integration is performed over the total surface A of the volume V. Thus, if
the positive ions have a net out flux from the volume V also the electrons have to have a net outflux
to balance it. These fluxes are called ambipolar. If the transport mechanisms do not themselves lead
to ambipolar fluxes, electrostatic forces will develop to ensure the fulfilment of quasineutrality.
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of the escape velocity, and on the source of singly ionized ions a+. A frequently used
model for this source is that of neutrals entering the plasma with a constant inward
velocity, ie T0(a) — vort0{a). which are ionized on their way to the center. This results
in a source distribution, that is large at the edge and decreases towards the plasma
center. The equation and its formal solution are in steady-state

- | " ( r r o ( r ) ) = -no(r)ne(r)50
CD(r)

r or

=> no{r) = „„(«) - exP l- (2.22)

The primary merit of this equation is, that it can be solved, rather than being
particularly realistic. To begin with, the solution diverges for r -» 0, unless the
typical ionization length Aion = vo/{neS£D) is small compared to the minor radius
a. From this divergence one would '"predict" accumulation of neutrals on the axis,
which is of course unphysical, only related to the ansatz of radial inward velocity
v0. Of course neutrals will not suddenly come to rest at r = 0, and in reality they
also enter the plasma with a distribution of flight-path directions, characterized by
different distances of closest approach to the plasma center. Taking this into account
requires an assumption on the distribution of these flight-path directions9 and is only
possible in a Monte-Carlo type calculation. In this context, one should be careful
not to confuse the statement "the source is best described by a velocity v0" with
the statement "the neutrals enter the plasma with a velocity vo'\ since the first is
really a statement on the decay of the source, which may mimic the distribution of
flight-path directions. Second there is no diffusion term in the ansatz for Fo. Neutral
diffusion is not related to the magnetic field, but to resonant charge transfer reactions
with singly ionized ions. This process is of no practical importance for other than
hydrogen. After such a collision, nothing has happened from the point of view of
the ionization balance, but the kinetic energy and momentum of the neutral has
changed. The neutral diffusion coefficient may be derived from a random-walk with
the mean free path for resonant charge transfer [42]. This assumption will break
down, once this mean-free path becomes larger than the typical scale length for the
ion temperature profile, and therefore in practice the neutral particle diffusion has
to be treated by Monte-Carlo methods [42], which require an assumption on the ion
temperature profile10. Since the realistic treatment is so much more complicated,
equation (2.22) still enjoys popularity despite of its shortcomings. One should bear
in mind, though, that the solution of equation (2.20) is very sensitive to the source
(see below), which is not treated correctly in many model calculations.

9The distribution will be different for neutrals released from the wall, sputtered neutrals, or those
resulting from a molecular dissociation process. These different processes will also be characterized
by different typical kinetic energy values.

10Radial profiles of the ion temperature all the way to the edge are only scarcely measured with
good accuracy.
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The full system of equations (2.20) has to be solved numerically (see appendix B).
The solution to equation (2.21) can, however, be given analytically inside a radius r$
where the source term vanishes

n+(r) = n+(r5)exp I - / ^ T dr

, N r0(a)Aion

n+(rs) ~ (2.23)
Lf+

Here additional algebraic complications due to the scrape-off layer have been
neglected. The function of the scrape-off layer is to remove those particles that
cross the limiter radius by diffusion, and it is the rate of this diffusion accross the
limiter radius that controls the particle density. More complete results can be found
in Ref. [43] and Ref. [41]. Apparently, in the absence of a pinch velocity, a flat
density profile results, since the argument of the exponential function is always 0.
For negative pinch velocity, ie inward pinch, the density profile becomes peaked, and
for positive velocity, ie outward pinch, the density profile becomes hollow. From
equation (2.23) one can also infer the scaling of the particle confinement time. Inside
the radius r§, the density profile is determined by the ratio of V+/D+. The larger
the inward pinch, the larger the particle confinement time. The region outside rs is,
however, also important. If the neutrals penetrate deeply into the plasma, ie if Aion

is large, a fiat gradient develops naturally, the transport mechanisms do not have to
work that hard to get rid of this gradient, and n+{rs) and the particle confinement
time will be large. Deep penetration results, if the neutrals have a high velocity v0

or if the electron density is small n . On the other hand, if the decay length of the
neutral population is short, there will be a steep gradient, and the transport then
acts to reduce the total density, and thus the particle confinement time. If the source
is turned off, the solution develops towards its eigenfunction, which does not possess
large gradients in the edge region. Its particle confinement time will be much larger.

In Fig. 2.5, examples are shown for the simplest species, namely hydrogen. The
calculation is performed self-consistently, with np(r) = ne(r). This can be achieved
after a few iterations of equation 2.20. Imposing quasi-neutrality in this way makes
the system of equations non-linear. The qualitative trend of the particle confinement
time discussed above for the linear case is however still the same. A self-consistent
calculation is necessary, if physical results shall be obtained for the calculation of
the effective ionic charge Zeff from a transport model. The radial profile for the
total number of particles is determined by the transport coefficients and the source,
whereas the electron density profile is either assumed or measured. This will result in
a violation of quasi-neutrality, unless the electron density or the transport coefficients »
are restricted by the quasi-neutrality condition. %

11 Here the density and temperature dependence of the ionization rate coefficient is neglected for
simplicity in the discussion. Also, of course, the density and temperature are a function of radius, and
thus A,on will also depend on radius.
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Figure 2.5: Results from self-consistent transport calculations for deuterium in Ex-
trap-Tl geometrj' (a = 5.7cm) and with ri/a taken as 0.98. The line average elec-
tron density is kept constant for all calculations, since this is a measured quantity.
The neutral edge density is adjusted. The electron temperature is assumed to be
parabolic, with Tf(0) = 200 eV and Te(ri) — 10 eV. Furthermore is is assumed,
that r(r > 77,) = 10"" sees and t ^ = 107 cm/sec. The upper two figures show the
results for the neutral deuterium density and electron density for different values of
the pinch velocity v+(a) in units of aD+/a. The center figures show the results for
different values of D+ and the lower two figures show the results for different values
of the kinetic energy of the neutrals at the edge.
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In the application of transport models as discussed above, the identification of
the geometric parameters with the actual plasma geometry has been simplified. The
transport model is meant to represent flux surface averaged properties, and thus the
coordinate r should really be replaced by a flux surface label to account for deviations
from cylindrical symmetry, like Shafranov shift, the presense of X-points or divertors
in tokamaks, or the variation of the non-circular plasma cross section with toroidal
angle in advanced stellarators, like Wendelstein 7-AS. In RFPs, the deviations from
cylindrical symmetry are not too severe, however it is not clear, how the concept
of a limiter and scrape-off layer should be identified, since the edge magnetic field
as well as all conceivable cross section restrictions are both predominantly poloidal.
What is really implied by the introduction of a "limiter" is, that there exists a bulk
plasma without parallel losses, and an edge region with parallel losses, which still
is an attractive concept1*. On the other hand, a finite escape velocity t '^ would
be a sufficient edge condition for a transport model. In the example calculations for
Extrap-Tl shown in this thesis, I have assumed the presence of a "limiter" at 77, = 5.6
mm, ie a scrape-off layer width of 1 mm. This choice is related to the smallest inner
diameter of the port sections, whereas a = 5.7 mm refers to the inner diameter of
the bellows.

2.7 Transport mechanisms
In equation (2.20). the transport coefficients D+ and i>+ have been introduced. This is
the normal procedure in physics, all trivial relations between parameters are cast into
an equation that is always true, in this case due to the conservation of the number
of particles, and all the physics is then included in its coefficients. The same is true
for the rate coefficients, of course. The measurement of transport coefficients is not
a major part of this thesis, so I will be brief. However, some information on this
subject is useful. My main sources are the thesis by FuBmann [41], and the review
article by Prager [44].

As long as particles are not disturbed, they will be restricted in their movements
to the vicinity of "their" flux surface. The concept of diffusion implies, that the dis-
location from these flux surfaces happens in a random manner, with a characteristic
length 61 and a characteristic time St such that D « 6(2/6t. The only direction that
is distinguished in a toroidal geometry is the radial direction, and so a transport
mechanism that is not perfectly raiidom »'ill lead only to a pinch velocity. «

In tokamaks and stellarators, the diffusion mechanisms are classified as classical,
neo-classical and turbulent transport. The length for classical diffusion is the gyro- »
radius, and the time is given by the binary collision frequency. The classical pinch I
velocity is E x B/B2 , where the electrical field is toroidal, and thus the magnetic field 'i
that matters is the poloidal field created by the plasma current. These mechanisms
give transport coefficients that are orders of magnitude less than the observed values. j

12An alternative scenario would be to allow for parallel losses at all radii, since the stochastisation
of the magnetic field due to the tearing mode activity associated with the RFP dynamo mechanism
may result in field lines that end at the vessel wall.
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Neo-classical diifusion in tokamaks and stellarators is related to the inhomogenous
magnetic field, in particular the 1/R dependence of the strong externally applied
toroidal magnetic field. Since the so-called magnetic moment fj. - mv\l2B is a
constant of motion of the particles, those with too little kinetic energy cannot enter
the innermost region, and are reflected where v\\ = 0. The projection of the particle
orbits on a poloidal cross section displays the characteristic banana shape for these
trapped particles. The characteristic length that determines the diffusion is the width
of these banana orbits, and the time is still determined by the frequency for binary
collisions. The diffusion coefficient for trapped particles is by a factor 2q2 larger
than classical. The total diffusion coefficient depends then on the fraction of trapped
particles. In addition, the toroidal electric field in the tokamak leads again to an
inward velocity, the so-called Ware-pinch, due to the trapped particles.

Both classical pinch velocity and Ware-pinch velocity depend on the poloidal
magnetic field, and therefore vanish on axis. Thus they fulfill the basic demand
presented in the previous section. Since there is no net toroidal plasma current
and loop voltage in the stellarator, the classical and neo-classical pinch velocity are
absent. Therefore the stellarator is generally characterized by flat density profiles13.
In tokamaks, on the other, density profiles are observed to be peaked, with a pinch
velocity not predicted by classical or neo-classical transport.

The magnetic field is inhomogenous also in reversed-field pinches, however neo-
classical effects should be weak, since the toroidal magnetic field is axi-symmetric.
This does not imply that the transport is classical. The magnetic fluctuation levels are
high, and thus the transport should be dominantly turbulent. Turbulent transport
differs from classical and neo-classical transport in that the interaction is collective
rather than binary. One can view this type of transport as a collision of "plasmons"
with the ions, or a local destruction of flux surfaces. The characteristic length is the
scale length of the turbulence, and the characteristic time is given by its frequency.
A net transport can only result from these fluctuations, if the average over several
periods does not vanish, ie if there is a phase difference between different fluctuating
quantities. Thus the presence of fluctuations alone does not imply turbulent transport
to be present.

Turbulent particle transport can be qrouped as electrostatic, where F ~ {hE}
and magnetic, where T ~ (j\\Br). Electrostatic turbulence has the merit, that the
resulting particle fluxes are mass and charge independent, and so the fluxes will be
naturally ambipolar. Magnetic turbulence may require the generation of electrostatic
fie'Hs as a secondary effect, to ensure ambipolar fluxes. Since the density profiles in
t k unaks are observed to be mostly peaked, an inward pinch velocity should also
result from turbulent transport. RFP density profiles are on the other hand often
seen to be flat or even hollow.

13Another transport mechanisms is thermodiffusion, which even leads to hollow density profile
when the temperature profile is peaked.
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whole shot

20 000
0.015

% 1011

1MHz xAt

Extrap-Tl

HQ

1-D (Ao = 120°)

1 /zsec
whole shot

Monochromator

»1014

10 bit

Visible Spectra

0-D

> 30 /̂sec
single spectrum

2000 - 4000
400

(108-109)/A*
14 bit

VUV Spectra

0-D

> 30/isec
single spectrum

30 - 300
1000 or 1500

(109-10n) /Af
14 bit

Table 2.2: Spectroscopic data in this thesis, classified in terms of resolution and
coverage (dynamic range) in space, time, wavelength and intensity

2.8 On the selection of the model

Spectroscopic data can be classified in terms of resolution and coverage in space, time,
wavelength and intensity. Since both JET and Extrap-Tl are toroidal experiments,
the spatial dimensions become radius r, poloidal angle 8 and toroidal angle <f>. In
table 2.2 the experimental data, on which this thesis is based, are put into different
categories according to this classification scheme. Performing a spectroscopic exper-
iment means establishing the distribution of intensity in whatever uniu the system
is calibrated. This is the basis for all further work, but hardly interesting in itself,
except where the power loss is concerned [VI]. The intensities have to be interpreted
in terms of plasma parameters, like temperature, density of different species, influx
or loss rate. The quantities obtained in this interpretation are then often input to
a higher hierarchy of analysis, like confinement studies [VII,VIII]. At each level of
analysis two things happen. Data axe compressed, or less euphemistic: information
is lost. At the same time, confidence into the data increases, since more people know
what the results are all about, while they know only little about the assumptions and
error sources.

The models used to analyse the spectra may also be classified according to this
scheme. If this was all, it would be straightforward to pick a model, possibly perform-
ing averaging in space, time, or wavelength when analysing data of lower resolution.
There is, however, a third parameter, apart from resolution and coverage, namely
effects related to these dimensions. For example, radial resolution can be included
in the model by assuming coronal equilibrium for ionization stages at each radius,
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based upon radial profiles of temperature and density. Radial effects, on the other
hand, are related to transport across the flux surfaces on a time scale faster than
the relaxation times of the ions. Similarly, time dependent spectra may be analyzed
assuming steady-state at each time, or simulating the time evolution. For the dimen-
sions wavelength and intensity, the self-absorption (optical depth effects) of radiation
may become important in some cases. The dilemma is, that these effects may only be
properly assessed, if the experiment resolves the corresponding dimension (ie radial
resolution is needed to decide what the proper parameters of a transport model are).
On the other hand, a model where these effects are not included gives the impression
of being unphysical. But what could be more unphysical - to stick to the example -
than a transport model with unconfirmed parameters?

Perhaps most important is the decision what physics to include, and what to
neglect. One decision has already been taken in the classification of the experimental
data: the polarization of the emitted radiation is neglected. Many processes, for
instance charge-transfer reactions with neutral hydrogen, are often neglected as well,
since the density of neutral hydrogen is not measured reliably, the ion temperature
would have to be known, and good quality cross section data is not available for all
reactions that would have to be included in such a model.

A strictly O-dimensional model, with the objective to measure line average quan-
tities, is still the most powerful tool. How can that be so? The results obtained from
this model always get the order of magnitude right, and very often come close to the
correct line average results within a factor of two14 and better. Any further work then
deals only with corrections. For some studies these corrections may be essential [1,11].
In other studies, when only trends in the data are the objective [V,VII,VIII], the extra
effort may actually worsen the situation if, as mentioned above, the high-resolution
model will have additional parameters, that cannot be confirmed experimentally.

Neglecting less important processes, to isolate the dominating terms, and simplify
the model is physics. Using arbitrary parameters in a complicated model is witchcraft.

MThis is of course unaccaptable in every-day life, where driving 100 km/h or 200 km/h makes quite
a difference, and four pieces of sugar will spoil the coffee, if one normally has two.
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Chapter 3

Applications to X-ray spectroscopy
at JET

The X-ray crystal spectrometer [45] at JET is built in Rowland-circle geometry, with
a curved germanium crystal and a multiwire proportional counter1 that together yield
a spectral resolution A/AA as 20000. A spectrum of approximately 0.015 Å width
is covered. The instrument views the plasma tangentially, with a distance of closest
approach to the torus axis for the central channel of the detector of 1.82 m. Atomic
physics studies on He-like and H-like ions have been reported [46] based upon the
data from this instrument. The instrument has been mainly built for the routine
measurement of central ion temperature and toroidal rotation velocity [47,48] over a
wide range of plasma parameters (see also section 3.2). From the resonance line of He-
like nickel, weak toroidal rotation, about 3x 104 m/sec, related to ICRH heating, could
be discovered with this instrument [49], compared to the highest toroidal rotation
velocities of up to 5 x 106 m/sec during NBI. Ion temperatures have been measured
over the wide range from 2 keV to 25 keV.

3.1 Line intensity ratios of resonance and satellite
lines of He-like nickel

The He-like resonance lines of highly charged, medium-Z impurities and their satellite
lines have been the subject of several studies performed on fusion plasmas, since
these provide an excellent, bright source of the spectra of these ions, which were hard
to produce in the laboratory before the invention of the so-called EBIT source at
Livermore [50,51]. Spectra and the comparison with theory have been reported on
sulfur and chlorine [52], argon [53,54], titanium [55,56], iron [57,58], nickel [59,46],
and only recently on krypton [60]. Most of these papers dealt with classical, ie not
quantitative, spectroscopy to identify the transitions and measure the wavelengths.
Specific interest has been in the possiblity to use these ions as a diagnostic, or at least

'The invention of the multiwire proportional counter was honoured as late as 1992, when Georges
Charpak was awarded the Nobel prize in physics.
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as an indicator, for non-thermal electron distributions [61,62] following the suggestion
by Gabriel and Phillips [63]. Originally, the intention of my study was to search for
similar effects under various plasma conditions in JET. In order to do this, the line
ratios under normal, thermal conditions had to be established, and so data were
collected under a large variety of plasma conditions, with the objective to cover an
as wide as possible temperature range.

The main objective of X-ray crystal spectroscopy at JET is the measurement of
the central ion temperature and the toroidal plasma rotation, to which sampling time
and automatic analysis are matched. Thus, data collection meant a systematic search
for plasma conditions in the raw data archives, under which satellite line intensities
could be measured with good accuracy, and the reanalysis of the spectra under these
premises. The requirement was, that the weak lines in the spectrum (x and t)2 should
be sufficiently strong to enable a reliable measurement of their intensity during time
intervals with approximately constant plasma conditions [65]. Specifically, the peak
intensity of t had to be at least 100 counts, and the temperature changes during the
measured time interval had to be less than 5% (see Fig. 3.1). At the time of this
study, these high temperatures were achieved by ICRH heating with antennae, that
"emitted" nickel due to the high energy particles that were created just in front of the
antenna screen, and thus high temperatures were, in some cases, coincident with high
nickel concentrations. Thus, even though the line intensity of the weak transitions
decreases fast with temperature, we were able to set a new record in the study of
He-like satellite spectra. Never before had the line ratios been studied over such a
wide range of central electron temperatures, namely from about 0.3 to 1.6 times the
excitation energy E(w) of the resonance line. For example the titanium [56] and iron
[58] spectra had been studied over a range from 0.1 — 0.4 Te/E(w), while in most
papers only a single spectrum is reported. Since our study has been conducted, there
was one more paper by the TFTR group on He-like nickel [66] over a range from
0.3-0.6Te/£(u>).

The satellite spectrum of the He-like resonance line is unique in that the intensity
of the Li-like lines is related to the number density of both ions in the He-like and in
the Li-like stage. The satellite lines in Li-like ions are n = 2 —• n = 1 transitions, like
the He-like ion lines, with the additional presence of a so-called spectator electron.
For the transitions in He-like ions, also terms proportional to the H-like stage are
present. Thus, the full equation (2.7) (see page 20) would have to be used to describe
these spectra. One simplification is, that the radiative transition probabilities for
transitions between the He-like nickel states are all large (see table 3.1), and therefore
there are no long-lived metastable levels, that have to be considered. It is customary
to describe the spectra by effective rate coefficients for line emission Czj and az<t

that can be used with an equation like (2.12), which include both branching ratios
and cascade contributions.3 The emissivities eJiitA for spectral lines with wavelength

2Here, like in paper I, the composite structure t + m is called t. Gabriels notation [64] is sometimes
unfortunate, if like in Fig 3.3 the int< -<=ity of the line t is plotted versus time t,

3In this section, the index z, which stands for the ion charge, is represented by H, He, and Li,
which stand for H-like, He-like and Li-like ions.
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Table 3.1: Theoretical wavelengths and radiative transition probabilities for the w,
x, y and z line of He-like nickel and for t and m in Li-like nickel, (from Ref. [46]).
The line notation is from Gabriel [64]. The wavelength difference between x and w,
theoretically 0.0041 Å, has been experimentally determined to be 0.0039 [II].
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Figure 3.2: Left : Rate coefficients (cm3 sec J) for the calculation of the intensity of
the resonance line w (Top), of He-like nickel and its satellites x (Center), / and m
(Bottom). In all three figures, the symbols (o) represent line excitation data from
[46], (- - -) stands for the interpolation and extrapolation to these data, and (—)
for recombination contributions . Right : Ionization balance data. Rate coefficients
5CD and oCD (cm3 sec"1) for the calculation of the ionization balance between Li-like
and He-like (Top) and between He-like and H-like nickel (Center). Result for the
ionization balance between all states from Be-like to fully ionized (Bottom).
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A from a level / of He-like or Li-like ions are given by

QHe.,A = F?(Te)F;(s)

Here. E' is the resonant energy of the free electron, and F2*(5) *s the so-called
line factor, which is a branching ratio between line emission and autoionization of
the doubly-excited state formed in the dielectronic recombination process. The co-
efficients of interest for this study are given in Fig. 3.2. In addition, the ionization
balance is needed. The absolute value is not of interest, but the ratio between H-like
and He-like nickel, and between Li-like and He-like nickel is necessary (see equation
(2.16) on page 31). The ionization and recombination rate coefficients and the result-
ing ionization balance, including all ionization stages from Be-like to fully ionized,
are also given in Fig. 3.2.

How are these theoretical data used? The simplest choice is to use a O-dimensional
analysis, ie a description of the whole spectrum by a single line-of-sight average elec-
tron temperature that describes both the ionization balance and the population of the
excited states. This cannot be expected to give useful results, due to the pronounced
emission shell structure and the different temperature dependence of ionization, re-
combination and excitation. A radial averaging of these different atomic processes, as
reflected in the observed line intensities, cannot yield a single temperature. Instead
of introducing two, or more, different effective electron temperatures, the model that
is chosen should be line-of-sight averaging of line intensities, based upon radial pro-
files of electron temperature and density and on an assumption on the nickel density
profile. In this model, coronal equilibrium is assumed for both ionization balance
and excited states at each radius. A third type of model would be based upon an
assumption on the sources and sinks of nickel at the plasma periphery and on the
transport of nickel across the magnetic field, to calculate the nickel density profile
and the distribution of ionization stages. Coronal equilibrium would in this model
be maintained for the excited states. Since the spectral line shape is resolved by the
instrument, the latter two models should be complemented by a detailed line-of-sight
averaging with the correct geometry considered according to

7 = 2 RTex(Tt(R),vt(R))RdR

where R < Rmtx is the radius with respect to the torus axis, and b(X) is the
distance of closest approach of the line-of-sight to the torus axis which is wavelength,
or rather channel number, dependent. The line shape e\(T,(R),Vi(R)) depends on
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the local ion temperature and the projection of the toroidal rotation velocity on the
line-of-sight. It is taken as a Voigt function for u\ with the natural line width for the
Lorentzian part, and as a Gauss function for all other lines. Another effect correctly
simulated by this geometry is the slope of the continuum [II]. It is found, that the
effective length of the line-of-sight is different for each channel number, and thus
there is a slope in the continuum which does not stem from the energy dependence of
the rate coefficient for bremsstrahlung. As a result of this procedure, all calculated
blended lines will have different line shapes and different effective line widths due to
the different radial dependence of the emissivities for electron impact excitation and
dielectronic recombination. This will closely reflect the true experimental situation.
The synthetic spectrum is then analysed by the same program, that is also used for
the analysis of the experimental spectra. Thus systematic errors due to line blending
and due to the fact that the analysis program uses the ion temperature obtained
from the width of ir for all other lines as well are considered.

Which of these models should be used? In this context it should be remembered,
that taking the step towards a transport model has two effects on the calculation.
Firstly, a radial profile for the nickel density is calculated. As has been pointed out
in section 2.6, this density will reflect the choice of transport coefficients and the
source and sink terms. The effect of a change of the nickel density profile on the line
intensity ratio x/w and t/w in an experimental situation is illustrated by Fig. 3.3,
which shows the fraction of nickel, and the correction factor for the line intensity of
t (see section 3.2) after injection of nickel into an Ohmic, L-mode discharge [67,68].
During a time interval of approximately 0.2 sec after injection, the intensity of t
is enhanced compared to the expected value which is based upon the assumption
that n/vi(r) = //vin«(r), since the nickel density profile is hollow. Thus, more nickel
is present at radii where the electron temperature is low. Note, that the statistics
in these data is not sufficient for an accurate measurement of the correction factor,
since the time resolution has been enhanced to its maximum to follow the decay of
the resonance line intensity. The other effect simulated by a transport model is, that
emission shells of ionization stages will be broadened and shifted in radius. In order
to account for the first effect in our analysis, we used radial profiles for the electron
density that were both broader and more peaked than any observed profiles for the
two extreme cases that we considered. The second effect is of course neglected.

In paper I, the line intensity ratios have been plotted versus an independent
measurement of the central electron temperature, namely ECE. This leads to a dis-
crepancy between the calculated line-averaged spectra and the experimental data for
t/w and n > 3/ir, which is not there when data are plotted versus the scarcely avail-
able electron temperature from LIDAR. Thus we concluded, that both line ratios
are described by the same temperature, and that coronal equilibrium is sufficient to
describe the spectra for both ionization balance and excitation. The way the theoret-
ical predictions have been performed, it would mean a restriction of some unknown
parameters like the nickel density profile to arbitrary values, to turn the procedure
around and calculate the electron temperature from one line ratio, and then plot the
other line ratio against this temperature instead. The situation would be even worse,
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Figure 3.3. Fraction of nickel, and correction factor for the intensity of t after nickel
injection at r = 51 sees into JET discharge #22116 (Ohmic L-Mode, T«.(0) «s 8.5
keV, ne(0) % 3 x 1012cm~3.) The time constant of the decay of the calculated nickel
concentration is approximately 0.33 sec. During the rise time of the nickel signal, the
correction factor for t is enhanced to values above 1.0, reflecting the hollow nickel
density profile.

if a 0-dimensional analysis was performed, and some line-of-sight-average temperature
was chosen for the x-axis. This temperature might be for example from dielectronic
recombination and excitation of He-like species, while the line ratio to be studied
could be from excitation of Li-like ions in one radial location and He-like species in
another. These plots will be nicer, since some of the statistical errors of the mea-
sured line ratios move the data along the theory curves. But if the points are now
dislocated from the calculated curves, one cannot anymore tell if the error is in the
x-axis, y-axis or in both. Thus, we decided not to do any of this, and show the
plots versus the temperature from ECE, even though these plots do not speak for
themselves, and require careful reading of the paper, especially the section on the
LIDAR temperatures.

The conclusions of paper I are in summary, that the atomic data for dielectronic
recombination and for excitation of electric dipole transitions are correct for He-like
and Li-like nickel, and that it is sufficient to describe the ionization balance by coronal
equilibrium, provided line-of-sight averaged intensities are compared. However it was
found, that the intensity of x is not correctly expressed by the theoretical data, and
that this discrepancy cannot be removed by the introduction of charge-exchange
processes into the model. To put these results in perspective, it can be noted that
the TFTR group in their latest paper [66] also draws the conclusion, that a simple, 0-
dimensional coronal model, with the electron temperature for level population equal
to the electron temperature for ionization balance, does not describe the observed
line intensitiess correctly. The TFTR group finds a transport calculation necessary to
explain the observed line intensities. It is, however, not transparent from the paper,
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why this is the case. The effects can be due to the calculation of the nickel density
profile instead of the assumption of constant nickel fraction, or due to emission shell
shift or emission shell broadening. In fact, since only a diffusion coefficient is reported,
the nickel density profile in the transport calculations was probably almost constant
in radius (see section 2.6) apart from the source region, whose assumed characteristics
are not reported. Already the change from constant nickel fraction to constant nickel
density would increase the weight at low electron temperature, and thus enhance
the intensity of the Li-like lines, due to both increased dielectronic contributions and
direct excitation. A line-of-sight integration considering the additional effects due
to the different line shapes as function of radius was not performed by the TFTR
group. It should be noted, that the spectra obtained by the TFTR group covered
a wider spectral range, and therefore other lines originating from Li-like nickel were
obtained. The different conclusions may thus also be due to this difference.

To turn to the far more fundamental result of our study, regarding the intensity
ratio between x and u\ it is interesting to note that the cross section for the excita-
tion of x (and y and z) has been found to be incorrectly described by theory in the
recent, first-ever direct cross section measurement (on titanium) [51], whereas the
results for w were found to be correct. This confirms results from an earlier study
regarding the line intensity ratios based upon rate cofficients for titanium performed
on TFTR [56], and from the earlier papers on iron [57,58]. Also in the latest paper
on nickel [66] the TFTR group has seen, that the rate coefficients do not describe
the line intensity ratios (x,y,;)/w correctly, even though there appears to be agree-
ment at the highest temperature in that paper (4.5 keV). The discrepancies between
theory and experiment appear to be of fundamental nature, since the tested theory
stems from various groups. In the EBIT experiment, the theory from Zhang et al.
[69] (target states calculated with Dirac-Fock-Slater potentials, cross sections cal-
culated with a relativistic distorted-wave method) for direct excitation was tested.
The french group (Thomas-Fermi-Dirac potentials, distorted-wave method), whose
data form the basis for all the studies in plasmas, has focused on corrections due to
resonances and cascade contributions, that become important for the determination
of rate coefficients. Thus, while different theory groups arrive at essentially the same
results, the experimental findings are always different. The question is open to date.

3.2 Ion temperature and toroidal rotation velocity
Ever since the charge exchange recombination spectroscopy (CXRS) [70,71,72] came
into operation at JET, there was concern about the occasional disagreement between
its ion temperature results and the ion temperature from He-like nickel, especially
during high-power NBI. As usual in cases of this importance, there was no shortage
of theories and possible explanations for this discrepancy. Candidates that were
discussed at the time were non-Maxwellian ion energy distributions, fluctuations
leading to different temperatures for carbon and nickel [73] and instrumental function
effects [74]. The picture that eventually emerged, partly due to the study presented
in section 3.1, was that line-of-sight averaging effects for the He-like nickel spectra
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were more important than previously estimated. Simultaneously it was found, that
the cross section effects on the shape of the spectral lines emitted in charge transfer
reactions were larger than anticipated. However none of these effects could explain
the observed discrepancies alone. Therefore we decided to investigate the combined
effect.

The principle of line-of-sight integration for the He-like nickel spectra has been
outlined in section 3.1. Since the objective in this study was a detailed comparison
between results from two diagnostics, a modification of the procedure was necessary.
Instead of calculating a range of possible values, based on extreme cases, the profiles
for individual discharge time slices had to be taken. This meant a restriction on
the choice of the nickel density profile, for which a constant fraction of nickel was
assumed4. A number of radial profiles had to be measured or assumed, besides the
nickel density profile:

• Electron temperature Te(r) (taken from ECE or LIDAR).

• Electron density nf(r) (taken from Interferometry or LIDAR).

• Normalized ion temperature T,(r)/T,(0).

• Normalized angular rotation frequency5 u>rot(r)/u;rot(0).

A least-squares fit analysis program was developed, that treated the synthetic
spectrum with five free parameters:

• Central ion temperature 7^(0).

• Central angular rotation frequency u;rot(0).

• Fraction of nickel /N;.

• Correction factor for the intensity of i .

• Correction factor for the intensity of t.

Time-resolved results for the correction factor to t are shown for a nickel injection
experiment in Fig. 3.3. It should be noted, that the timing and statistics for this
study were selected with respect to the intensity of the resonance line, w. A study of
the line intensity ratios x/w and t/w would require careful selection with respect to
the intensity of these lines, which is not undertaken here. The study of the intensity
ratio n > 3/w was not anymore possible using this analysis, since these lines were
now considered as a structure blending with the resonance line. Thus its apparent

4As outlined in section 2.6 this is the result of ambipolar diffusion in the source-free region.
5The alternative is in principle to assume a profile for the toroidal rotation velocity t>rot(»")- The

profile for the frequency has been chosen, since it is known experimentally to be approximately constant
on a flux surface. This is also quite natural, since otherwise toroidal rotation would destroy flux
surfaces.
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shift and broadening [58] was taken into account. This was only possible due to the
previously established confidence in the atomic data.

While the first impression of such an analysis is, of course, that this is nothing
but theoretical make-belief, it could be shown that the systematic and statistical
errors due to this analysis are reasonable [II]. A consistency check with CXRS results
was then undertaken, in which the predicted magnitude of the cross section effects
from the CXRS data could be confirmed [IIJII]. When we studied CXRS data that
had been corrected for these cross section effects, we came to the limits of a useful
comparison between the two diagnostics within the statistical uncertainties and the
time and spatial resolution characteristics of the different systems. The vertical line-
of-sight of the charge-exchange spectroscopy. for example, which has the better time
resolution, may miss the plasma center, and cannot be used in a comparison without
a careful check. When this is possible, agreement is good. In addition, it is very
important to conduct a fair comparison, which means selecting times and discharges
where both techniques have good raw signal, ie beam penetration should be high
to achieve good CXRS raw data, and the He-like nickel intensity should be high to
achieve a good X-ray signal. There may even be a conflict between these demands,
since a high X-ray intensity can be obtained from a high electron density plasma,
which will give low beam penetration. Anyone not familiar with the two techniques
is however in principle in the position to draw the data from the data base at JET,
plot them against each other and then "discover" an inconsistency between these ion
temperature measurements.

Are the two measurements of central ion temperature and central rotation fre-
quency independent? The goal of the study is twofold: to enhance the range of
parameters under which these parameters can be measured using the He-like nickel
resonance line, and to compare the results with another diagnostic, CXRS. For the
first case, the ion temperature is assumed to be proportional to the electron temper-
ature at all radii, whereas in the second case the ion temperature profile shape from
CXRS has been used. The first assumption is useful for a stand-alone measurement
in the absence of NBI and hence CXRS, whereas the second case should be regarded
as a consistency check. Keeping this distinction in mind, there is no problem. The
central temperature and rotation frequency are results from the X-ray spectra anal-
ysis, not input from CXRS. Since this consistency check is successful, one can have
confidence in the results in the absence of NBI.

In summary, the collaboration between the two groups and the progress in the
understanding of the details of the emission processes has enhanced the confidence in
both diagnostics, and finally resolved the long lasting puzzle on the apparent discrep-
ancies. The collaboration also tought us more about the individual diagnostics than
each group could have learned on its own. From my experience I would recommend,
that also future tokamak experiments, like ITER, should be equipped with as many
as possible different diagnostics to measure the same parameters.
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Chapter 4

Applications to VUV and visible
spectroscopy at Extrap-Tl

The Extrap-Tl data presented in this thesis are from three series of experiments.
Two series of discharges in deuterium were performed to study the time evolution
of the plasma at peak plasma currents of 50 kA and 80 kA. The total and partial
radiative power loss was reported for these series in paper VI. The series were also
selected to illustrate the method developed to estimate the concentrations of He-like
carbon and oxygen in paper V. In the following I will refer to these two series as
"time evolution study".

For the third series, data were collected with the objective to study the confine-
ment properties of Extrap-Tl discharges as a function of two controlled parameters,
toroidal plasma current Ié and pinch parameter 0 = B${a)l{B^) during flat-top con-
ditions. For each working point in the /«, — 0 plane, 20 consecutive discharges in
hydrogen were performed while maintaining nearly identical conditions within each
series, such as wall conditioning, base vacuum and filling pressure. The results from
this study have been reported in papers VII and VIII. In the following, I will refer
to this series as "confinement study".

The foundations for all further studies on these series is laid when performing
the experiment. Pulse control has two aspects, namely reproducibility on one hand
and discharge parameter design on the other. The first is most important for the
time evolution studies, since a large number of discharges is performed. The spectra
taken at Extrap-Tl are time resolved, in the sense that they represent the emission
from a time interval that is short compared to the discharge duration. But only one
spectrum is obtained per discharge. In order to cover a complete typical discharge, a
large series of experiments has to be performed. Trends with time into the discharge
could be enhanced or hidden, if there was some parameter varying with shot number
during such a series of experiments, in case the selected time into the discharge was
correlated with shot number. This possibility has to be excluded in conducting the
experiment, not only by keeping conditions reproducible, but also by drawing the gate
time for the spectra from a predetermined set to eliminate the correlation between
gate time and shot number.
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The data bast- for the confinement studies at Extrap-Tl was specifically assem-
bled for this purpose. This meant careful pulse control to achieve flat-top conditions
(since this is how the ultimate confinement parameters are defined), planning of
working points in view of the physics questions that we intended to study, repe-
tition of discharges to achieve good statistics per working point, and simultaneous
measurements at flat-top with all available diagnostics. In spite of the fact that we
together possessed all knowledge on the systematic errors, and knew exactly which
parameters were truly independent, and which where not, it took us a long time to
avoid all the pitfalls in the data base. Most important was the discovery, that the
individual discharges do not form a useful data base, but that it were rather the
ensemble average results that should be used. Ensemble averaging here meant, to
calculate all quantities on the basis of data from individual discharges, and averaging
the final results, rather than calculating from ensemble averaged raw data. I do not
believe that a confinement study could have been performed "post mortem" on an
arbitrary selection of discharges from a long running history with different purposes,
like diagnostic development. This will not be possible in the future either.

4.1 Absolute sensitivity calibration
This is the center-piece of all further work. Without an absolute sensitivity calibra-
tion, nothing but the identification of spectra and the measurement of linewidths
can be undertaken. With absolute sensitivity calibration, line intensities can be
interpreted as reflections of line average electron temperature, particle influx, and
number densities of impurity species. With these plasma parameters, others like
Zefj or Spitzer resistivity are calculated. From the presentation in the other sections
in this chapter, it will become clear how far one can proceed, and what wealth of
information becomes available based upon calibration of spectrometers.

The units1 of the intensity of spectral lines from a plasma are Ph/(cm2 sr sec),
as already mentioned in section 2.2. For the continuum it is Ph/(cm2 sr sec Å). In
other words, the plasma looks like a uniform surface emitting radiation. Radiometry
deals with the energy of the radiation, and for this the following terms have been
introduced [75]

• Radiant flux (W) : Amount of radiation from a source per unit time.

• Radiant intensity (W/sr) : Radiant flux leaving a source point per unit solid
angle.

• Radiance (W/cm2 sr) : Radiant flux emitted by or scattered from a unit area
of a source in all directions.

• Spectral radiance (W/cm2 sr A) : Radiant flux per wavelength interval emitted
by or scattered from a unit area of a source in all directions.

'Of course, in strict SI units this would be Ph/(m2 sr sec) and Ph/(m2 sr sec nm). The difference
is just a factor 104 or 105, respectively, by which the numerical values are larger in SI units.
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• Irradiance (W/cm2 sr) : Radiant flux incident on a receiving surface from all
directions per unit area.

• Spectral irradiance (W/cm3 sr Å) : Radiant flux per wavelength interval inci-
dent on a receiving surface from all dire'.cions per unit area.

Clearly, there is a fundamental difference between radiance and irradiance, even
though they have the same units. Let me consider an example2. The 1/2 m Ebert
spectrometer in use at Extrap-Tl has an f-numbcr of 8.6. The solid angle accepted
by the instrument is thus (l/8.6)2/47r = 1.1 x 10"3 sr. The entrance slit of the spec-
trometer was typically srt to 80^m. the height of the pixels of the photodiode array
is 2.5mm. which together gives an area of the receiving surface of 2.0 x 10~Jcm2. The
spectral dispersion is 0.4 Å/Channel. Thus, the upper limit for the sensitivity of this
instrument is 0.9 x 10~6(Counts/Channel)/(Ph/(cm2srÅ)), where the sensitivity now
is detected Counts/Channel per unit of spectral radiance. Only a detector covering
the whole 4TT space around the source would have unit sensitivity. In addition, of
course, the grating does not have 100% reflectivity, the detector has a quantum effi-
ciency of at best 10%, and there is absorption in the fibre and lenses. However, there
is no optical trick that can be played to enhance the sensitivity beyond that value.
All the fibre optics can do is to change the relation between accepted solid angle
and observed surface element, ie collimating the light, keeping the product (etendue)
constant.

In reality, there is little hope to arrive at a reliable estimate of the sensitivity
in this way. Measurements of the sensitivity for the spectroscopic instruments at
Extrap-Tl are presented in the following sections.

4.1.1 Calibration in the visible wavelength range

The sensitivity of all spectroscopic instruments is in effect derived from one standard
tungsten lamp (LI-COR 1800), a secondary radiation standard, that is calibrated
for wavelengths above 3000 Å. In a first step, the visible spectrometer (including
the whole optical system, saphire vacuum window, lens, fibre, filters, grating and
optical multichannel analyzer (OMA) with image intensifier) is calibrated versus this
lamp. During one exposure (10 msec) about 0-5 photons will be detected per channel.
Therefore, a large number of exposures are taken, until sufficient statistics is achieved.
Fig. 4.1 shows an example frame, obtained with the 1/2 m Ebert spectrometer with
the 1180 f/mm grating for a wavelength setting of 3800 Å after 1000 exposures. Also
shown is the sensitivity of three selected channels for different wavelengths. The units
of the sensitivity are (Counts/Channel)/(Photons/cm2 sr Å), which means that the ,*
intensity of spectral lines observed by the system can be obtained by integration f
over the normalized lineshape (see section 2.1). The structures at 3800 Å, 5200 Å, |

2In this example I omit the energy of the photons, but will still use the terms radiance and
irradiance. Normally I will be more general, and use the term intensity, and add the units if it is
important, for example for radiative power loss.
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Figure 4.1: Left : Sensitivity for the 1/2 m spectrometer (•) and smoothed sensitivity
curve (—) for a wavelength setting of 3800 A. Right : Sensitivity at channel number
256 ( + ), 512 (•) and 768 (•) for different wavelengths. The sensitivity is given in
(Counts/Channel)/(108 Photons/cm2 sr Å), where a Count is referred to as a unit of
the digitized signal from the OMA.

and 6300 Å appear, when the observed wavelength propagates parallel to the grating
surface in other spectral orders than the observed one.

There are in principal two ways to calibrate visible monochromators for line radi-
ation, for example those used for the HQ measurements. One way is, to modulate the
signal from the lamp with a chopper.3 This is however not equivalent to the exper-
imental situation, since the light emitted from the plasma is monochromatic within
the Doppler width, while the lamp emits a continuum. So, in addition, the filter or
monochromator transmission curve has to be measured, in order to know the amount
of light during the calibration measurements, which contributes additional systematic
errors in the calibration procedure. The alternative way, which we adopted, is to ob-
serve the same plasma volume with the monochromators and the 1/2 m spectrometer
simultaneously, and then calibrate the monochromators against the spectrometer. In
this way also non-linear response in either of the systems can be discovered, which
is not possible with the tungsten lamp. The transfer of the calibration in this way
contributes only statistical errors, which can be reduced experimentally by taking a
sufficient number of spectra.

3The lamp itself cannot be modulated with an accurate radiance maintained, while the PM-tubes
are DC coupled to the amplifier, and therefore a constant light level cannot be detected.
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4.1.2 Calibration of the VUV spectrometer

The VUV spectrometer is a McPherson 251 grazing incidence instrument [76] covering
a spectral range from 100 Å to 1100 A using a toroidal grating with 450 ̂ /mm,
which gives a flat field focus. Another grating with 290 £/mm can be used to cover
the wavelength range from 100 Å to 1700 Å with reduced spectral resolution. The
detector consists of an open microchannel plate (MCP) with an image intensifies that
is optically coupled to a photodiode array (optical multichannel analyzer, OMA). The
MCP is covered with Cul to enhance the sensitivity at longer wavelengths. Zero order
light is not incident on the detector, and the MCP is not sensitive to scattered light
above 2000 Å [77]. The line-of-sight of the instrument is positioned parallel with a
major axis, viewing an area of 16 mm diameter, centered 18 mm below mid-plane,
which has to be compared with the minor radius a = 57 mm of the device. The
total length of the line-of-sight is thus ( = 10.8 cm. The solid angle accepted by the
instrument is 5.2 x 10~5 sr.

The calibration of the instrument was performed using the branching ratio tech-
nique, with transition probabilities taken from Klose and Wiese [78]. To this end, the
l/2m Ebert-type spectrometer was coupled to a port opposite to the VUV spectrom-
eter to observe the same plasma volume with both instruments. The branching ratios
used for the calibration of the 450 ^/mm-grating are listed in table 4.1. The absolute
and relative branching ratios of C3+, N4+, O4+, and O5+ were measured in standard
RFP discharges. The relative C2+ branching ratio was determined from spectra taken
on a previous version of the Extrap-Tl experiment [79]. The He1+branching ratios
were obtained, by adding 75 % He to the hydrogen filling gas. It should be noted,
that this does not represent the conditions at the time into the discharge, when the
spectra were taken, due to the different recycling properties of H and He. In fact,
the actual ratio between He and H was probably much lower. When the fraction
of He in the filling gas was increased above 75 %, the apparent sensitivity of the
VUV spectrometer at 237 Å and 243 Å was reduced, which should be attributable to
photon absorption by ground state ions. When the fraction of He was reduced below
75%, no corresponding increase of the apparent sensitivity was observed within the
statistical uncertainties. This does not mean, however, that the intensities of these
lines are not affected by optical depth effects. In fact, the sensitivity at 243 A does
not agree with the results at 237 Å and at 312 Å. On the other hand, the agreement
of the result at 237 Å with the trend between 209 Å, 220 Å, and 312 Å is rather
good, and that value was therefore accepted.

The calibration of the sensitivity with the 290 ̂ /mm-grating was performed on
the basis of a series of reproducible discharges while interchanging the two gratings.
Thus, the calibration of the 450 £/mm grating could be transferred to the 290 t/mxn
grating for wavelengths below 1100 Å using strong and well isolated spectral lines.
For wavelengths above 1100 A, no branching ratios could be observed to complete
this calibration. Therefore the shape of the calibration curve above 1100 Å of the 290
f/mm grating in use at JET [81,82] was used as a guide, since its calibration curve
is rather similar to that obtained with our grating below 1100 Å. The result for both
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Table 4.1: Branching ratios used for the calibration of the VUV spectrometer for
operation with the 450 £/mm grating. Branching ratios with Aiong > 3000 Å are
absolute, while branching ratios with Aiong < 1000 Å are relative.
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Figure 4.2: Sensitivity in Counts/(Photons/cm2 sr) ( ) for the 450 (/mm grat-
ing (left) and for the 290 £/mm grating (right). The scaled sensitivity curves for
the TFTR-SPRED [80] ( ) and JET-SPRED [81,82] ( ) are shown for
comparison.
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gratings is given in Fig. 4.2. The units of the sensitivities are Counts/(Photons/cm2

sr). where a Count is referred to as a unit of the digitized signal from the OMA. In
order to use it in the same way as the calibration curve for the visible spectrometer,
this curve has to be multiplied with the spectral dispersion in Å/Channel.

4.2 Total and partial radiative power loss
Once the VUV spectrometer is calibrated, important plasma parameters can be ex-
tracted without any further interpretation of the data, namely the total radiative
power loss and the partial radiative power loss from individual impurities. The latter
can only be studied with an instrument with wavelength resolution, ie not with a
bolometer. The two forms of energy loss, by particles and by the emission of radi-
ation, are intimately related, since a short particle confinement time results in an
ionization stage distribution of impurity ions that is different from that obtained
in the limit of infinite particle confinement times. Under these transient ionization
conditions the rate coefficient for radiative power loss per ion is enhanced [21,83],
and thus plasmas with a short particle confinement time and high recycling will have
an operational limit at lower density than expected in the limit of infinite particle
confinement. Above that limit radiation will dominate the energy confinement. The
main results of paper VI are briefly summarized.

The radiative power PTa& amounts to approximately 10% of the total input power
for times after 200 //sec, or to 50 % of the Spitzer input power Ps- For times before
and shortly after reversal, Prad/Pin was found to be as high as 50 %, and within
the accuracy of the measurement it was found that Prad ss Ps during this phase of
the discharge. The result obtained on other RFP experiments [84,85,86,12], that
the condition to achieve plasmas that are not radiation dominated is to operate at
current to line density ratios I/N > 1 - 2 x 10~14Am could be confirmed. There
is some confusion in the literature about this type of result, which is often termed
"burn-through of the radiation barrier'1. What can be established experimentally
is that the radiative power loss is significantly lower than the total input power.
The reduction of the rate coefficient for radiative power loss per ion at high electron
temperatures, implicit in the term "radiation barrier", does not necessarily follow
from this observation.

A significant radiative power loss from nitrogen ions is only present during the
first 150 //sec. Even though nitrogen is a recycling impurity, the initial contribution
of nitrogen to the filling gas is then consumed. The most important contributor
to the radiative power loss after t =100 //sec is oxygen, which is also a recycling
impurity. Towards the end of the discharge, the remaining radiative power loss, not
attributed to deuterium, carbon, nitrogen, oxygen, and chlorine, amounts to « 20 %
of the total radiative power loss for the 50 kA series and to ss 30 % for the 80 kA
series. This fraction mainly stems from the unresolved structure between 170 Å and
300 Å, but contains also the continuum over the whole wavelength range from 100
Å to 1100 Å. As the density decreases, and temperature and particle confinement
time increase, carbon, nitrogen and oxygen spend more time in low ionization stages
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Figure 4.3: Radiative power loss coefficient Ptaål{Vn2
e) and radiative power loss co-

efficient from oxygen Pol(Vn2
e) as function of time (Left) and versus the achieved

electron temperature at the time (Right). The data are taken from 50 kA (•) and
80 k A (•) discharges in deuterium.

below the Li-like stage, where the radiative power loss is high, while at the same time
more atoms reach the He-like stage, where the radiative power loss is lower. The net
effect is a reduction of the radiative power loss per atom, since the contribution from
the most efficient ions for power loss, C3+, N4+, and O5+, is reduced.

One physical reason for the reduction of Praa at high I/N could be the quadratic
dependence of the radiative power loss on density, assuming a constant fraction of
impurities. Also, higher electron temperatures are achieved at high I/N, so that the
rate coefficient for radiative power loss may be reduced for each impurity species.
The increase of the particle confinement time may contribute to this reduction. The
quantity that would be really interesting to measure from an atomic physics point of
view is Po/(VnoTie), which is the rate coefficient for radiative power loss per oxygen
impurity atom, versus the electron temperature. But how is the oxygen density
measured? It is calculated from the intensity of the strongest lines in the spectrum,
using a rate coefficient which is a function of temperature and multiplying it with the
electron density (see section 4.4). The power loss is partly due to the lines used, and
so this plot would show the temperature dependence of the rate coefficients that are
the basis for the interpretation of the spectra. The compromise is, to plot Po/(Vn]),
which still displays the main features of the plasma physics experiment under study.

Fig. 4.3 shows the ratio of the total radiative power loss density PTtld/V (where
V is the total plasma volume) and the corresponding quantity for oxygen Po/V to
the square of the line average electron density in W cm3, in order to investigate
the role of the possible causes for the reduction of Prad/P\a- These quantities are
shown as function of time into the discharge, and versus the electron temperature
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achieved at this time. The figures illustrate, that the first maximum in PTad/{Vnl)
occurs at the time, when the temperature for maximum radiative power loss for
the dominant recycling impurity, oxygen, is reached. This peak occurs at about
70-100 eV in these experiments, due to the short particle confinement time [83],
and is achieved earlier for 80 kA discharges than for 50 kA discharges. In the limit
of infinite particle confinement time, for comparison, the temperature of maximum
radiative power loss per oxygen ion is 30-40 eV, and the rate coefficient for radiative
power loss is expected to be reduced by more than two orders of magnitude at the
temperatures and densities achieved in these experiments. A significant reduction of
Po/(Vnl) is not observed for higher temperatures, even though a tendency for the
reduction is present. At higher temperatures, which are achieved later in time, the
radiation stems instead predominantly from ions in a state of influx. Towards the end
of the discharge. PTad/(Vnl) anc^ Po/ft nl) a r e seen to increase, due to the decrease
of the electron density while impurity densities remain high. Thus it is found, that
the main reason for the reduction of PTad/P\n i

n these experiments is the decrease
of the electron density with time into the discharge. The increase of the electron
temperature above the temperature of maximum radiative power loss per ion plays
only a minor role.

Even though the "radiation barrier" of the light impurities carbon, nitrogen and
oxygen is not "burnt through", radiation is not the dominant energy loss channel in
the Extrap-Tl experiment.

4.3 Hydrogen influx and particle confinement time

The measurement of the hydrogen4 influx is one important quantity in order to
calculate the particle (hydrogen) confinement time. However, it is not sufficient, since
also the proton density has to be known. Section 4.4 will deal with the measurement
of impurity densities and the calculation of the proton density.

In a 0-dimensional model, the influx of hydrogen can be obtained based upon the
quantity "ionizations per photon" [35] (see equation (2.18) on page 32) for hydrogen
Balmer-a. However, this quantity depends on density and temperature, and it is not
clear, if the line average density and temperature are accurate enough values to be
used in the interpretation, since the hydrogen atoms are ionized in the outermost
region of the plasma, whereas these line averaged data are weighted towards the
plasma center. The influx of hydrogen is instead obtained from a simple model for the
radial profile of the emission. In this model, the radial profile of the electron density
and electron temperature are assumed to be of parabola type, ie ~ (1 —(r/a)2)0, with
an = 1.0, and QT = 0.1, which results in an almost flat electron temperature profile.
Then the radial profile of the hydrogen atom density Nn(r) in level n is related to
the ground state density N\{r) obtained from equation (2.22) on page 34 by

4Here, "hydrogen" is used for both isotopes, hydrogen and deuterium. Also, "proton" is used for
both protons and deuterons.
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Figure 4.4: Intensity of hydrogen Balmer-o for unit influx obtained from equation
(4.1). The quantity is found to be mainly dependent on (ne) and weakly dependent
on (Te) over the operational regime of Extrap-Tl (30-300 eV). For comparison the
result for uniform density and Te = 100 eV is shown ( - - - ) .

Nn(r) 2 / En-E1——- = n'exp ——- ri(n) (4.1)

Here, the ionization rate for the solution of equation (2.22) and ri(n) are taken
from Johnson and Hinnov [35], evaluated for the local electron temperature and
density. The factor r^n) describes the deviation of the population in level n from
the thermodynamic equilibrium value. From the profile of N3(r), the radiance of
hydrogen Balmer-a per unit influx is obtained by integration along the line-of-sight
(see Fig. 4.4). Since both (ne) and (Te) are measured, the hydrogen influx can
be inferred from the observed radiance of hydrogen Balmer-a using this quantity.
Choosing different profile parameters for density and temperature within reasonable
limits, ie 0.5 < an < 2.0 for the density and 0.0 < a j < 0.5 for the temperature, the
coefficient changes as much as 20 % in the parameter range relevant for Extrap-Tl
flat top conditions. In Fig. 4.4 the results for uniform density and Te = 100 eV
is shown for comparison. It can be seen, that the effect of assuming a profile for
nc is that the ionization and line emission occurs at electron densities larger than
line-average, where the ratio of emitted photons per ionization event is smaller.

The choice of influx velocity u//, ie the radial decay length of the source, does
not affect the result, as long as the assumption for equation (2.22), that the flux of
hydrogen vanishes for r = 0, remains reasonable. For typical parameters in Extrap-
Tl, this assumption holds for velocities up to 3 x 106 cm/sec, corresponding to a
kinetic energy of 10 eV for deuterium. For higher velocities, a different model would
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be necessary. Large modifications of the results cannot be expected from such a
model, compared to the one presently adapted, since the present results are in fact
not too different from those obtained for uniform density and temperature. For the
latter it does not matter at all, how far into the plasma the neutrals penetrate, as long
as the plasma does not become transparent for a large fraction of neutrals. These
would still contribute to the radiation, but would not be ionized5. It should be noted,
that all effects related to the decay length of the source are nothing but corrections to
the main result, and would be based upon unconfirmable assumptions of some kind.
The only way to confirm these assumptions would be the time resolved measurement
of the radial profile of hydrogen Balmer-a emission. The same is of course true for
the assumed profiles of density and temperature. These particular profiles have been
chosen mainly to maintain a self-consistent set of assumptions in the confinement
study [VII,VIH].

The statement, that the choice of the influx velocity does not affect the result,
might appear in partial contradiction with the discussion in section 2.6, and espe-
cially with the example presented in Fig. 2.5. The main difference is, that Fig. 2.5
presents predictions for the radial profiles of electron density and proton density with
constrained line-of-sight average electron density and a fixed set of parameters for the
solution of the continuity equation, whereas here the amount of influx is measured
from the observed intensity of hydrogen Balmer-a for a fixed radial electron density
profile. In section 4.7, a combination of these two approaches will be given.

The measurement is simultaneously performed at four different toroidal locations.
The signal is sometimes seen to be toroidally asymmetric (see Fig. 4.5) with a length
of the rotating toroidal structure, comparable to or less than the separation of the
diagnostic port sections. The phenomenon is related to mode-mode phase locking
with poloidal mode number m = 0 and toroidal mode numbers n = 1...5 [VIII].
Ideally, the measurement of the particle influx should be performed with a toroidal
separation less than the toroidal length of this phenomenon to obtain the total influx
of hydrogen, integrated over the whole plasma surface. Since this is not possible,
there will be an additional statistical error in the measurement, when the available
data are averaged.

In Fig. 4.6 results for the deuterium influx and deuteron (particle) confinement
time are presented for the time evolution study. Also shown is the deuteron density,
inferred from the impurity concentrations (see section 4.4) which is necessary to
calculate the deuteron confinement time according to

where A is the total surface, V the total volume of the device and 7 is a shape
factor obtained from the assumed density profile. As the density is reduced with time

5Worst case example : n, = 5 x 1013cm"3, Te = 100 eV gives S * 4 x lO^cn^sec"1 and thus
n,S = 2 x 106sec"'. If neutrals are defined to penetrate the plasma if exp(— 2aneS/v) > 0.1, this
requires o l x 107cm/sec or a kinetic energy for deuterium of 100 eV. Even for these large kinetic
energies, the radiation is only enhanced by 10%.
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Figure 4.5: Influx of hydrogen and continuum at 7720 Å for Extrap-Tl #25263 at
different toroidal locations.
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Figure 4.6: Results from 50 kA (D) and 80 kA (•) discharges in deuterium. Left:
Electron density ne and deuteron density nj. Right: Toroidal average deuterium
influx Tp and deuteron (particle) confinement time r .̂
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into the discharge, the deuteron confinement time is seen to increase, in qualitative6

agreement with the density dependence of the particle confinement time found in
the confinement study (see section 4.6). This behaviour can be understood as a
consequence of the increased penetration depth of neutrals with decreased electron
density (see the discussion in section 2.6), provided all other plasma parameters are
unchanged. The fact, that the 80 kA series has a larger particle confinement time at
comparable electron densities than the 50 kA series is also due to the fact, that it has a
larger pinch parameter (0 ss 2.0 a t < « 200^sec into the discharge, instead of 0 « 1.8
as obtained for the 50 kA series), and not only due to the larger plasma current (see
Fig. 4.10). Thus, pressure driven activity is expected to be reduced while dynamo
related activity is enhanced [VII], which results in longer particle confinement times.

For both series, the deuterium outflux has also been studied with graphite probes
[87,88]. From the deuterium retention in these probes, the time averaged radial
outflux was obtained as Fr « 0.7 x 1019 D/cm2 sec with energies similar to an ion
temperature T, * 100 eV for the 50 kA series and Tr ss 0.9 x 1019 D/cm2 sec, T, « 200
eV for the 80 kA series. From Fig. 4.6 it is apparent, that these values are smaller
than the discharge averaged influx obtained by numerical integration over the time
resolved influx from deuterium Balmer-a (To ~ 2.0 x 1019 D/cm2 sec for 50 kA
and Tp » 1.4 x 1019 D/cm2 sec for 80 kA discharges). However, the results agree
much better for the 80 kA series, and it is interesting to note, that a larger outflux
is obtained from the analysis of the graphite probes for the 80 kA series than for
the 50 kA series, while a smaller influx is obtained from deuterium Balmer-a. The
complications involved in a comparsion between these two fundamentally different
techniques have been di mussed in Ref. [87].

4.4 Electron temperature and impurity
concentrations

The intensities of spectral lines are in general dependent on the number density of
more than one ion species. In section 2.3 it has been shown, how the number density
of ions in excited states is related to the number density of ions in the ground state
and in metastable states (see equations (2.9) and (2.10)). The subject of this section
is the measurement of the electron temperature and the number densities of ions
in these states, using sufficiently strong and well isolated spectral lines from each
observed species. There are a lot of spectral lines, that may in principle be used for
the analysis, but the number of those that fulfill both conditions and that can be |
calculated is somewhat more limited. i

In the case of two metastable levels 1,2 a combination of equations (2.6) and
(2.10) in a 0-dimensional model gives ]

6Note, that the electron density in the time evolution study is significantly larger than in the
confinement study, and that the confinement study is in general characterized by a more extended
flat-top period.
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where /, is the intensity of a spectral line associated with the excited level i = 3, N.
By measurement of at least two spectral lines, if temperature and density are known,
the number densities nj and n2 can be obtained. If the temperature is unknown, one
more line needs to be measured, and if also the electron density is unknown, a fourth
line is needed. In particular, line intensity ratios where one line is predominantly
excited from the metastable state and the other from the ground state are often
suggested as a density diagnostic (see for example Ref. [89]) for a plasma where these
states can be thought to be in equilibrium. However, for Extrap-Tl, this requirement
is certainly not fulfilled. The coefficients for the measurement of all ions of interest
in the Extrap-Tl RFP plasma are given in appendix C.

The most prominent ionization stage in Extrap-Tl discharges is O5+ during flat
top. Thus, this ion can be used to extract electron temperature and in principle
also electron density, due to the behaviour of the first excited state, 2p 2P°. The
state 3s 2 5 , for example, is populated from 2s 2S by dipole forbidden transitions
and from 2p 2P° by dipole allowed transitions. For 3p 2P°, the situation is reversed.
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At = 35/isec, (ne) = 1.8xlO14 cm"3. Bottom: Simultaneous measurement of electron
temperature and O3 + and O*+ number densities from three line intensities per species.
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Th\. i he rati.. of populations 3s 2S/3p 2P° is modified with increasing population of
2p *'J". The ratios between three line intensities in 0 5 + are presented in Fig. 4.7 as
contour plots [TV]. Tf and 7ie can be extracted simultaneously from a measurement
of these thret Une intensities, since the two line ratios display pronounced and less
pronounced dependence on electron density. A single line ratio is not sufficient for
the measurement of Tt for electron densities ne > 5 x 1013cnT3. For practical cases,
however, the density cannot be obtained and has to be taken from other sources,
since dependences are too weak compared to the errors in the measurement of the
line intensities.

The O-dimensional analysis of electron temperature and impurity concentrations
involves two steps (see Fig. 4.8 for an example). First, the line average electron
temperature is obtained from line intensities of 0 3 + , O4+ and 0 5 + (see Figs. C.3,
C.4 and C.5), using the line average electron density measured by interferometry to
account for the density dependence of the line emissivities. Then, this line average
electron temperature is used, to extract the number density of all identified ions,
again accounting for the electron density dependence. It should be noted, that the
measurement of the electron temperature from 0 4 + is not always possible, since the
third line (04 + 192.9 Å) is blended within the instrumental resolution. The electron
temperature from O'i+ is always in the range 10-30 eV, and probably reflects the
electron temperature where O3"1" is ionized (see also section 4.7).

For O6+, no direct measurement is available. It can be shown, that transport
processes under the constraint of ambipolarity are characterized by mass and charge
independent diffusion coefficients[40]. If the particle confinement time as a result of
these transport processes is assumed to be the same for all ion species, the particle
confinement time obtained from the intensity of hydrogen Balmer-a can be used
together with equation (2.19) (see page 32) to estimate the number density of He-
like species from the known number density of Li-like species. It should be pointed
out, that this does not follow strictly from the transport coefficients alone. It has
been shown in section 2.6, that the total number of particles in the plasma depends
also on the characteristics of the source. Thus the assumption implies also, that the
characteristic ionization length for hydrogen and impurities are comparable. The
method and the conditions under which it may be used are outlined in paper V.
The paper also contains numerical results and an example of the application of the
method.

4.5 Oxygen ionization balance

In Fig. 4.9 the results for the ionization stages of oxygen from the 0-dimeusional
analysis are shown for the 80 kA series of the time evolution study. The comparison
between the measurements and a O-dimensional time-dependent calculation of the
ionization balance (see equation (2.15) on page 28) and with only neutrals as a
sourc? yields a remarkably good qualitative and quantitative agreement for all times.
The metastable to ground state ratios for O2+ and O3+ are however rather poorly
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Figure 4.9: Top left : Shot data for the 80 kA series in deuterium. The solid lines
through the measured data for the line average electron density ne, the deuterium
particle confinement time rp and the line average electron temperature Te are the
input parameters for the calculation of the oxygen ionization balance. The influx of
oxygen is chosen ~ no/rp. Top right: Measurement of ionization balance for oxygen
ionization stages O2+ to O6+ and results of 0-dimensional time-dependent ionization
balance calculations with metastable resolution. The dashed lines correspond to the
same values of ne, rp and Te, but without time evolution, ie in steady state. Bottom
left and right: Measurement of and model results for metastable to ground state
density ratios for O2+, O3+ and O4+. Here, the dashed line corresponds to the ratios
based upon collisional excitation only (see section 2.3).
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reproduced, probably since the line average density and temperature used in the
model calculations are not quite appropriate for these periferal ions. In section 4.7,
transport model calculations will be shown, for which this problem is not present.
There are four metastable states for neutral oxygen, namely 2p4 3P(jf), 2p4 XD, 2p4 ' 5
and 2p33s 5S°. The distribution among these is of course in principle an additional
free parameter of the model. However the result turns out to be insensitive to this
distribution. Here I have assumed 2p4 3 P : 2p4 ]D : 2p4 JS : 2p33s 5S° = 9 : 5 : 1 : 0.

Note, that there is a fundamental difference between a 0-dimensional model and
a 0-dimensional data analysis. The model is calculated for a single temperature and
density value. In the 0-dimensional data analysis, these single values are identified
as the line average density and as the line average temperature. The model results
are uniform densities, while the data analysis yields line average densities. It is not
clear a priori, that these two approaches should agree, unless plasma parameters are
indeed quite uniform. If sharp emission shells were present in Extrap-Tl, the good
qualitative agreement between the 0-dimensional model and the 0-dimensional data
analysis would not be expected.

The fraction of 0 6 + as presented in Fig. 4.9 has been estimated using the method
outlined in paper V. The results for O6+ of the full 0-dimensional calculation, treat-
ing all ionization stages, agrees well with this estimate, which comes as no surprise
since equation (2.19) should be a good approximation to equation (2.15) under the
conditions in Extrap-Tl. The fact that there is also reasonable agreement of the
experimental results for the lower ionization stages, for a balance of all directly mea-
sured species, excluding O6+, increases the confidence also in the estimate of the
He-like abundances.

4.6 Confinement studies
In a confinement study, the full resolution of number densities of all species is not
required, even though the whole apparatus of analysis methods presented in the
previous sections has to be exercized. Instead, the interest is in averaged quantities,
that describe the effective ion charge, hydrogen dilution and total number of particles

Z e f f =

<np) = (ne> - £ /,,,- (nc)ZZtt

("tot) = (4.4)

An alternative method to obtain Zefj by a measurement of the absolute level of
the continuum intensity has not been possible, since no sufficiently wide wavelength
region free of spectral lines could be found. On the other hand, such a measurement
on its own would not be sufficient, since neither (np) nor (ntol) can be obtained in this
way, without further knowledge on the plasma composition. The measurement of Zeff
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is obtained by a sum over identified impurities for which atomic data are available
to evaluate the number density. Thus, the measured Zeff is in effect always a lower
limit, since some species are excluded. However, the high density discharges within
the confinement study (see Fig. 4.10) are close to P$ ~ Pin, which gives an indication
that additional contributions to Z«.ff cannot be large, at least not in this case. If
a large fraction of unidentified impurities was present, they would also contribute
significantly to the radiative power loss in the VUV, which is, however, dominated
by carbon, nitrogen and oxygen (see section 4.2). This again gives an indication, that
there are indeed only small additional, unidentified contributions to Zeff.

From Zeff and with Te in eV, the Spitzer resistivity TJS in fi m and the Spitzer
resistance R$ in il are calculated

= 3 . 0 4 x l 0 - 5 l n A ( r i " r - Z ^ Z d f (4.5)
(Z) rr

Rs = ^ r / ( 0 ) 7 7 5 (4.6)

where RQ is the major radius, a is the minor radius, and the factor / ( 0 ) , obtained
from the polynomial function model (PFM) considers the helical structure of the
parallel current in an RFP [90,91]. The coefficients In A(nc. Te,Zea) and i£(Zeff) are
given by Spitzer [92].

It would be impossible to do justice to a complicated issue like confinement within
the framework of this thesis. All the relevant details can be found in papers VII and
VIII. An overview of the results as function of plasma current 1$ for constant 0 and
as function of 0 for constant plasma current 1$ is given in Fig. 4.10. The regression
analysis to 3e is reproduced in Fig. 4.11, and the correlation of non-Spitzer loop
voltage with fluctuation level 6B/B is shown in Fig. 4.12. Finally, the most interesting
result, namely the behaviour of particle and energy confinement time with the fraction
of non-radiative Spitzer input power, is reproduced in Fig. 4.13. The last figure is in
a way the crown of the experimental effort, since it involves measurement of many
different parameters, while none of the direct measurements shows up on the axis.

It has to be realized, that the statistical errors of temperature, density, and Zeff
are large for individual discharges. A perfectly nice, unphysical plot could result,
if for example energy confinement time or 0g would be plotted versus density or
temperature on the basis of individual discharges. In this case, this is due to inner
relations between the parameters. Plotted versus 1$ or 0 , these parameters would
give plots, that are illegible due to the scatter in the measurement. Even with
ensemble averaging, only the data base overview (Fig. 4.10) and the plot of the non-
Spitzer loop voltage versus the fluctuation level 6B/B (Fig. 4.12) do not run this risk,
since the data on x- and y-axis are independent measurements. A short discussion on
why Fig. 4.13 is a meaningful plot in terms of the sensitivity to experimental errors
is however appropriate.

Suppose, the measured, ensemble average temperature is higher than the true
temperature. The Spitzer input power is calculated from several measured quanti-
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Figure 4.10: Overview of results for the current-scan (upper half) and the 0-scan
(lower half). The different symbols indicate ensemble averages of low Te/ne (•) and
high Te/ne discharges (•). Left from top to bottom: Line average electron tempera-
ture Te from VUV spectroscopy. Line average electron density ne from interferometry.
Zeff from VUV spectroscopy. Ratio of radiated power to Spitzer input power Prtd/Ps-
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Poloidal beta. Particle confinement time rp (above the horizontal line) and energy
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Figure 4.11: Summary of results for
3g from both the current scan and
the 0-scan. The regression analysis
between log lie and log /?/'' has been
carried out for the ensemble average
values. The different symbols indi-
cate low Te/ne (•) and high Te/nc dis-
charges (•).

Figure 4.12: Result from both the cur-
rent scan and the 0-scan giving the
correlation of non-Spitzer loop volt-
age I<p(R — Rs) with magnetic fluctu-
ation level. The different symbols in-
dicate low Te/ne (•) and high Te/ne

discharges (•). The dynamo activity
is increased due to the energy require-
ments of the dynamo at high 0 or high
conductivity. This is reflected in both
increased non-Spitzer loop voltage and
increased fluctuation level.

Figure 4.13: Scaling of the ratio of en-
ergy to particle confinement time with
the fraction of non-radiative Spitzer
input power (Ps — PTad)/P for cur-
rent scan and 0-scan. The different
symbols indicate low Te/ne ( • ) and
high Te/ne discharges (•). The data
from MST[93] and HBTX1C[94,95]
continue the trend within our data to-
wards lower fraction of (P$ — Prad)/P-
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ties, among these from this electron temperature, and would to first order' be lower
than in reality. Thus the quantity on the x-axis of Fig. 4.13. namely (Ps — PTad)/P,
will be too low, while the y-axis value (r^/Vp) will be too high. In other words, the
scatter in Fig. 4.13 would increase due to errors in the measurement of the temper-
ature. Additionaly. due to the confidence in the electron temperature measurement
established by the comparison with the soft X-ray continuum measurements, which
is truly independent, we did not consider this error to be dangerously large.

The next parameter to be considered is the electron density. Too high density will
move the point to the left while to first order8 nothing happens in y-direction. Thus
the scatter in Fig. 4.13 would increase also due to errors in the density measurements.
Since we do not have any independent check on the density measurement, this is a
relief. Finally, errors in the calibration of the VUV spectrometer, if they give for
example too large Zcff, will give too large Spitzer input power. Since the radiated
power is also related to the calibration, it will also be too high. Thus, a point may
hardly move at all in x-direction. although the error of the impurity content is only
in ZefT — 1. The errors in the y-axis are of higher order, related to the ratio between
ntot and np.

A special use of data bases is regression analysis. Here is ample opportunity to
make mistakes. To begin with, the whole idea behind regression analysis is to find
the parameters of an empirical relation of power law form

/ = consta°&V • • •
log/ = log const + Q logo + /? log 6 + 7 log c • •• (4.7)

which is found by multiple linear regression (for example NAG subroutine G02DAF
[17]). There is a whole range of relationships between simultaneous measurements,
that cannot be represented in this form. For example TE is determined by several
different physical processes. Maybe the scaling of each of these processes could be
described by a power law, but certainly not their sum. Another pitfall is, again,
the presence of inner relations between parameters. For example 0g is calculated as
i% ~ ntoiTe/Il- A scaling of jig with 7̂ ,, 0 and ne on the basis of individual discharges
gives a better regression, than the scaling of Tc with /<,, Q and ne. The reason for
this behaviour is simply algebraic. Especially errors in the measurement of ne result
in an error in fig which of course is perfectly correlated with nc. If the error in ne is
reduced by ensemble averaging, this spurious behaviour disappears, which is why we
chose to perform the regression with ensemble average data (see Fig. 4.11).

What constitutes a scientific explanation? Paper VII and the corresponding sec-
tions in paper VIII on the particle confinement time focus on the surprising increase
in rp with SB IB, ie with the current driven tearing mode activity associated with

7The Spitzer input power is also proportional to Ztfj, which will be changed as well, since the rate
coefficients used in the analysis are temperature dependent.

sThe energy confinement time is based on n tot, while the particle confinement time is based on np.
These are basically proportional to n,, but the error in the plasma dilution plays a role. In additon,

includes the time derivative of np.
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the RFP dynamo. Having excluded current driven instabilities as a driving term
for particle loss, we concluded that pressure driven instabilities are responsible. A
different angle on the subject has been given in section 2.6. From the arguments
presented there, it is clear why rp is lower for the low Tf/ne discharges within the
current scan: at increased ne, the neutral penetration depth is decreased, provided
all other parameters are unchanged. This makes it also clear, that there has to be
a competing process within the high Te/iie series of discharges. As the density in-
creases with 1$ (see Fig. 4.10), the penetration depth should decrease, and thus also
TP. However, there is a slight increase of rv with i^, and therefore there has to be
a second process to balance this. Indeed, 6B/B, or in other words the fraction of
non-Spitzer input power, is found to increase with I*, just like in the 0-scan. Ac-
cording to the arguments in section 2.6, the competing process could be related to
an increase of the kinetic energy of the neutrals entering the plasma, a decrease of
the diffusion coefficient, or an increase of the inward pinch velocity. These possibil-
ities could also be acting together. While we are not in the position to identify the
precise cause based upon our measurements, it should be noted that none of these
possibilites contradicts the conclusions of our papers. The scientific explanation on
the macroscopic level and on the microscopic level are in fact complementary.

The study of the subjects in papers VII and VIII should be continued. In this
context it is worthwhile to recall the shortcomings of the present study, to know on
what the focus of a continued study should be. In the process of the data analysis, we
used models for the calculation of some parameters (line-of-sight averaged impurity
densities, PFM model to obtain inductance and / (0)) and had to assume radial
profiles for T<, and ne as well as T, = Te, to relate the required volume average
density and pressure to the measured line average density and temperature. These
models and assumptions are perfectly alright, since we were interested in the scaling
and not so much in the absolute values.9 What changes in the trends could be
expected, if any of these data were actually measured? Measured, not replaced by
other assumptions! To begin with, the model for the inductance is uncritical, since
the measurements were performed at flat top. Even if the inductance was changed
dramatically, this would only result in a large change of a small contribution to the
total loop voltage. The main progress in the determination of the Spitzer resistivity
would be the knowledge of the radial profiles of electron temperature and Zeff. A
measurement of only one of these, or a replacement of the PFM model to convert the
resistivity to resistance, will not be a major step forward. It is inconceivable, that 0$,
TE and rp could scale qualitatively different with I0 or 0, if density or temperature
profiles and ion temperature were measured. On the other hand, the weak scaling
of 0s with density might very well reflect changes in the width of the density or
temperature profiles or in Ti/Te. It is, however, not sufficient just to measure one
of these three parameters. A measurement of all three is the only way to settle this
issue. This is not to say, that settling of this issue is the only interesting question.

9This is mainly since Extrap-Tl is only a small RFP. At the worlds largest RFPs, MST in Madison
and RFX in Padova, one can hardly afford this attitude, since the precise values of /? or TE may decide
the future of the whole line of research.
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Why do the profiles of density and temperature change (do not change) with /,*,,
G and nf? Is this change reflected in any other parameter, even some we did not
diagnose at all? If we learnt anything from this confinement study, it was that all
parameters we measured simultaneously were actually needed for the understanding
of the behaviour of our RFP.

4.7 Transport model calculations

Given the many important parameters in a transport model that are unknown
on Extrap-Tl. it seems unwise to undertake these calculations at all. However, there
is the chance to derive vital information on the plasma, which makes the attempt
worthwhile. Specifically, can changes in the width of temperature and density profiles
be inferred? Can Zefr(r) be calculated reliably?

It is important to stress, that the new analysis has to be based on the observed
line intensities. It is for example not correct, to compare line average ionization
stage abundances calculated from the model results with experimental line average
densities, or to search for calculation parameters such, that the measured particle
confinement time is reproduced. A self-consistent10 density profile has to be calcu-
lated which is characterized by the same line-average density as measured by the
interferometer (see figure Fig. 2.5 on page 36), and at the same time results in the
observed intensity of hydrogen Balmer-a. This simply shifts the assumption in the
hydrogen influx analysis from the density profiles to the assumption of coefficients
necessary to solve the continuity equation (see section 2.6). Further measurements
are however needed to pinpoint these parameters.

Oxygen line radiation provides some of these additional measurements, based
on the assumption that the transport coefficients D+ and v+ are charge and mass
independent. In metastable resolved ionization balance up to 0 5 + , 11 ionic species
are observed in the VUV and visible. For each charge state, one additional line can
in principle be used to measure the local temperature (for example 0 3 + and 04 + ,
see Fig. 4.8), and thus 16 measurements are available. The density will dominate
the time scale for ionization and metastable cross coupling in competition with the
transport. It is therefore not expected, that the density dependence of line ratios
for each species can supply 5 more measurements. The 16 measurements represent
different moments of the radial profiles, ie line-averages with weights at different
radii, which may be sufficient to infer some trends. The finer details of the calculated
profiles can probably not be verified.

The logical structure of this new analysis is the following11. For a certain choice
of temperature profile, scrape-off layer parameters, neutral influx and v+(a)/D+(a),
the hydrogen edge density and the diffusion coefficient can be derived by matching

10This is important for two reasons. Firstly, the solution must not violate quasi-neutrality in order
to give a physical Zeff profile. Secondly, the number of free parameters is restricted by this.

uIn this principal discussion, non-linearities are neglected. In the actual analysis, they are included,
but the arguments are as sketched here. The difference is, that for each parameter that is determined
by the observation it effects mostly, the parameters determined previously will have to be readjusted.

74



2 . 3 . 4

r(cm)
2 . 3 . 4 5

r(cm)

2 . 3 . 4 5 6 O 1 2 . 3 . 4 5

Figure 4.14: Self-consistent transport calculation results for deuterium, carbon and
oxygen (see table 4.2). Upper left: Electron temperature input profile. Upper right:
Calculated deuteron and electron density, and neutral deuterium influx. Left: Carbon
ionization balance, with neutral influx, C3+ and C5+ (—), sum of ions ( ) and
ground state and metastable C4+ ( ). Intensity of C2+ and C3+ lines. Right:
Oxygen ionization balance, with neutral influx, O5+ and O7+ (—), sum of ions (-
- -) and ground state and metastable O6+ ( ). Intensity of 0 2 + (702.3-703.9
(—), 599.6 ( - -), 525.8 ( )), O3+ (787.7-790.2 (—), 624.6-625.8 (- - -)), O4+

(758.7-762.0 (—), 629.7 (---)) and O5+ lines. Note, that the emissivity of 05 + 150.1
is enhanced in the figure by a factor 100.
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< nt >
D 6561 Å
05+150.1 Å
O5+1032.0-1037.6 Å
C3+312.4 Å

n,(0)
Tc(0)
D+

O4+75S.7-762.0 Å
O4+629.7 Å
O4+758.7-762.0 Å/O4+629.7 Å
O3+624.6-625.8 Å
O3+787.7-790.2 Å
O3+624.6-625.8 A/03+787.7-790.2 Å
O2+599.6 Å
O2+525.8 Å
O2+702.3-703.9 Å
O2+599.6 Å/O2+702.3-703.9 Å
O2+525.8 Å/O2+702.3-703.9 Å
C2+977.0 Å

Experiment

1.35 x 1014

2.0 x 1016

7.1 x 1016

3.6 x 1018

4.3 x 1015

2.9 x 1017

3.7 x 1017

0.74
4.3 x 1016

1.6 x 1017

0.29
3.4 x 1016

2.6 x 1016

7.1 x 1016

0.48
0.37
5.7 x 1016

Transport model results

1.90 >
210
6.35 >

3.6 x
5.5 x
0.65
3.5 x
1.2 x
0.27
1.5 x
9.3 x
5.7 x
0.26
0.16
6.7 x

< 10 1 4

< 104

10 1 7

10 1 7

1 0 1 7

1 0 1 7

10 1 6

10 1 5

1 0 1 6

1 0 1 6

cm 3

Ph/cm2srsec
Ph/cm2srsec
Ph/cm2srsec
Ph/cm2 srsec

cm"3

eV
cm2/sec

Ph/cm2 srsec
Ph/cm2 sr sec

Ph/cm2 srsec
Ph/cm2 srsec

Ph/cm2 srsec
Ph/cm2 srsec
Ph/cm2 srsec

Ph/cm2 srsec

Table 4.2: Experimental data from the 80 kA series in deuterium at t = 350/zsec
into the discharge, and results from self-consistent metastable resolved transport
calculations for deuterium, carbon and oxygen (see Fig. 4.14). Fixed parameters
for the calculation are the width of the temperature profile aj = 0.5, the edge
temperature Te(a) = 10 eV, and the pinch velocity parameter that determines the
density profile in the source free region v+(r) = -2.0D+r/a2. The exponential decay
length for the source of singly ionized ions is characterized by neutrals entering the
plasma with a kinetic energy of 1 eV for all species. Central temperature, diffusion
coefficient and absolute value of the influx are adjusted to obtain the observed line
intensities of deuterium Balmer-a and of the Li-like ion lines and line ratios.
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the calculated line average density and the hydrogen Balmer-a intensity to the ex-
perimental values. By varying the central temperature, the 0 5 + line ratio can be
reproduced. By varying the neutral carbon and neutral oxygen edge density, the
line-of-sight integrated intensity of the Li-like ion lines can be reproduced in abso-
lute terms. The line intensities of the low ionization stages C2+ and 0 2 + have to
reflect this neutral influx. It is possible to achieve this now, by changing the edge
temperature, the width of the temperature profile, the width of the density profile
(ie v+(a)/D+(a)) or the characteristics of the neutral influx. Then there are still the
intensities of the intermediate ionization stages 0 3 + and 0 4 + that can be compared.
It may be. that there is a limited range of these last four adjustable parameters, if
the intensity of these ions is imposed as well.

In Fig. 4.14 and table 4.2, an example transport calculation is presented, based
upon assumptions on the width of density and temperature profiles, where the final
adjustment of parameters is not made yet. The model calculations overestimate the
Be-like line intensities. For O2+ and O3+ lines, a lower value is obtained than observed
experimentally. With a broader density profile or a steeper temperature profile, all
line intensities of the lower ionization stages 0 2 + , 0 3 + and 04 + are increased. Such
a change alone can thus account for the influx and central densities, but not for the
intermediate densities as reflected by O4+ line intensities. Note, that the central
electron temperature from this analysis (210 eV) is very close to the experimental
value, obtained from the line average analysis (200 eV) in this case. The algebraic
line average electron temperature for this choice of profile is 165 eV, on the other
hand, which demonstrates, that the O5+ line ratio diagnostics is strongly weighted
towards the plasma center.
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Appendix A

Least squares fit analysis

In this chapter the mathematical basis for the least-squares fit method is presented.
The presentation is kept fairly general. The method may be applied to any set of
experimental data, whenever an analytical expression is thought to be a good descrip-
tion. These expressions may be very simple, like in the case of lifetime measurements
(see Fig. A.I) or fairly complicated like in the fit of rotational-vibrational molecu-
lar spectra (see Fig. A.2). A basic rule when you write a least-squares fit analysis
program is, to leave the raw data unaltered. Specifically

• do not multiply the raw data with a calibration factor, and then perform a fit
to it. Rather, divide the fit by the calibration factor. Why? Firstly, the error
in a count rate N is \/N. The error of N/S (where S is the sensitivity) is
\/N/S. The least squares fit analysis program will however reduce \2 as if the
error was JN/S. Secondly, for the specific case of spectra with several spectral
orders, there is no unique calibration factor that can be applied anyway.

• do not subtract constants from the raw data and then perform a fit to it.
Rather, include the constant in the fit. Why? The error in a count rate N is
y/N. The error of N — const is still \JN. The least squares fit analysis program
will however reduce \ 2 as if the error was \JN — const. The value of N — const
may even become negative, and there will be no way to test the fit (see Fig. A.I
for an example how to test a fit).

Given an array of values from an experiment C,,i = 1,7V representing for ex-
ample counts per channel that shall be fitted by a function Fi(pj) that depends on
parameters pvj = l,m the quantity \ 2 can be defined1

'To avoid confusion : t is just a runnig index. The channel number is /,. The fit thus will be
performed between channels 1\ and /> .
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Figure A.I: Lifetime measurements with the high frequency deflection technique [96].
Top: Least squares fit of a single exponential component plus constant background
to the decay of the line intensity of Cl 6d 4D7/2 -> 4p 4P5°/2 at 5532.13 Å observed
after collision of 20 keV electrons with CCI2F2 [97] at 20 IITMT pressure in the
VASCATRON©. The fitted lifetime is 131.5 nsec. Center: Standard deviation of
measured data from fit, ie (C, — F,)/y/Ft for each point in time. Bottom: Statistics
for these standard deviations. The distribution is centerd at 0.001 with a width 0.989.
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Figure A.2: Spectrum of CH A2A -» X2n (P-, Q- and R-branch of (0,0), (1,1) and
(2,2) transitions, not labelled) observed on Extrap-Tl (#27633 and #27636) with
CH4 filling gas. Additionally, CH+A'II —> XlY,R(0,0) molecular emission is seen.
Wavelengths [98,99,100] and line-strengths [101] are fixed in the fit, and only the
band intensities, integrated over all transitions, and the rotational temperature of the
upper states, ie 12 parameters for CH, are free. Result for CH A2 A : Trot(0) = 0.27
eV, Trot(l) = 0.28 eV, Trot(2) = 0.11 eV. From the intensity ratios I(v, v)/7(0,0) one
can infer the vibrational temperatures Tvib(l) = 2.6 eV and Tvib(2) = 5.3 eV. Result
for CH+ A1 II : Trot(0) = 0.37 eV.
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where K is a real number tint determines the so called weight factor W, = C".
If K > 0. emphasis is on high countrates and if K < 0 emphasis is on low countrates
(i.e. on continuum). Having defined \2 . the task is now to minimise it. This is done
by means of an m-dimensional Newton iteration

_n - f c « | f -C)dFt

p = p' + Ap'
MAp' = b

f dF'tdF>

•v f)F'
Y.C;(Fl-C%)-j- (A.2)
1=1 °P]

Here F' and p' indicate the fit function and fit parameters, respectively, in the
previous iteration step. An alternative definition, which is more robust and can deal
with a larger dynamic range in the data, is

XL. =
1 = 1

(A.3)

From a reasonably close set of start values, this iteration scheme will normally
converge fast towards the minimum. However, as long as p' is a bad approximation
of p, Ap may overshoot and the solution will diverge. This is prevented by modifying
the diagonal of the matrix M [18] as M33 := M33{\ + 02), where 0 is the so-called
damping factor. This effectively reduces the size of Ap. Divergence is prevented
by this for the cost of speed. Therefore, /? shall be reduced when approaching the
minimum. This procedure ensures, that as long as p is far away from the solution,
no dangerously large parameter changes are undertaken. When the solution is close,
the speed of convergence is increased.

The practical application involves two steps. First, one has to make choices on
the fit function. Second, reasonable start values have to be supplied to the program.
Both steps are anything but trivial. With respect to both these steps one can view
a least-squares fit program as an intelligence amplifier. The better the choice of fit
function and start values, the more useful the results. A minimum \ 2 between a data
set and an inappropriate fit function is rather useless.
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Appendix B

Numerical solution of the
transport equation

This chapter deals with numerical techniques to solve equation (2.20) presented in
section 2.6. The equation is a linear partial differential equation, of second order in
the radial coordinate and of first order in time. It can be solved by transformation
to a linear system of equations. The rank of the matrix will be (Rx. N), where R is
the selected number of discrete radial positions and AT is the number of ionic species
considered, ie without metastable resolution N = Z. While nothing can be done
about A", it is vital to reduce R as far as possible, to reduce the time taken for the
calculation. The requirement for radial resolution is largest in the plasma periphery,
where there are large gradients in Tc and ne and the ionization through low stages
takes place. In the plasma center, on the other hand, less points would be sufficient.
The radial grid is therefore chosen equally spaced in a new coordinate x [37,39] such
that r = ax0, (3 < 1. The value x = 0 must not be included in this grid. With this
transformation, the equation can be solved with the usual approximations to dn/dx
and d2n/dx2, where the error in n' is of order Ax2n'" and the error in n" is of order

2n^ [102].

d2n (xD+

dx2 + \r202r2/?2 ) dx2 + \r202 + r2/?2 dx r0 ) dx
x &v+

( 1 )

- l ) + n(H-2)) (B.2)
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The approximations for £ = 1 and £ = — are necessary for the implementation
of the edge conditions. The edge condition at r = 0 is. as mentioned in section 2.6,
that the particle flux vanishes. At r — a a finite escape velocity v ^ is imposed.

lim \rD+-£--rv+n | = 0 => D+-t-^- - ax0v+n = 0 (B.3)
r—o \ or I i3 ox

= „
n<=) + 2^f»<=-l)-if£»(=-2> = 0 (B.4)

Even though the rank of the matrix is (H x A'), which in the case of oxygen
without metastable resolution (N = 8) and 64 radial positions is already 512, the
algebraic problem is not that large. Most matrix elements are 0, and thus it is not
required to store 512 x 512 numbers. Special techniques have been developed that
make use of the fact that the system of equations is tridiagonal in ion species and
radial coordinate [38.39]. If metastable resolution is introduced, the system is still
tridiagonal, just a third hierarchy is added. I chose a less elegant method for the
solution (NAG subroutines F01BRF and F01BSF [17]) which makes only use of the
fact that the matrix is sparse. The task of decomposition is rather simple, since the
non-0 matrix elements are distributed regularly, and I assume that the CPU time
consumption of my method is only slightly larger.

The time evolution from the current state n at time t to the state n' at time
t + At is calculated following Hulse [38] (in vector notation)

=>X n' = y

X = i-(i-rf)M

y = -^n + (l-tf)M-n + S (B.5)

where d is the so-called time-centering parameter (typically d = 0.5). The edge
conditions are not time-centered for stability [39]. With this technique oscillation of
the solution is prevented. The time step At is chosen such, that the largest change
in any element of n is about t times the largest element of n, where e is called
the "target change".1 The At that fulfills this condition is recalculated after each
interation. Typically one may choose e as large as 0.1 before the solution becomes
inaccurate.

'if the choice v.as, that the maximum change in each element of the solution vector was less than
a certain fraction no progress could be made, since then numerical fluctuations in irrelevant elements
of n (fully ionized species at the edge or singly ionized species at r = 0) will slow down the procedure.
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Appendix C

Grotrian diagrams and emissivity
data

In this chapter, all Grotrian diagrams and emissivity curves for the analysis of Extrap-
Tl VUV spectra are shown. The coefficients for the measurement of the number
densities of all ions of interest in ground state aad metastable levels in the Extrap-
Tl RFP plasma are represented in Figs. C.I to C.5 for oxygen, and in Figs. C.6 to
C.8 for carbon. Actually, the figures show rate coefficient like quantities e(T,.,ne)/ne,
in order to illustrate the deviation, if present, from linear increase of the emissivity
with electron density, which is rather trivial.

The present set of metastables for 0 1 + and 0 2 + could in principle be reduced
by one level for doublets and singlets, respectively. In 0 1 + , the three configurations
of the ground term 2s22p3 "5°, 2s22p3 2Z>°, and 2s22p3 2P° are metastables (see
Fig. C.I). However, the rate for transitions between 2D° and 2P°, which would
violate A( ^ 0, is dominated by indirect transitions via higher levels like 2s2p4 2D,
and so in practice these two states have a very short equilibration time. In O2+,
the three configurations 2s22p2 3P, 2s22p2 *D, and 2s22p2 *S are metastables (see
Fig. C.2). Transitions between lD and ' 5 , which would violate both &£ ^ 0 and
AL / 0, predominantly take place via higher levels like 2s2p3 3P". However it is
still true, that these levels acquire a large population density, and so for the correct
treatment of the ionization dynamics in the model it is necessary to have a complete
set. Thus, also the measurement of the number densities is performed at that level
of resolution.
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Figure C.I: Grotrian diagram for all levels of O1+ included in the calculation [103]
of emissivities. The coefficients e/ne as function of temperature and density for the
measurement of the number densities of 2s22p3 4S°, 2s22p3 2D° and 2s22p3 2P° using
equation (4.3) are shown.
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of emissivities. The coefficients e/ne as function of temperature and density for the
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are shown. When all three spectral lines are used, the electron temperature can be
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of the 2p 2P level. The line ratio of 150.1 Å to 1032.0-1037.8 Å is used to obtain the
electron temperature.
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Figure C.6: Grotrian diagram for all levels of C1+ included in the calculation [103]
of emissivities. The coefficients e/ne as function of temperature and density for the
measurement of the number densities of 2s22p 2P° and 2s2p2 AP using equation (4.3)
are shown.
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Figure C.7: Grotrian diagram for all levels of C2+ included in the calculation [103]
of emissivities. The coefficients e/ne as function of temperature and density for the
measurement of the number densities of 2s2 JS and 2s2p 3P° using equation (4.3)
are shown. The niultiplet 1175.7 A is outside the wavelength range covered by the
450 ^/mm grating. The rate coefficient shown here is used to calculate the radiative
power loss due to this line from the measured concentration of C2+ [VI].
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measurement of the number density of 2s 2 5 using equation (4.3) are shown. All
three lines (312.4 Å, 384.1 Å, and 419.7 Å) are used for the measurement of the
C3+ density. The multiplet 1548.2-1550.8 Å is outside the wavelength range covered
by the 450 £/mm grating. The rate coefficient shown here is used to calculate the
radiative power loss due to this line from the measured density of C3+ [VI].
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Glossary

ASDEX: Axialsymmetrisches Divertorexperiment. Series of tokamak experiments.
Garching. Germany.

anomalous: Inflationary term, used whenever the behaviour of the system under
study is not in accordance with the predicitions of a model with unjustified
assumptions. Used only once in this thesis.

CXRS: Charge exchange recombination spectroscopy. Spectroscopic technique, ob-
servation of spectral lines emitted as a result of charge transfer between neutral
beam atoms and plasma ions (see NBI).

EBIT: Electron beam ion trap. Light source for highly ionized atoms, Livermore,
California.

ECE: Electron cyclotron emission. Technique to measure the radial electron tem-
perature profile from the absolute, black-body level of radiation at the electron
cyclotron resonance frequency and its harmonics.

7//3-II: Shut down RFP experiment, Padova, Italy.

HBTX1: Shut down series of RFP experiments, Culham. UK.

H: Hydrogen, a light, colourless gas which, given enough time, turns into people.

H-Mode: High confinement mode.

ICRH: Ion cyclotron resonance heating (also: RF heating). Method to heat the
electrons, despite its name.

ITER: International Thermonuclear Experimental Reactor, future Tokamak, maybe
Studs vik, Sweden.

JET: Joint European Torus, Tokamak, Culham, Europe.

LIDAR: Light detection and ranging. Technique to measure the radial profile of
electron temperature and density from time-of-flight delayed Thomson scatter-
ing spectra.

L-Mode: Low confinement mode.
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MCP: Mult i channel plate.

MST: Madison Symmetric Torus. RFP experiment. Madison. Wisconsin.

NBI: Neutral beam injection. Method to heat the ions. Also useful as a source for
CXRS.

OMA: Optical Multichannel Analyser.

PFM: Polynomial function model [90].

Repute: Shut down RFP experiment. Tokyo, Japan.

RFP: Reversed-field pinch.

RFX: RFP experiment. Padova.

TFTR: Tokamak Fusion Test Reactor. Tokamak. Princeton.

TPE: Series of RFP experiments. Tsukuba. Japan.

VUV: Vacuum ultraviolet

Wendelstein: 1) 1838 m high mountain in Bavaria. 2) Series of Stellarator Exper-
iments. Garching. Germany.

ZT40: Shut down series of RFP experiments, Los Alamos, New Mexico.
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